THE INTERACTION OF PICOSECOND AND
SUBPICOSECOND LASER PULSES WITH
GASES AND PLASMAS.

By

Andrew James MacKinnon

A thesis submitted in partial fulfilment of the Degree of Doctor of
Philosophy of the University of London and for the Diploma of
' Membership of the Imperial College

Plasma Physics Group,

Blackett Laboratory,

Imperial College of Science,

Technology and Medicine. - September 1995



Abstract

The interaction of picosecond and sub picosecond laser pulses with neutral and pre-
ionised gaseous targets has been studied. Plasmas were produced by the optical
ionisation of gaseous targets by laser pulses, with durations between 0.35 and 12ps,
powers from 0.01-10TW at wavelengths of 0.248 and 1.054pum, and with gas densities
covering the range 5x1018 - 3x1020 cm™3. The temporal and spatial evolution of the
electron density gradients were measured with a time resolved deflectometer. This
enabled the electron temperature to be inferred. It was found that as the gas density
increased above 1x1018 cm3 the radius of the plasma increased and it broke up into
many small scale density channels. By varying the laser and target parameters it was
found that refraction from ionisation induced density gradients were responsible for both
these effects. These measurements were compared to theoretical absorption and laser
propagation models. Agreement between the absorption models and the data could only
be obtained if the laser intensity were reduced far below the value obtained in vacuum.
The intensity required for agreement with the absorption models agreed within a factor of
two to the limiting intensity predicted by an analytic defocusing model and within 25% of
the result predicted by the numerical simulations. The defocusing was overcome by the
use of a preformed density channel to guide the laser pulse in density regimes applicable
to XUV recombination lasers and laser accelerators. It was discovered that severe
channel non-uniformity prematurely closed the wave guide and reduced the channel
length. When this was overcome by increasing the energy of the preforming pulse and
reducing the target gas density, a STW pulse was guided over Imm. This was
equivalent to guiding over 70 times the characteristic defocusing length of the plasma.
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1 Introduction.

Laser produced plasmas have been studied extensively since the invention of the first
laser devices. During experiments with high power laser pulses focused into gases [1] it
was observed that if the laser electric field was above a threshold value the normally
transparent gas became ionised and absorbed energy from the laser. An understanding
of the ionisation and heating mechanisms that governed the interaction of the laser pulse
with gaseous targets is very important for many applications.

In the early experiments the laser pulse duration was long (of the order 10 - 100ns ) and
there was time for significant plasma motion during the laser pulse. Under these
circumstances it was difficult to model the absorption and ionisation mechanisms
accurately, because the laser interacted with an evolving plasma. The theoretical
modelling can be greatly simplified by eliminating plasma motion during the laser pulse.
When a laser pulse with a duration of less than 10ps ( the definition of a short pulse in
this thesis) is focused into the plasma there is not enough time for significant expansion
to occur. Time resolved measurements of the initial electron density and temperature
gradients can then be compared to the laser absorption and propagation models without
the need for modelling of the hydrodynamic expansion.

The propagation of laser pulses through neutral gases and plasmas is in itself a complex
subject with many important physical mechanisms, including, absorption, scattering, self
focusing and refraction. It is necessary to use space and time resolved diagnostics to
investigate the individual contributions of these mechanisms to the energy deposited
within the plasma.

For a plasma produced by a short laser pulse, the laser ionisation and heating stage is
followed by hydrodynamic expansion. The initial stages are determined by the rate of
energy conduction from the hot central region to the colder surrounding gas. The
electron energy is then transferred via collisions to the ions on a time scale that depends
on the plasma density and temperature [2]. On the same time scale the expansion front
develops into an ion shock wave which compresses and heats the unionised gas as it
propagates [3]. A representation of the temporal evolution of the plasma density can be
seen in Figure 1.1.

12
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Figure 1.1 Evolution of the radial plasma density profile with time.

In this thesis the temporal and spatial evolution of plasmas produced by short pulses was
studied. In a well diagnosed plasma the rate of expansion of the shock front can be
related to the amount of energy initially deposited in the gas, thus allowing a measure of
the initial plasma temperature to be obtained[3]. This temperature measurement
technique is described theoretically in section 2.4 and experimentally in chapter 4 and 5.
The density profile of the channel after expanding for a few nanoseconds, as portrayed in
figure 1.1, can also be used as a wave guide to confine high intensity laser pulses.
Experiments that investigated this are described in chapter 5. The remainder of this
introduction will outline some of the fundamental plasma parameters, followed by a
summary of the important laser plasma applications that are relevant to the work in this

thesis.

1.1 The plasma refractive index and plasma frequency

In vacuum the wave number, k ,and frequency of the laser, ®, are related to the wave
velocity, ¢, by k= /c. Ina plasma the collective oscillations of the plasma modify the
wave propagation and the phase velocity of the laser through the plasma is determined by
the dispersion relation :

2

w“ - co2 = k2c2
D

(1)

13



where the plasma frequency, ®p, is defined by ®p = (ne e / 4neq me)ll 2. The
refractive index of the plasma is defined by the ratio of the phase velocity in vacuum to
the phase velocity in the plasma, @ =ck /. Using the dispersion relation from (1)
gives L in terms of the laser and plasma frequency

p=1-—= 2)

When op > o, k is imaginary, the plasma oscillations are fast enough to shield the

electron oscillations driven by the laser and the wave cannot propagate. The laser can
only propagate at densities below the critical density, which is defined by 0p =®. The
critical density is often expressed as a function of laser wavelength, with A in pm :

n, = 1x1021 072 [em3 3)

For example, A = 1.054pm, nc = 1.1x102! cm-3 and for A = 0.248pum, n¢ = 1.78x1022
-3
cm™.

1.2 Plasma scale lengths.

In a plasma the maximum distance the electrons can move without causing the ions to
move is limited to the Debye length, L, by the space charge (Coulomb) force created

between the ions and the electron, where,

1/2
eokTe
L = 2n “)
q e

Where Te, ne and q are the electron temperature, density and charge respectively, and k
is the Boltzmann constant. As the electrons are heated to Te, they expand, and after
moving a distance Ld, the ions are pulled along with them. The expansion velocity of
the plasma into vacuum is often approximated by the ion sound speed cg :

_ 1/2
¢, =(ZT, I m) : 5)
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Where Z and mj are the ionic charge and mass respectively. This equation is often used
for an order of magnitude estimate of the expansion velocity of the critical density
surface. For a 10ps pulse that heats a hydrogen plasma to 100eV the plasma will expand
at cg = 1x107 cms-! and its radius will increase by less than 1um within the pulse
duration. This is very small compared to a typical plasma radius of 20-30um. This
simple estimate suggests that for plasmas less than 100eV hydrodynamic expansion will
not be significant for laser pulses shorter than 10ps. For smaller plasmas at higher
temperatures there will be some plasma motion and modelling of the development of
density and temperature gradients requires modelling with simulations. The subject of
hydrodynamic simulations will be treated in section 2.4 on the propagation of shock
waves.

1.3 Applications of laser produced plasmas

As a result of the extremely wide parameter range of laser produced plasmas this thesis
will only describe applications of those produced by short, powerful laser pulses. A
review of applications of plasmas produced by lasers with a wide range of powers is
contained in the book edited by Radziemski and Cremers [4]. Shock tubes and theta
pinches produce plasmas that have been used to measure ionisation rates and test atomic
physics theories [5]. Plasmas produced by laser pulses are useful sources for the
development of atomic physics models at densities and / or temperatures that cannot be
obtained with other devices [6]. A model of ionic level populations has been produced
by Lee [7] and used for comparisons with experiments. However there are additional
experimental difficulties with laser plasmas compared to studies with shock tubes and
theta pinches due to the large gradients and short time scales present in most laser
plasmas.

The thermal X-rays produced by these plasmas are also of interest for the production of
high resolution semiconductor devices and the imaging of living cells [4]. In some
materials a population inversion can occur between energy levels in the plasma ions and
lasing can occur if the geometry of the targets is favourable. X-ray lasers have been
produced in a number of laser plasmas and over a wide range of laser wavelengths [8].
Apart from the fundamental interest of X-ray lasers in the field of atomic physics one of
their most important applications is as a source for holographic images with sub micron
spatial resolution.
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1.4 Applications of plasmas produced by short laser pulses.

The work in this thesis has been confined to laser plasma interactions with laser pulses
between 350fs and 12ps. There are a number of potential applications of plasmas
produced by pulses with these durations. Picosecond pulses can be used to accelerate
particles to velocities close to the velocity of light in the Wakefield accelerator [9].
Pulses with durations less than 100fs have also been proposed as a pumping source for
the recombination X-ray laser [10] . Such a laser has the advantage of requiring modest
pumping energies compared to collisional pumping schemes [11]. One of the most
important potential applications of laser produced plasmas is their potential use in the
generation of power through the thermonuclear fusion of deuterium and tritium [12].
Recently a novel scheme [13] that uses extremely intense pulses to ignite the compressed
fuel has been published. The first pulse with, a duration of 100ps, creates a channel
through the underdense plasma and up to densities 100x critical density for 1um light,
through a combination of its extremely high light pressure and a relativistic lowering of
the plasma refractive index. The second pulse is guided through this channel and
absorbed at the super critical density surface. The plasma waves produced in the
absorption mechanism accelerates electrons to energies exceeding 1MeV and these
electrons efficiently heat the compressed fuel ions causing ignition. The laser
requirements for this so called "fast igniter" scheme have not yet been achieved but
Chirped Pulse Amplification (CPA) systems exist which allow some of the relevant laser
absorption and propagation mechanisms to be studied in a similar regime. The laser and
target requirements for both recombination X-ray laser and the short pulse fusion ignition
scheme will be described in the next section.

1.4.1 Recombination X-ray lasers.

The formation of a population inversion between highly exited states and the ground state
in a recombining ion following rapid ionisation and subsequent cooling of a plasma was
first studied by Peyraud and Peyraud[14]. In essence the population inversion arises
because at high electron densities three body recombination predominantly fills the upper
excited states that are strongly coupled to the continuum. This results in a de-excitation
cascade amongst the highest levels. The lower level just above the ground state is
depopulated through radiative transitions. If the recombination rate is high enough a
population inversion builds up between the excited states and lasing can occur. The

general requirement for an appreciable population inversion is a rapid recombination rate,
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requiring a high electron density and low electron temperature. The initial method for the
formation of a rapidly recombining plasma was to use an intense laser pulse to create a
plasma that expands and cools extremely rapidly [11]. In a more recent method the
required ionisation stage is produced optically, without heating the electrons, with a short
pulse laser. The optical field induced ionisation leads to an almost complete emptying of
the ground state of the lasing ion and so the population inversion occurs over the highest
possible energy gap between the ground state and the first excited state. A number of
possible schemes using rapid optical ionisation to achieve a population inversion have
been published [14], [15]. The Li-like Neon model published by Eder [10] studied the
limiting electron temperature and density regimes that were required for usable gain and
energy efficiency.

1.4.2 The Li-like Neon recombination X-ray Laser.

This section will describe the model of the Li-like Neon x-ray laser [10] as an example
of the general requirements for the success of this scheme. The model starts with Neon
ionised to He-like ions following irradiation with a sub picosecond laser pulse at an
intensity greater than 2x1017 Wem2. The threshold intensity for ionisation to the He-
like stage is given approximately by the Coulomb barrier model {16] (this will be
described in more detail in chapter 2),

4
5[ U
_2.2x10 q -2
th™ " 2 [27.21J Wem ©

where Ugq is the ionisation potential in eV and Z the residual charge of the atom or ion.
This model will be discussed in more detail in the section on ionisation in chapter 2. In
Neon the threshold intensity for He-like ions is 2x1017 Wem-2, and approximately
3x1017 wem2 is required to completely empty the ground state of the Li-like ion [10].

The n = 3 to n =2 are the levels involved in lasing transitions with the highest gain being
3ds/ - 2p3/2 at A = 98A. '

In this model the energy efficiency 2., defined as the ratio of output energy to input
energy, scaled as IsatLSat'lAt, where Isat and Lgat are the saturation intensity and
length respectively and At gain duration. The saturation intensity is defined as the
intensity at which the gain is reduced to 1/2 the small signal gain Gsg given by,
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Where fosc is the emission oscillator strength and W(v) is the line profile, Ny (N]) and
gu (gl) are the upper (lower) level population and statistical weight respectively. The
term [1 - N] gu / Ny g1] is the population inversion factor. The saturation length is
defined as the length of plasma required for the x-ray laser intensity to reach Igat. For
distances less than Lgat the laser intensity grows exponentially with plasma length and
linearly for distances greater than Lgat. The gain and energy efficiencies of the
transitions were calculated using a kinetic shell averaged model to determine the level
populations. The gain was found to depend strongly on the residual electron temperature
because of the slower recombination rate from He-like to Li-like for higher electron
temperatures.

The model predicted gain coefficients greater than 100cm! for Te less than 406V,
reducing to 13cm~1 for Te ~ 100eV. The rate of decrease of gain with temperature
scaled as Gmax ~ Te™ 2:0. The gain also depended strongly on the electron density
because of the faster collisional rates at higher densities. The rate of increase of gain
with density scaled as Gmax ~ Nel-3 . The energy efficiency, Y, depended very
strongly on both the electron temperature and density ¥, ~ Te-2:0 and ¥, ~ Ne+2-7. As
an example of the typical conditions required to observe gain , with a gain length product
GL > 10, Te = 40eV, Ne = 5%x1020 cm-3, the calculated maximum gain was Gmax =
100 and the energy efficiency was X = 8x10-6 for a plasma radius of 10um. The length
of the He-like plasma is determined in the model by the diffraction limited depth of focus
a Gaussian pulse. This is given by the confocal parameter, Lcf, (defined as the distance

between the half intensity points before and after focus [17]) where,

27rw2
Lf="7" ®

where wg is the Gaussian spot radius and A is the wavelength of the pump laser (this
parameter will be described in more detail in the chapter 2). For a laser with A =
0.248um and wo = 17um, Lof = 7mm:  As the electron temperature is increased the gain
is reduced and Lgat is increased. For a plasma with wg = 17um, an electron density of
5x1020 cm-3, Lgat becomes greater than L¢f the energy efficiency drops extremely
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rapidly below the 10-6 level that is required for most applications, when Te = 40 eV.
The success of this scheme strongly depends on being able to form a highly ionised
plasma, with a low electron temperature over a distance of the order of several mm. One
of the major problems affecting the success of this scheme is the very high heating rates
of inverse Bremsstrahlung and Raman mechanisms at these densities and laser
intensities. The contribution of the Raman heating mechanism can be reduced by using
laser pulses shorter than 100fs [10]. However, another problem that cannot be
overcome by the use of shorter pulses is the reduction in the length of the He-like plasma
due to ionisation defocusing.

It will be shown in chapter 4 that for a 0.248wm laser focused into Neon at an atomic
density of 6x1019 cm-3 the defocusing effect is extremely strong, preventing the plasma
from even reaching a He-like ionisation stage. The refractive effects can be overcome
with the use of plasma wave guides to confine the pulse. Experimental measurements of
the electron temperature in plasmas in this regime, together with evidence of strong
refractive effects and the formation of plasma wave guides are extremely important
requirements for understanding of the feasibility of schemes such as the Li-like Neon
recombination X-ray laser. This thesis describes, in detail, experiments that
quantitatively measured the refraction effects caused by ionisation defocusing and
showed that it was overcome with the use of plasma wave guides. Another very
important potential application of intense short pulses is as a source of ignition of
thermonuclear fusion, the next section will briefly describe this application.

1.4.3 The ignition of thermonuclear fusion.

The achievement of fusion depends on the kinetic energy of the nuclei being sufficient to
overcome their Coulomb repulsion. At a plasma temperature of 10keV [18] the reaction
of deuterium and tritium has the highest cross section,

D+ T=He4+n +17.6MeV 9)

The rate of thermonuclear burn is proportional to the fuel density p and the Maxwell

averaged cross section ov [19],
Q=pov (10)
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The Lawson criterion determines the product of ion density, nj, and time, 1, required for

sufficient ion heating to overcome the Coulomb repulsion [ 20].
njt> 1014 cm3 5-1 (11

In stellar interiors the density of hydrogen is believed to exist at densities greater than
one thousand times liquid density and temperatures around 1-2keV. These conditions
are maintained by gravitational attraction. In magnetic fusion the plasma is confined at
relatively low densities by a toroidal magnetic field over a sufficiently long time scale (a
few tens of seconds). In Inertial Confinement Fusion (ICF) densities of 1000gcm‘3 are
required to be achieved using ablative compression of spherical shells filled with fuel.
The confinement time is determined by the inertia of the compressed fuel, characterised
by the expansion of the fuel due to its thermal pressure. This section will describe two
methods of achieving ignition of thermonuclear fusion using conventional shock wave
heating [21] and a recent novel method using a PetaWatt laser pulse[13].

1.4.4 Conventional ignition

The physics of ICF have been reviewed in a number of articles including J. Nuckolls et
al, Brueckner and Jorna [22] and R.G. Evans [18]. The extremely high densities that are
required for thermonuclear fusion are obtained in ICF by using laser ablation to
compress a fuel filled sphere through the rocket effect [18]. Once the target has been
compressed to a density around 1000gcm=3 a series of shock waves converge at the
centre of the target, heating the ions to temperatures in excess of 10keV. Thermonuclear
ignition occurs from the hot region in the centre of the mass of fuel and the 3.6MeV
alpha particles produced in the fusion reaction deposit their energy in the surrounding
fuel. If the ion heating time is shorter than the time taken for the plasma to disassemble,
Tdis, then fusion can occur, where ,

Tdis =7 a2

3}

where r is the radius and cg is the sound speed of the compressed fuel. For r = 300um

and Te = 10keV, tgjs ~ 10ns. This method of igniting the compressed fuel has been
compared to ignition using an intense laser pulse in the paper by Tabak [13]. In the first

method, as outlined above, pulse shaping is used to achieve a series of converging
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shocks that intersect near the middle of the pellet, compressing and heating a small
fraction of the pellet mass to ignition temperatures. The temperature equilibration
between this high temperature, low density core hot spot and the surrounding high
density, low temperature fuel is described by the isobaric model [13, 21]. In the second
method, energy is supplied to the compressed core quickly enough to heat it before the
density changes. This method can be described by the uniform density or isochroic
model [13, 12]. In the isochroic model a greater mass of fuel is compressed to a lower
peak density and a higher gain is achieved because more fuel is burnt [13]. This has
considerable savings on the amount of energy required to compress the fuel.

1.4.5 Ignition with an ultra powerful laser pulse.

The achievement of thermonuclear fusion in the fast igniter scheme can be split into three
stages. The fuel is first compressed to a density of 400-600g(:m’3 with a conventional
implosion. An intense, 1nm, 100ps pulse is then used to create a channel leading from
vacuum to densities up to 100x critical density (ne ~1x1023 cm3). A laser pulse with a
duration of 10ps is then guided through the channel, at an intensity of 1x1018 Wem2, to
the compressed core where the pulse is absorbed, producing electrons with a
characteristic temperature of 1MeV. The mean free path of these electrons in the
compressed fuel is such that they deposit their energy within a small distance of the laser
absorption region. The heated Deuterium and Tritium ions in this region then fuse to
produce alpha particles. These propagate into the cold fuel ions producing a self
sustaining burn wave that propagates throughout the target causing fusion to occur.

1.4.6 Channel formation and hole boring.

One of the most crucial aspects of this scheme is the formation of the density channel.
The laser pulse that forms this channel is focused at an intensity greater than 1x1019
Wecm2 onto the outer corona of the pellet. At these intensities the quiver velocity of the
electrons in the laser field approaches the velocity of light and their mass increases due to
their relativistic motion. This causes a reduction in the plasma refractive index by,

~1/2

2 2
v
where 7 is the relativistic factor y=|1- (—@J (13)
c
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Where vogc is the quiver velocity of the electron in the electric field of the laser given by

ek
0S¢ ma (14)

This formula can be used to express the effective critical density, neffc, in terms of the
laser intensity, I [Wem=2] and the laser wavelength, A [um],[13];

1/2
1/12]

neﬁc =nc(1+ﬁf8— (15)

The second channelling mechanism is due to the extreme light pressure that, at these
intensities, can push back the critical density surface and effectively bore a hole into the
overdense plasma. This hole boring effect has been observed in simulations of laser
pulses with IA2 = 1x1019 Wem2 [23]. Further simulations have shown that laser
pulses at this intensity, with durations of 100ps can bore holes up to 100x critical density
[18]. A possible problem with this proposed scheme is the break up of the beam due to
ponderomotive filamentation of the hole boring pulse. This effect has been
experimentally observed in laser plasma interactions of 100ps pulses at an intensity of
1x1017 Wem 2 with plasmas less than critical density [24]. The channel forming pulse
will also be depleted due to inverse bremsstrahlung at super critical densities. Finally
transverse density gradients may also cause the beam to refract, reducing the intensity,
limiting the effectiveness of both the hole boring and relativistic overdense propagation.

In conclusion the formation of density channels in underdense and overdense plasmas is
a subject that requires extensive experimental study before the limitations of filamentation
absorption and refraction can be determined. Some of the important issues that affect
both the fast igniter and the X-ray recombination laser have been studied experimentally
and theoretically. A summary of the most recent and important work in this area will be
discussed in the next section. |

1.5.1 Temperature measurements.

The temperatures generated in short pulse interactions with gas targets has been
investigated in a number of experiments covering a range of laser wavelengths and
irradiation conditions. Most of the direct measurements have come from Thompson
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scattering from either a probe beam [25] or from the interaction beam itself [26]. A more
indirect measurement using the shock wave evolution measurement technique described
in this thesis was obtained by Dunne et al [27]. In this work the measured expansion of
the 1onised channel produced by the interaction of 3.5ps KrF pulses with nitrogen at
densities below 1x1018 a /cc. By comparing this measurement with 1D hydrocode
simulations the initial temperature was found to agree with theoretical absorption models
within 20%.

There have been a number of theoretical treatments of the effect of the laser field on the
electron distribution. Pert [28] determined the contribution of the oscillation velocity in
an impact parameter approximation. This theory found a Eo-3 dependence on the laser
electric field. More recently Schlessinger and Wright [29] and Rae and Burnett [30] have
used a correction factor to the collision frequency that interpolated between the two
regimes of electron velocity where vt > vosc and vogc > vt. Pert has also investigated
the role of the quiver velocity on the value taken for the maximum impact parameter in
the Coulomb log. For high intensities this factor was found to increase the absorption
rate [31]. Polschuck and Meyer-Ter-Vehn [32] have also produced a model that used the
Born approximation, resulting in an equivalent modification to the Coulomb logarithm.

1.5.2 Self focusing

The problem of the propagation of intense laser pulses in ionising media has been
studied extensively in recent years. The interaction of 1TW pulses with dense gases has
been studied by Borisov et al [33]. Their experiment observed scattered light that
propagated at large angles to the axis with a CCD camera. The angle of the time
integrated scattering was used as a diagnostic of the diffracted scale length and thus gave
information on the size of the features that generated it. It was found that the angle of
refraction was very large and correspondingly the feature size was of the order of a few
microns. It was assumed that all of the light was concentrated into a feature of this size
and that relativistic self focusing was responsible for this effect. Refraction was not
mentioned as a possible source of light at these angles. More recent work measured the
spatial distribution of Thompson scattered light to infer self focusing of a 6TW, 1lum
wavelength, laser pulse as it propagated through a hydrogen gas jet at a density of
1x1019 cm-3 [34] When the measured profiles were compared to simulations the signal
was found to be reduced by ponderomotive expulsion of plasma from the focal spot.
The onset of plasma expulsion was found to be consistent with the threshold for
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relativistic self focusing. Sprangle et al [35] have theoretically studied the conditions
required for relativistic self optical guiding. Sun and Gudzar [36] also predicted that
relativistic self focusing would be accompanied by an almost complete expulsion of
electrons from the laser spot. This mechanism, caused by ponderomotive self focusing,
was termed electron cavitation.

1.5.3 Refraction and defocusing

Refractive defocusing of short laser pulses in dense gas targets is an important problem
in areas of research that require the simultaneous achievement of high intensities and high
densities. One of the most important of these are X-ray laser schemes such as Li-like
Neon that require an intensity of greater than 2x1017 Wem2 and an electron density in
excess of 1x1020 cm3 to achieve high energy efficiency and gain [10]. Refraction
produced by density gradients has been studied theoretiéally by Rae [37]. They
produced a 2D numerical propagation model that predicted the maximum intensity
achieved within a gas cell as a function of gas density pulse length and focusing cone
angle. A recent analytic treatment of defocusing using Gaussian beam propagation has
been published by Fill [38]. This model assumed the laser beam was governed by
Gaussian optics and the ionisation stages of the gas were approximated by a fourth order
power fit, consistent with the Coulomb barrier model [16]. Fill's model calculates the
maximum intensity that can be reached in gas experiments as a function of gas density.
The mechanism of defocusing was experimentally studied in gas cell experiments by
Monot and Auguste[39]. In this experiment the transmission of a 1TW laser with a
wavelength of 1um was measured and correlated with the shift of the focus towards the
focusing lens as the gas density was increased. The motion of the focal region towards
the lens and the reduction in transmission in gas cell were attributed to refraction.

An experiment by the same group [40] with a 1um 1ps pulse interacting with a hydrogen
gas jet showed that higher intensities could be achieved if the laser was focused on the
gas vacuum boundary. The length of the ionised plasma was inferred from an image of
second harmonic (A = 0.527 pm) radiation emitted perpendicular to laser propagation
direction. The second harmonic image stretched over a Rayleigh length implying that the
intensity remained above the threshold for this distance. There was no quantitative
estimate of the threshold required for the production of light at 0.527pum and so the
intensity profile of the laser could not be quantitatively evaluated from this data. In
addition no direct measurements of the electron density achieved during or immediately
after the pulse have been made when refraction is important.
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1.5.4 Guiding.

The subject of guiding of laser pulses through channels with a radially varying refractive
index has been studied extensively in connection with optical fibre communications
[17,41]. Theoretical studies of channel formation in plasmas include a study of the
properties of a channel with a parabolic density profile [42]. This work used a Gaussian
optics treatment of the propagation of the normal modes to analyse the confinement of
radiation within the channel. The beam was found to be periodically focused and
defocused by the channel with an oscillation period that depended on the radial curvature
of the guide and the plasma density. Heat conduction was predicted to overcome the
non-uniform heating resulting from the oscillation in beam intensity. The use of plasma
wave guides to overcome refractive defocusing was studied theoretically by Rankin et al
[48].

A more recent theoretical study of channel formation in high density plasmas [43] found
that a similar oscillation in mode size occurred but in this case it was due to refractive
defocusing of the initial channel forming pulse. The defocusing caused the non
uniformity in the channel radius along the laser propagation direction. This theory was
applied to the results of the experimental guiding experiments undertaken by Durfee and
Milchberg [44]. In these experiments a laser pulse with a duration of 100ps and
wavelength of 1.064um was split into two pulses. The first formed the channel which
then guided the second pulse. The energy ratio for the channel forming to the probe
pulse of approximately 7:1 and the two pulses were initially focused with the same lens
into argon at a gas density of 1x1018 ¢cm™3. The first pulse was used to create a density
channel, after allowing time for the channel to expand, the second pulse was focused into
it with an intensity of 1x1014 Wem2. The experiment was diagnosed by imaging of the
fluorescence emitted from the plasma perpendicular to the propagation direction and by
imaging laser light transmitted along the propagation axis through the channel. The delay
duration was varied until lengthening of the fluorescence signal was observed. After a
delay of 6ns a slight lengthening of 600pm was observed over the initial channel length
of 2mm. At longer delays the fluorescence was found to split into two sparks at either
end of the channel. This was attributed to focusing of the beam by the channel after the
end of the channel. An alternative explanation by Liu [43] for this feature was that it was
due to non uniformity in the width of the channel along the laser propagation axis.
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In order to increase the length of the channel the experiment was repeated with an axicon
to focus the channel forming pulse. This created a channel approximately 10mm long
into which the probe pulse was focused with a conventional lens. Light scattered from
the probe was observed to extend over 7mm, equivalent to guiding over twenty times the
original depth of focus of the probe pulse. In this experiment the formation of the
channel was modelled with a hydrodynamic simulation and no attempt was made to
measure experimentally any of the characteristics of the channel. The density regime was
also lower than that required for many applications and thus avoided the problem of
refraction from density gradients. The laser pulse length was at least two orders of
magnitude longer than the optimum required for laser accelerator and relativistic self
focusing studies. Finally the intensity was also four orders of magnitude lower than
those required for relativistic focusing[33], fast igniter and [18] laser accelerator schemes

[9].
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2 Theory.

This section will outline the theory required in the analysis and interpretation of the
experimental results obtained and displayed in this thesis. These areas included laser
propagation, optical and collisional ionisation, absorption, heat conduction, shock wave
formation and plasma instabilities.

2.1 Laser Propagation.

In this thesis the details of the propagation of laser light through the target is
fundamentally important to the understanding of the laser plasma interaction. The first
section in this chapter will describe a ray treatment of the laser propagation to obtain an
estimate of the effect of the plasma density gradients. This will be followed by a
description of the refraction of Gaussian beams, after which a number of self focusing
mechanisms will be described. Lastly, two refractive defocusing models that are used to
compare with the experimental data in chapter 4 will be outlined.

The angular deviation of a laser beam in a density gradient can be derived from the
retardation of a wave front in the density gradient as shown in Figure 2.1 [46].

do
X ds'
d do
ap -
dx Z
X
ds

Figure 2.1 Angular deviation of wave front in a density gradient. The wave front
initially propagates along the z axis and is deviated by the transverse gradient du/dx, by
an angle do.

27



It can be seen from figure 2.1 that the refractive index gradient extended over the region
x'-x along the x axis and the wave front travelled along the z axis arriving simultaneously
at points x'and x. After a time delay At the wave front moved along the z axis a
distance As =cAt/ |l from x and As' = cAt/ ' from x'. The refractive index p' at x' is
related to W at x by L' = p+(dp/dx)Ax, where Ax = X - x'. The difference between the
distance As' = As(lI/i") and As can be expressed in terms of the refractive index gradient

As - As' = (As / W)(du / 9X)Ax (16)
The distance can also be expressed in terms of the refraction angle Ao,

As - As' = Aa(x - X') = Ao Ax | an
The refraction angle can now be expressed in terms of the gradient

Ao = (1 /) (du / dx)As (18)

For a plasma with ne << nc, ' ~ 1 and dp / 9x ~ (dne / 9x) and for small angles the path
length can be integrated to give o in terms of the laser wavelength and the density

gradient (in cgs units),

a_—(EE)(—n;?)jEx—. z [radians] (19)

and inserting the constants gives, for ne in cm‘3, andx,zand Ain cm;
dn
o =—4.36x10"14 22| —<.d; 20)

This equation can be used to estimate the refraction angle from a density gradient acting
over a path L. For example, if a 1im laser is focused to a spot of radius 30um into a
plasma with an electron density of 5x1019 cm™3 existing over a plasma length of 700um,
then ol = 33 degrees.
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2.1.1 Refraction of laser hot spots from density gradients.

The ray propagation theory can also be used to estimate the smoothing effect of
refraction from density gradients on the hot spots present on a laser beam [47] .

l ionised regions

Figure 2.2 Refraction from laser hot spots (taken from reference [47] ), the density
gradients act over the distance dr and the radial distance between hot spots is dy.
Smoothing occurs over the distance 8z where the ray has been refracted radially out of

the ionised region and midway between the adjacent hot spots.

The laser hot spots are represented in figure 2.2 by the two shaded ionised regions. The
length dz over which the rays travels before they reach the centre of the neutral region is
given by 6r. An estimate of 6r valid for densities much less than critical is given by [47],

5=t Pe, 1)

Rearranging this equation in terms of z allows an estimate of the distance over which the
ray refracts out of the hot spot. If the radial density gradient was estimated extend over
the spot radius, wg, then dne/dr ~ ne/wo. The distance z for rays to be refracted out of

the spot is then given by,
z = (2nc/ne) 2w (22)

For ne = 1x1019 cm-3 and A =1.054pm, ne / n¢ = 0.01, dr = &r = 30um, z = 212um.
This indicates that a hot spot will split into two after propagating 200um. For a real

pulse diffraction also needs to taken into account. For a Gaussian beam the characteristic
length for diffraction is the Rayleigh length, LR (= nwozlh), where wg is the Gaussian
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spot radius and A the laser wavelength [17](L¢f = 2LR). For the conditions above (with
A = 1pm), LR = 300um and refraction would make the beam expand more quickly than
diffraction. A more stringent estimate of the effect of refraction is that if the phase
change incurred by the wave as it traverses the plasma with a refractive index n~
(ne/2nc) exceeds /2, then the beam profile will increase by a one diffraction limited
divergence [48]. This gives a characteristic refraction length, Ly, of

L=-—¢ (23)

For a wavelength of 1um and nc/ne = 100, Ly = 50pm. These estimates are extremely
useful for a semi quantitative understanding of the strength of refraction in a plasma but
for a more accurate picture the wave nature of the laser must be taken into account.
These results were indeed confirmed with a wave optics treatment in [47]. In that work a
3D simulation code that solved the wave equation while calculating the contribution to the
refractive index of the free electrons produced during optical ionisation. It was found
that the simple estimate of dz in equation (21) accurately predicted the distance the laser
hot spot propagated before it split. A fuller treatment of refraction and diffraction in this
thesis will be postponed to section 2.1.5. Before that the next section will briefly
describe the self focusing mechanisms that could potentially compete with refraction to
increase the focused laser intensity in this short pulse regime.

2.1.2 Filamentation and self focusing.
There are a number of mechanisms that can produce self focusing of lasers in plasmas.

The applicability of these theories is limited in interactions with short pulses to those that
can modify the refractive index of the plasma without the motion of the plasma ions.
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refractive index

Electron ejection

Self focused channel
Region of low
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Laser wavefronts

Figure 2.3 The mechanism of self focusing in a plasma. The most intense part of the
laser pulse cause an increase in the refractive index, through electron ejection or
relativistic effects. This results in a local increase in the plasma refractive index which
tends to focus the pulse.

The general self focusing mechanism is depicted in figure 2.3. The plasma refractive
index is increased in the regions of the highest laser intensity by electron ejection, plasma
motion or relativistic effects. The refractive index gradient across the laser beam acts as a
positive lens which focuses the beam, causing a further increase in the intensity. An
instability develops as the intensity increases and the beam radius consequently continues
to decrease. The actual mechanism that causes modification of the plasma refractive
index determines which self focusing model is applicable. In long pulse experiments
there is time for the plasma to move out of the laser spot within the duration of the laser
pulse. Two mechanisms that are important in this regime are (i) ponderomotive and (ii)
thermal self focusing [49]. The ponderomotive force arises from the gradient of the laser
electric field within the plasma. If the gradient of the laser field is along the x axis then
ponderomotive force on an electron with charge , g, along this axis is given by,[49],

2

q 2
F,. (x)=——2—%VE“( (24
NL » 4mew2 %) )

The ejected electrons pull the ions out of the most intense regions of the laser spot on the
time scale of the ion sound speed and reduce the plasma refractive index causing self
focusing. For thermal self focusing the laser is absorbed strongly at the centre of the
spot and the plasma expands hydrodynamically. The threshold for both these
mechanisms depend on the laser intensity and plasma density [49]. In experiments
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where the laser pulse length is less than 10ps there is no time for significant plasma
motion, the ions remain static and these theories do not apply. At these pulse lengths
self focusing can still occur through the ponderomotive force but the space charge force
that builds up between the ions and the ejected electrons has to be taken into account.
This significantly increases the intensity threshold over the mobile ion case. At very high
intensities the quiver motion of the electrons becomes relativistic causing an increase in
the electron mass and leading a reduction in the refractive index. The thresholds for
these effects will be considered in the next section.

2.1.3 Self focusing mechanisms in short pulse experiments.

In an electrically neutral plasma a restoring, space charge, force between the electrons
and ions acts as soon as the electrons are displaced further than a Debye length, Lp,
from the ion. The space charge force, Fgc, can be estimated from the Coulomb attraction
between a cylinder of charge per unit length p =nr2qZn; acting on an electron at a radius

r from the centre of the cylinder, Fsc = _ZZq_p- The Coulomb space charge force can
TE,r

be overcome by the ponderomotive force in (24) until the radius reaches a critical value, r
= ro, where the forces are balanced. As the ion density increases, for constant laser
intensity, ro decreases and the expulsion only occurs for small plasma radii. The ejection
distance depends strongly on the electron density and laser intensity profiles. For a laser
intensity of I = 1x1017 Wem2, a wavelength A = 0.248um and an ion density greater
than 1x1019 cm-3, rg < Tpm.

At the densities and intensities reached in the experiments described in chapter 4 of this
thesis it is highly unlikely that the refractive index could be altered enough to cause self
focusing. The threshold for ponderomotive expulsion of electrons from a plasma created
by a laser pulse with a Gaussian spatial profiles from published static ion models support
this view [51]. Another mechanism that does not depend on ion motion is relativistic self
focusing. In this mechanism the refractive index of the plasma is modified by the
relativistic motion of the electrons as they quiver in the electric field of the laser. The
modification to the refractive index is given by [34],
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where v is the relativistic factor and vogc is the quiver velocity of the electron in the laser

field, given by Vose = ﬁE—. As the electric field increases, vosc approaches ¢ and the
meo

relativistic increase in the electron mass causes an increase in the refractive index,
leading to self focusing of the most intense part of the laser beam where the refractive
index is highest. The threshold of self focusing was determined in [33] by matching the
change in angle due to the relativistic refractive index change to the angle of diffraction
for a Gaussian beam. This gave a simple expression for the threshold

n

P =17GW*| < (26)
¢ n
€

Evidence for relativistic self focusing has been reported in interactions of 1TW KrF laser
pulses [33]. More recently, [34] relativistic self focusing was observed when a 1pm
laser with a power of 10TW was focused into a hydrogen gas jet at a gas density of
1x1019 cmr3 and a vacuum intensity of 3x1018 Wem2. The laser intensity during the
plasma experiments reported in this thesis are generally limited by refraction from density
gradients and relativistic self focusing is unlikely to be important. Defocusing from
ionisation induced refraction is therefore the most important limitation preventing the
achievement of ultra high intensity interactions with neutral gas targets at high densities.
The important features of refraction from density gradients were outlined in sections
2.1.1 - 2.1.2, however to simulate real laser plasma interactions more sophisticated
defocusing models are required.

2.1.4 Modelling of defocusing in plasmas

This section will describe the models that have been used to interpret the results obtained
in the experiments in terms of the energy absorption and laser propagation. Previously it
was shown that the question of laser propagation can be understood by using simple ray
tracing techniques. To obtain a more realistic model that accounts for the finite rise time
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of the pulse and diffractive effects it is necessary to solve the wave equation numerically.
An intermediate step is to use a Gaussian optics treatment for the beam propagation and
use a power law representation of the intensity dependence of the ionisation threshold of
the gas. A model [38] that used this approach will be used to interpret the results of
experimental measurements.

2.1.5 The analytic model.

An analytic treatment of refraction of the laser was used to obtain a quantitative picture of
the limiting intensity caused by the defocusing. The laser propagation is approximated
by a ray optics description of the height of the ray r above the axis in a parabolic
refractive index profile given by

U
u(rz)=pg——=r (27)

Where g is the refractive index on axis and P2 is the quadratic parameter describing the
radial variation of the refractive index. A differential equation that describes the variation

of r about the z axis has been derived by [52], [53] and is given by,

2w 2
9—2f=—-lr+i2-—rz (28)
dz H, 4n°r

o

Where rq is the Gaussian spot radius, and the radial intensity profile is given by,

I=1 exp(—r2 / rg). It should be noted that the beam radius defined in this way differs

from the conventional description of a Gaussian spot size wg by a factor of (1/V2). The

peak intensity is then related to the beam power by IO =P/ (n'rg). The last term on the

RHS of (28) accounts for diffraction of this Gaussian beam. The refractive index is
related to the incident laser intensity through a power law relationship for the ionisation
threshold as a function of laser intensity. This was achieved through the use of the
Coulomb barrier model [16] to relate the laser intensity to the gas ionisation potential,
Uq, of an ion in state q

_ 91 -4
I, =4x10 2 Uq (29)

34



With I in Wem2 and Ug the gas ionisation potential of stage q in eV. The ionisation

potential of charge state q is approximated by a power law of the form,
U(q) = Uoq® (30)

This is a good approximation for jonisation from a single shell. Some examples of
power law fit for Neon, Nitrogen, Argon and Helium are shown in figure 2.4. This fit
allowed the determination of Ug and o.. The charge distribution across the beam is

obtained from (29) and (30) to be

q= qOIu / (40~ 2))

where 3D

q = (4x109U4)11/(2- 401)
0 0

If I is now cast in terms of the Gaussian and the exponential phase term expanded (for r
< 1o) the refractive index can be expressed in a form that is quadratic in r and the terms

Ko and U2 are obtained. The differential equation (28) is then solved for r = rg, to give

an equation relating the propagation of the 1/e radius of the beam

d 7| "2o0 471.2 0

where C is a constant of integration, physically equivalent to the half angle divergence of
the beam due to the focusing optic. The quadratic refractive index contribution p2 is then

1/(4a-2)

py = qo(na /nc)(P / ) 33)

where ny is the atomic density. The minimum spot size rmin is obtained by setting the
LHS of (32), dro/ dz = 0 and neglecting diffraction compared to refraction, with the

2\ 1 40-2 -
w5 ))
m qo na
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Where n. and n, are the critical and atomic density in cm3, respectively. This
expression can be seen to be independent of laser power, with a strong dependence on
the gas density and the cone angle of the focusing optics C. This model was found to
agree well with the experimental results obtained from focusing 1TW pulses in 1Atm of
Argon gas [39].
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Figure 2.4 Power law fit to the ionisation potentials of Argon, Neon, Helium and

Nitrogen.

As an example of the method, this model was used to calculate the maximum focused
intensity for a KrF laser with A = 0.248um, n¢ = 1.78x1022 cm3, focused with F/5
optics ( C = 0.1), into Neon at a density of 5x1019 ¢m3 (n¢/ng = 356). These
conditions are ideal for the creation of a Li-like Neon X-ray laser. Using Ug = 15.398
and o = 1.32 from figure 2.4, gives qo = 4.2x10-3, and from (34) the maximum
intensity is , Im = 1.5x1016 Wem 2. This intensity was approximately an order of

magnitude less than the minimum intensity required for the production of He-like Neon,
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and the conditions required for the Li-like Neon X-ray laser scheme [10] would not be
fulfilled. This model had the advantage that it was very simple and gave a reasonably
accurate measure of the degree of defocusing. For a more detailed understanding of how
refraction affected the laser propagation a numerical solution of the wave equation was
used. This model solved the wave equation self consistently with the solution of the
tunnel ionisation rate equations.

2.1.6 The Numerical model

The coupling of a 2D wave equation solved in the paraxial limit together with the
ionisation allows the effect of ionisation induced density gradients on the laser beam to
be studied. A time dependent code [37] that used this model was compared to the data
obtained in this thesis. In this model the wave equation is then solved with the ionisation
as a source term in the plasma current,

e — = =0 (35)

The plasma current is related to the electron density and electron velocity through,

J(r,t) = —qng (r,1)v(r,1) (36)
The electron velocity is described in terms of the equation of motion

?m oy =32 (37)

The code also accounts for self focusing in the gas through the intensity dependent
refractive index term [54] but the space charge limited ponderomotive and relativistic
mechanisms were not treated. The electron density is calculated at each grid point using
the ionisation rates of Ammosov, Delone and Krainov [55], with the number of
ionisation stages included in the model limited to three. This ionisation model will be
discussed in the section on optical ionisation (section 2.2 ). The laser pulse was
represented by a 2 dimensional grid in the radial and longitudinal directions. The initial
width of the pulse in the radial direction was set by the diffraction limited radius, defined
by the focusing optics. The length of the pulse in the z direction was defined by the
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Figure 2.5 Intensity and density contours for I = 8x1016 Wem2 and na = 1x1016 cm

3 (essentially vacuum). In all these contour plots the levels decrease from the maximum
in 20% intervals.
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Figure 2.6 Intensity and density contours for 1=8x1016 Wem 2 and na=1.5x1020cm-3
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pulse duration. The number of grid points was adjusted to avoid numerical instabilities
up to a maximum of 400x400. The grid was transported through the gas cell with an
adjustable time step also to avoid numerical instabilities. The length of the cell was set to
Imm, equal to the length of the gas jet, by varying the total number and the duration of
the time steps.

The model output was in the form of intensity and density contours at the end of the
simulation. The intensity contours represent the spatial distribution of the laser pulse at
the last time step, while the density contours represented the spatial distribution of the
electron density through the whole gas at last time step. Figure 2.5(a) and (b) show
these for the laser pulse that propagated through a very low density gas. It can be seen
from figure 2.5(a) that when the gas density was negligible the plasma was symmetric
around the position of best focus in the centre of the jet. As the gas density increased the
plasma became asymmetric, with very little plasma formed past the position of best
focus. When the gas density was increased to 1.5x1020 cm-3 the plasma formed by the
rising edge of the pulse refracted the laser, as can be seen in figure 2.6(a). The plasma
radius also increased, implying a reduction in the focused intensity and a consequent
suppression of the peak ionisation stage that was achieved. The intensity contours
confirmed this interpretation, as can be seen by comparing figure 2.5 (b) with 2.6 (b).
The peak of the intensity is on the z axis when there was negligible gas present in figure
2.5 (b). When the gas density was increased it can be seen from figure 2.6 (b) that the
peak shifted radially away from the laser axis. All these features are characteristic of
strong ionisation defocusing. This code has also been successfully used to model
interactions of lower intensity pulses at a wavelength of 1pum with hydrogen gas [37] at
densities up to 3x1019 ¢cm-3. More recently it has been used to model experimental
studies of interactions with noble gases at gas densities in excess of 1x1020 ¢m-3 [56].
The most promising method of overcoming refraction and achieving long interaction
lengths with high intensity beams and dense plasmas is the use of density channels to
confine and guide the laser. An elementary outline of the theory of wave guides is the
last subject of this section on laser propagation.

2.1.7. Guiding of intense laser pulses

The propagation of laser pulses at high intensities for large distances is extremely
important for the success of recombination X-ray lasers and the ignition of inertial

confinement fusion. The refraction of the pulse due to ionisation gradients makes the
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formation of a highly ionised plasma over the centimetre lengths of plasma impossible at
the densities required for the X-ray laser. Using a parabolic density profile to guide the
pulse has been suggested in order to obtain long interaction lengths at high laser
intensities [48]. Guiding of a 100ps duration, 1pum laser pulses over a distances in
excess of 20 Rayleigh lengths and at an intensity of 1x1014 Wcm 2 has been observed
experimentally in argon at a gas density of 1x1018 cm3 [44]. Guiding has not,
however, been studied at the higher laser intensities short pulses and at gas density
where refraction significantly affects the channel formation. '

The propagation of a laser pulse within a plasma wave guide can be treated most simply
within the geometric optics approximation. This is valid for channel widths much larger
than the laser wavelength and can be used to determine the transmission of the channel.
It cannot, however, be used to determine the intensity of the laser pulse within the guide,
because this requires knowledge of the minimum beam radius that the guide will allow.
This requires a solution of the wave equation to account for diffraction effects. The
simplest derivation of the refractive index change required to confine a ray is a fibre with
a discontinuous increase in refractive index from the core ¢ to the cladding pc. Figure
2.7 shows the confinement criterion of the ray following geometrical optical principles.

Plan view Cross section

Figure 2.7 Geometric picture of guiding in an optical fibre with a step function in the
refractive index profile at the channel walls.

From the geometry outline in figure 2.7 the maximum ray angle that can be contained by
a refractive index change can be simply calculated from Snell's law,
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0= cos_l[ﬁi} (38)
uCO

This expression will be used as a first order approximate estimate of the maximum ray
angles that remained bound with the plasma wave guides formed in the experiments.
This is useful because it can be directly compared to the measured refractive index at the
channel walls obtained from the experimental diagnostics. This gave an accurate
measure of the refractive index at the channel walls but it did not give any information
regarding the profile of the guided beam. To obtain this information required a wave
optics treatment.

2.1.8 Guiding of optical beams in plasma wave guides.

The infinite channel walls of the optical fibre model provided the simplest representation
of the guiding properties of a plasma wave guide. Generally if a radial refractive index
profile exists with an on axis maximum then it can act as a wave guide. The outer parts
of a beam will travel faster then the inner parts and so an initially flat wave front develops
a radius of curvature as the wave propagates. The ray equation can be used to obtain a
simple estimate of the characteristic focusing length of a cylindrical element of length oz
with a refractive index of plo at the centre and plo+dlL at a radius wg

w2

Lp=~—2 39
F = oapaz 9)

A more realistic treatment is provided by depiction of the channel as a parabolic density
profile [17] given by,

_ 2
n -no(a+br ) . (40)

Where no is the density on axis, a and b are the curvature parameters. The propagation

of EM radiation within the guide is limited to a discrete number of modes. The lowest
order mode wg defines the smallest spot size that can propagate in the guide, and is given

by [42],
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In a plasma wave guide that can be approximately described in terms of the quadratic
profile can be formed by heating a plasma and then allowing the channel to expand due to
the pressure of the electron gas . After an initial transient period where the expansion
depends on the speed of the thermal wave [57] the expansion front develops into an ion
shock wave. This depletes the density at the core and forms a refractive index maximum
at the channel centre and a minimum at the channel shock front. The formation and
propagation of shock waves in gases will be described in the section 2.4. The next
section will outline the theory of the initial plasma formation and heating mechanisms that
determine the ionisation stage reached within the plasma and the electron temperature
existing at the end of the laser pulse.

2.2 Optical Ionisation.

Ionisation of a gas by a high power laser pulse will occur when the magnitude of the
laser electric field approaches the atomic field felt by the outermost electron. The electric
field of the laser is given by equation (42) ;

1N/2
E= (2-—) (42)
&

For I in Wem™2, E = 27.5%( I)l/ 2 [Vem-1]. For example with an intensity of
3.5x1016Wcm'2, E =5.142x109 Vem-! and the laser field is equal to the atomic field
seen by the electron. The probability of ionisation is obtained by considering the motion
of the electron in the combined potential of the laser and atomic electric field. As the
laser field increases the potential barrier seen by the electron is reduced and there is a
finite probability of the electron tunnelling through the barrier, as shown schematically in
figure 2.8.
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Figure 2.8 Lowering of the Coulomb barrier by a static field along the x axis, -eE[_x.
As the laser field increases, the potential barrier is lowered and the rate of tunnel
ionisation through the barrier increases (situation (1)). This continues until the barrier is
suppressed below the binding energy of the electron. The laser field at which this occurs
is given by equation (43). Above this value the electron is effectively unbound (situation

(2).

The Coulomb barrier model [16] gives a quantitative estimate of the field required for
ionisation through barrier suppression, by equating the ionic field to the laser field while
neglecting the Stark shift ;

Z3
Eth = 16714 Ea.u. (43)
eff

Where Z is the ionic charge, Eq.y = 5. 142x10° ch'l, is the atomic unit of the electric
field and neff is the effective quantum number of the ionising electron. The variable neff
is obtained by equating the ionisation potential of the critical orbit to a hydrogenic ion.
Allowing for the Stark red shift of the level in the laser field gives an ionisation threshold
of [16]:

4
151U (eV)
. 2.2x10 [ q ] Wcm_2 (6)

th 2 27.21
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Figure 2.9 Threshold intensity as a function of ionisation potential for Neon from

Coulomb barrier model,[16].

The Coulomb barrier model provides an estimate of the threshold laser intensity required
to cause ionisation, as shown for Neon in figure 2.9. To calculate the actual ionisation
rate, it is necessary to account for the finite probability of an electron tunnelling through
the barrier at laser fields below the classical threshold. This is obtained from the
quantum mechanical calculation. In practice the ionisation rate is calculated from the
Schrodinger equation with the combined potential well in the presence of the laser field in
parabolic co-ordinates. The ionisation rate of non hydrogenic atom in an arbitrary state of
energy €, with angular momentum /, and has been calculated by Perelmov et al and

Ammosov, Delone and Krainov [55] to be;
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where gt and Eat are the atomic units of frequency and electric field respectively, €, is
the ionisation potential of hydrogen, & is the ionisation potential of the atom or ion, I is
the orbital angular momentum and m is the projection of I onto Ef, Cp* is of order 2.
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Figure 2.10 Tunnel ionisation rate from the Ammosov formula [55] as given in
Penetrante and Bardsley [16], for stages 1 to 8, as a function of laser intensity for Neon.
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Figure 2.10 shows the ionisation rate for Neon as a function of laser intensity. The rates
shown in this figure have been calculated from the Ammosov formula [55] as given by
Penetrante and Bardsley [16]. The ionisation threshold from the Coulomb barrier model
corresponds to an ionisation rate of 1x1012s-1. The time taken for ionisation determines
if the depiction of the laser field as a static field is justified. If the electron tunnels in a
time scale less than the period of the laser then the field can be taken as constant .
However, if the tunnelling time is longer than the laser period then allowances must be
made for the oscillation of the beam. In this case the electron appears to simultaneously
absorb more than one photon to achieve ionisation and the theory of multiphoton
ionisation is more appropriate [59].

The Keldysh parameter, v, defines the demarcation between the two regimes, and is
given by [55, 59]:

Y="1i/1p (45)

where 7j is the ionisation time and Tp is the laser period. If Y << 1 the electron tunnels
through the barrier before the laser field changes significantly and then the ionisation is
described by DC tunnelling theory. If y>> 1 then the electron is ionised over many
optical cycles and the multiphoton treatment is more appropriate. A test of the accuracy
of these models was made by comparing them with experimentally measured appearance
intensities of noble gas ions when ionised with a 1pum laser[ 16]. It was found that the
data agreed closely with the Coulomb barrier model [16] and the Ammosov tunnelling
rates [55]. In order to determine the most appropriate theory for this thesis the Keldysh
parameter was evaluated for the typical laser and target parameters. For a laser intensity
of 1x1017 Wem-2 and an ionisation potential of 200eV y = 0.01, the DC tunnelling rates
and the Coulomb barrier model are valid and consequently they are used rather than the
multiphoton treatment. For a realistic laser pulse with a finite rise time, the initial turn on
phase of the pulse will cause ionisation to occur in the multiphoton regime. However
this transient time period and the contribution of multiphoton ionisation are very small,
and the tunnelling theory will give an overall description of the ionisation rate that is
accurate. At the other extreme if the laser field is so high that the Coulomb barrier is
completely suppressed below the binding energy of the electron then it becomes free and
tunnelling theory is no longer applicable. |

In a rarefied plasma the peak ionisation stage reached in the regions of peak intensity is
determined entirely by the optical field. However as the electron density increases,
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elastic collisional processes such as inverse Bremsstrahlung absorption and inelastic
collisions such as ionisation and excitation become more important. The elastic
processes are an important source of heating of the plasma electrons during the pulse
while the inelastic ones provide important ionisation routes long after the laser pulse
turns off.

For the pulse lengths used during the experiments described in this thesis (350fs -12ps)
the ionisation stage populations are determined by the optical field and not the electron
temperature and density at the end of the laser pulse. However the heated electrons can
continue to ionise the plasma long after the end of the laser pulse. In this case the
evolution of the plasma electron density is governed by the rates of collisional ionisation,
excitation and three body and radiative recombination. In order to gain an insight into the
importance of collisional effects it is necessary to understand how the rates vary with
plasma temperature and density. The next section will outline the simple classical theory
followed by the results of more complete quantum mechanical theory.

2.2.1 Collisions in plasmas.

After the production and heating of free electrons by the laser they will have a velocity
distribution function determined by the mechanism of energy absorption from the laser.
If the plasma number density is low then the initial distribution function will be
determined by the ATI heating rate [15], if the density is high enough then the function
will quickly relax to a Maxwellian. The rate at which this occurs depends on how
efficiently the collisions transfer the energy between the electrons. The classical cross
section for collisions between plasma particles is given in terms of the impact parameter
R defined from figure 2.11 and where 1¢ is the classical distance of closest approach
[60].

Figure 2.11 Electron colliding with ion with an impact parameter R.
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An estimate of the cross section for a collision can be obtained by equating the kinetic
energy of the particle to the atomic potential at an impact parameter of ro. This gives a

Cross section of,

2 4
czmgzl f q > (46)
9 ne (kT )

This cross section only accounts for collisions where the particles are deflected over
angles of the order of 90°, however as a result of the long range of the Coulomb force
distant weak collisions are also very important [2]. These long range collisions are taken
into account by equating the change in velocity of the colliding particle with the Coulomb
force for large impact parameters over the time taken for a collision. In a plasma the
upper limit on the impact parameter is given by the shielding distance of the plasma, the
Debye length, L4. In this simple theory the lower limit is given by the distance of closest
approach ro. The inclusion of the distant collisions modifies the cross section with the
inclusion of the Coulomb Logarithm - InA, where A =Lg/ro [2].

- . 3T 312
o=my =gt A= e “n
° "9 2T ) o 264n) 220 112

At very large electron velocities rg becomes extremely small, the absolute lower limit of
Io, in In A, then becomes the de Broglie wavelength of the electron, ro=Ad=h/mev

[61].

The relaxation time taken for the plasma to evolve into a Maxwellian distribution is
obtained from the collision cross section tee = 1/Nv6 [3],

1 3.8n

=v =35 IA s~1 | (48)

tee T
€
Where Te is in degrees K and ne is in cm™3. For Te =50eV (= 5x103 K) and an electron
density of 1x1020 ¢cm-3, tee ~ 186fs. The time taken for energy equilibration between

electrons and protons is greater than that of electrons to electrons because of the
inefficiency of energy transfer between two particles of different masses. For ions of
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atomic weight A, number density n in cm3 and with electrons at a temperature Te in K

(3],

1 2.9x107nz 1
—_= vei _W__ln A 5 (49)

ei AT
€

The time taken for equi-partion between electrons and ions at Te = 50eV, (=5x10° K),
He-like Neon ions, Z = 8, A = 20, and at a density of 5x1019 cm'3, In A ~35,is tgj ~
150ps. For the typical plasma conditions studied in this thesis the electrons will be
described by a Maxwellian before the end of the laser pulse and the equi-partition
between the ions and electrons will occur over the times scale of hundreds of
picoseconds. The collisions between plasma particles also determines the rate at which
the ionisation and excitation approaches the equilibrium populations.

2.2.2 Jonisation balance.

In general it is not possible to describe the entire state of a plasma with a single
temperature and density. Often the temperature that applies to the electron distribution
function does not necessarily correspond to the temperature that defines the radiation
field. This is because if the radiation field is described by a Planck function the plasma
must be optically thick for all wavelengths, which is not achieved in practice. It is
however possible to describe a local temperature and density that defines the electron
distribution function and the ionisation and excitation balance of the plasma. This is local
thermodynamic equilibrium (LTE) , where a Maxwellian defines the local temperature,
which determines the ionisation balance through the Saha - Boltzmann equation given by
[62]

n.n 2amkT g u
£t 7! 22t exp(-—1) (50)
n h g kT
; [4

For typical conditions in this thesis ne =2 x 1020 /cc , Te = 100eV , and for Neon the
majority of the plasma ions would be in a Helium - like ionisation stage (with Uq =
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240eV). However the time taken for ionisation to this stage is determined by the
collisional ionisation, excitation and recombination rates, and is of the order of 50-
100ps for these conditions. At times less than this the plasma is far from equilibrium and
the ionisation stage will not be determined by the Saha-Boltzmann equation.

2.2.3 Transient ionisation.

If the density is too low, the temperature very high or the time scales shorter than the
relaxation times then the ionisation excitation distribution will not be determined by
collisions and the Saha-Boltzmann equation does not describe the ionisation balance.
The populations of the states in the plasma atoms are determined by a coupled set of rate
equations describing the excited level populations in a particular ion together with another
coupled set of rate equations describing the ionisation balance between ions with charges
of Z-1,7Z and Z+1. The evolution of the electron population of the ionisation stage Z is
then given by

dn*
7te__:nz—lsz—l_nz(Sz_l_mz)_,_nz+10lz+l 1)

Where S2 is the ionisation rate from the zth ion and « is the recombination coefficient to
the z-1 stage. To obtain the correct population distribution all possible excitation,
ionisation and recombination routes between all levels, both collisional and radiative,
must be taken into account. The state of the plasma as a function of time can be
approximately determined by evaluating the simple collisional excitation and ionisation
rates. For a more accurate estimate that can be compared in detail with the experimental
measurements a code that calculates the contribution of all the rates can be used to post
process the results of hydrodynamic simulations

2.2.4 Collisional rates.

Seaton [60] has calculated the collisional ionisation cross for H-like ions by treating the

ionisation as a photo-ionisation process,

§=2.15x10"° :re“3 2 exp(=V)1VZE  em3s7] (52)
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where V = Uqg/Te, with Uq and T¢ in eV. For ions with more than one electron in the
outer shell, screening of the nuclear charge alters the ionisation rate and use of the
hydrogenic rate in equation (52) would underestimate the ionisation rate. Kunze
measured the ionisation rates of Li - Like and Be - like ions produced in a theta pinch
plasma [5] and compared the results to ionisation rates that used an effective gaunt factor
treatment. The ionisation rate for Li-like and Be-like in the state q determined from the
experiment was found to be:

1/2
g 40T T U
$=7.7x10"8| —L || In| —= |+ 40 || —&—— lexp| -—2 |em3s™! (53)
U U U_+3T T
q q q e e

where gq is the number of electrons in the gth shell, Uq and Te are in eV. If it is
assumed that the electron temperature does not change during the ionisation time, the
characteristic ionisation time can be estimated by,

Ti =— (54)

For high ionisation stages and low temperatures in a cooling plasma this is not a good
assumption, and the rate obtained from (53) is only useful as an order of magnitude
estimate. As an illustration of typical time scales involved in the experiments described
in this thesis the ionisation times for Neon have been calculated using (52) and (53) for
states up to He-like, at an electron temperature, Te = 80eV and a gas density of 1.5x1020
cm3. ’
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Figure 2.12 Ionisation times for Neon at Te = 80eV and nj = 1.5x1020 ¢m-3 calculated
using equations (52) (filled circles) and (53) (open circles).

It can be seen from figure 2.12 that, as expected, the rates for the H-like ion from
Seaton's formula predict longer ionisation times than the Li-like rates from Kunze. The
rates also correctly converge to the same value as the ion approached the H-like state.
These rates are a good estimate of the ionisation time scale for the initial transient stage of
plasma formation. It should also be noted that the rates are very much slower than the
corresponding 6ptical ionisation rates and are not important during the laser pulse. After
the initial optical and collisional ionisation stages the plasma cools and recombination
begins. It is also important to have a general understanding of the typical recombination
time scales for the plasmas described in this thesis.

2.2.5 Three body Recombination.

The rate of three body recombination can be calculated by assuming LTE holds for the
upper excited states [63] and use the principal of detailed balance to relate the
recombination rate to the collisional ionisation rate, S. This gives [30],
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o =1.66x1022 nge‘3 "2exp(v)s  emBs~1 (55)

Where Te is in eV, 8p is the statistical weight of the level p, and V is the ratio of
ionisation potential Up to Te (both in eV). For conditions typical of the experiments
described in this thesis, Te ~ 100eV, and an electron density of 1x1020 ¢m3, the time
scale for an ion recombining from a He-like to a Li-like state is around 100ps-1ns.

2.2.6 Radiative recombination.

The electron can also recombine with the emission of a photon. For a system in
equilibrium the rate of radiative recombination can be obtained from its inverse process
through the principal of detailed balancing to the photo-ionisation rate given by Kramers
formula [3]. The radiative recombination coefficient for hydrogen like-ions is [3],

-3/4
o, =2 7x10_1322Te em3s~1 (56)

With Te in eV and Z the nuclear charge. For Te = 100eV and Z = 8 for He-like Neon,
the recombination rate to Li - like Neon is 5.5x10-13 c¢m3 s-1, which, at an electron
density of 4x1020 ¢cm-3, leads to a recombination time of 4.5ns. In this density and
temperature regime three body and radiative recombination are comparable but are much
longer than the ionisation times for ions up to He-like. For time scales less than 100ps it
can be assumed that recombination is negligible compared to ionisation. To study the
ionisation mechanisms in more detail an average atom model was used to describe the
plasma energy level populations.

2.2.7 Time dependent models.

Estimates obtained from the ionisation and recombination rates are a useful first step to
the interpretation of experimentally measured electron densities. However they assume
that the electron density and temperature remain constant during the jonisation and do not
take into account of ionisation routes through excited states. In order to obtain a more
accurate interpretation it is necessary to construct a model of the plasma atom that
includes all the possible excited states of the atoms and ions and use this to post process
the hydrodynamic simulations. The spatial evolution of the free and bound electron
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populations can then be followed, allowing a comparison with the measured free electron
density to be made. In practice calculating the populations of many possible states
together with the hydrodynamic variables in each time step is a formidable undertaking
for complex atoms. The most complete model uses an atomic structure model to
calculate the energy levels and oscillator strengths of the levels within the atom. The
relative populations of the levels can then be calculated using collisional ionisation,
excitation, de-excitation, three body, Di-electronic and radiative recombination and
spontaneous emission. Although this method is the most accurate it is very expensive in
terms of calculation time. A simpler method is to treat the ions as a hydrogenic system
with an average number of electrons per level, this is the average atom model [67]. The
remainder of this section will describe how an average atom model was used to post
process the output of the MEDUSA simulations to give an indication of the electron
density that could be measured after the laser pulse turns off.

2.2.8 The average atom model.

The average atom model is an approximation of the more detailed configuration
accounting. The atom is split into m levels and the intensity of a spectral line from an
electron undergoing a transition from p to q in the atom is

I(p.q) =n(p)A(p,q)hv(p,q) erg cm 51 7

n(p) 1s the population of level p, A(p.q) is the spontaneous emission coefficient, and hv
the photon energy. A(p.q) is determined by the atomic structure and depends on the
screening effect of the plasma electrons on the local charge seen by the electron
undergoing the transition. A simplified picture of the energy levels can be seen in figure
2.13.
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Figure 2.13 Tonisation, excitation and their inverse processes.

In the average atom approximation only the average number of electrons per level is
calculated and A(p,q) is assumed to be a function of the populations of p and q only.
This avoids the necessity of calculating the populations of the many possible
configurations thus greatly reducing the calculation time required. The level populations
are calculated with hydrogenic collisional ionisation, excitation, de-excitation, three
body and radiative recombination rates. In order to account for the screening effect of
the plasma electrons the energy of the levels and the collisional and radiative coefficients
are calculated using an effective screened charge Z* in place of the nuclear charge Z [67].
The average number of electrons per level is then calculated using the rate equations.

An average atom model based on a routine called XSN [67] (which is described in detail
by Edwards and Rose[68]) was used to post process the output from the hydrodynamic
simulation code MEDUSA. This section will summarise the important points and

present the results of some simulations for comparison with the estimates calculated
directly from the rates. The atoms are split into a number of levels m (mmax = 5). The
probability of occupancy of level m is Pry, and the number of electrons in level m is then,

n(m) = nPy (58)

The degeneracy gm = 2m2 of the final level must be taken into account when calculating
the populations. The availability Qm of the mth level is then

Qm=1 - Pm/gm (59)
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Initially the electrons are distributed amongst these levels according to the statistical
weight of the level, gm = 2m2. The energy levels of the atom are calculated using the
Dirac Formulation and the screening constant are obtained from Mayer [67]. The code
calculates the probability of occupancy of the levels as a function of cell temperature and
density in accordance with the rate equations. It then recalculates the energy levels
accounting for screening of the remaining bound electrons. The temporal evolution of
the bound level and the free electrons can then be followed as the plasma expands and
cools. In order to test the code the rate of ionisation was obtained with the same as the
simple ionisation rates in figure 2.14.
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Figure 2.14 Ionisation of Neon at 1.5x1020 atoms cm-3 and Te = 83eV, calculated
using the average atom model to post process the output of the MEDUSA simulations,
for the first 50 picoseconds of the simulation. It can be seen that as the number of levels,
m, was varied from 3 to 5 the rate of ionisation increased, with the time taken for the
stage to reach Li-like ~ 8ps for m =5, increasing to 12ps for m = 3. In addition the rate
of ionisation was found to be drastically reduced by turning off the ionisation routes
through stepwise excitation with m = 5.

The predictions obtained from the average atom model for the rate of ionisation of Neon
at a density of 1.5x1020 atoms cm-3 and a maximum electron temperature of 83eV can be
seen in figure 2.14. The input to the code was obtained from a 1D simulation that
simulated the deposition of energy from a laser in the centre of a gas jet target. The
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hydrocode supplied the average atom code with the gas density, electron and ion
temperature for each cell and time step. This hydrodynamic simulation will be described
in more detail in section 2.4. In order to assess the importance of the number of bound
levels m was increased from 3 to 5. It can be seen in all cases the plasma ionises
extremely rapidly in the first 10ps. However there is a noticeable difference in the
ionisation rate as m increased from 3 to 4 but not from m = 4 to 5. The reason for this
difference was that the ions were initially collisionally excited into the low lying excited
states and then immediately ionised from those levels. As the number of levels increased
the number of possible ionisation routes available also increased and the ionisation
proceeded more quickly. To test this hypothesis the code was run with the collisional
excitation routes switched off. It can be seen that, as expected, the ionisation rate was
subsequently reduced. Comparing the simple ionisation rates from figure 2.12 with the
model predictions in figure 2.14 showed that the simple rates agreed within a factor of
2-3 with the model . For example in the model the Li-like (7+) ionisation stage was
achieved within 10ps, whereas Seaton's rate required 30ps and Kunze, 15ps. The initial
rate of ionisation was faster in the average atom model as a result of the additional
ionisation routes through the step wise excitation route.

The theory presented in this section has outlined how the laser interacted with a dense
gas. For densities low enough for refraction of the laser to be neglected the dominant
ionisation process was due to optical ionisation. At higher densities collisional
ionisation was found to continue up to 20ps after the end of the laser pulse, for typical
plasma temperature and density parameters. This had important implications for any
density diagnostic with an effective integration time in excess of a few picoseconds. In
the 0.248um experiments described in this thesis the density diagnostic had an
integration time of around 10ps and was used to measure the plasma electron density
gradients at least 6ps after the end of the laser pulse. In these circumstances the
interferometer will measure electron densities that include contributions from collisional
ionisation giving a higher density than that achieved by laser ionisation alone. If these
ionisation stages are attributed to optical ionisation then the implied laser intensity will be
overestimated. From this section it can be seen that the rate of collisional ionisation
depends strongly on the electron temperature produced by laser heating. The
mechanisms of laser heating will be discussed in the next section.
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2.3 Absorption models.

The previous sections dealt with the propagation of the laser through the gas and the
subsequent production of free electrons through optical and collisional ionisation. This
section will describe the electron heating mechanism by the laser and how the heating
rates varied with parameters such as the laser intensity and plasma density.

2.3.1 Above threshold ionisation.

If there is a phase mismatch between the time an electron is ionised and the peak of the
laser field they can be left with a residual energy, this is termed Above Threshold

Ionisation (ATI) [15]. In the classical treatment for a sinusoidal pulse the average kinetic
energy gain, Ex for a phase mismatch, ¢ is given by,

_ 2
Ek = 2Up cos” ¢ (60)
eZ 2
Where Up = e is the ponderomotive potential for a laser with an amplitude E and
m

angular frequency ®. The average ATI energy is obtained by multiplying by the
1onisation rate W( ¢ )and integrating over a laser cycle.

_ [W()E, (9)dg
ATL ™ [W(¢)dg

(61)

To calculate the total ATI heating rate the contribution from each ionisation stage is taken
and the average taken. The ATI energy depends strongly on laser intensity giving
approximate energies of 0.1Up for linear and 2Up circular polarisation. The A2
dependence of the ponderomotive potential also means that ATI is reduced significantly
at 0.25pum compared to 1pum. At low electron densities and high laser intensities the
electron temperature is determined by ATI rather than collisional heating. However at the
electron densities and laser intensities typical of the experiments in this thesis collisional
absorption is more important than ATI and will be discussed in greater detail.
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2.3.2 Inverse Bremsstra'hlung.

As the electron density increases so does the influence of heating through inverse

Bremsstrahlung. Energy is absorbed from the laser as the quivering electrons undergo
elastic collisions. The rate of energy absorbed W is given by W = 2Upvei where Vi is

given by [2].

_4n Zq4ne
3 (471:80)2(kTe)3 12

InA (62)

el

This expression holds for low laser intensities where the quiver velocity of the electron

given by v —9E can be neglected compared to the thermal velocity
0S¢ mw

1/2

kT ‘

e [-—e-J . However at high laser intensities the collision frequency is altered to

m
e

include the oscillation velocity of the electrons, Te is replaced with a term containing vih

2 V2
osc

and vosc [30] v, =[v,2,, +v As the laser intensity increases veff becomes
dominated by vosc and the heating rate becomes independent of electron temperature and
proportional to 1-172 [30]. For intermediate laser intensities where vgsc ~ Vth, the
heating rate is decreased by roughly a factor of two [71] (for Z >>1) due to the non

Maxwellian nature of the electron distribution function.

Recently the role of vgsc in the value of the Coulomb logarithm, In A, has been
investigated [31] in detail. The maximum impact parameter, bpax in A is determined by
the shielding of the plasma and is equal to the Debye length, L4. There is however a
stricter restriction [31], that the collision time be less than the period of the laser, giving
bmax = vt/ ®. This factor does not hold at high laser fields when vgsc >> v, in this
regime the plasma electrons cannot react more quickly than @p and oscillation of the
electrons in the field can overcome the Debye shielding, and byax is given by the
maximum excursion distance of the electron from its equilibrium position as it oscillates
in the laser field. This factor can greatly increase the contribution of the Coulomb
logarithm to the heating rate. A model based on this improved treatment was used in this
thesis to predict the temperatures achieved by laser heating of initially gaseous targets.
Other authors [32] have also recently published similar work that accounted for the
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contribution to In A. The model based on this work gave a modified heating rate in cgs
units of [32],

dT 8ne’ZW: 1., mv? mv’ 1 ¢ [kT]
e = —In*| 1+ —=% |+ In[—£ +exp| =, /= | [xIn| —= || (63
ar ey |4t | e T e TP M hel |

The heating rate (63) was also used to estimate the temperature at the end of a 350fs KrF

laser pulse with a wavelength of 0.248pum and a laser intensity of 8x1016 Wem-2 with a
laser pulse length of 350fs. Figure 2.15 shows how the electron temperature, reached
after 350fs, predicted by equation (63) varied with gas density.
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Figure 2.15 Electron temperature as a function of Neon gas density obtained from
equation (63) at the end of a (temporal) square laser pulse with a duration of 350fs (zero
10 Zero).

In order to use equation (63) it was necessary to know the ionisation stage, Z*. This
was obtained from the peak laser intensity via the Coulomb barrier model. It should be
noted that the heating rate was not calculated self consistently with the increase in
electron temperature. The heating rate was simply calculated for a particular laser
intensity, Z*, and gas density with a finite electron temperature. It can be seen from
figure 2.15 that the electron temperature increased linearly with gas density in accord
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with equation (63). In reality the increase with density will not be linear because the
heating rate will depend on the details of the laser pulse such as the pulse rise time and
electron distribution function which will change throughout the pulse. The results in
figure 2.15 are however a good order of magnitude approximation to the electron
temperatures that should be achieved in practice.

For a more accurate treatment it is necessary to perform a time dependent calculation of
the ionisation rates, ATI and collisional heating directly as the laser intensity rises in
time. Pert [31] has written a code that solved the tunnelling rates for an arbitrary pulse
duration and calculated the ATI and the collisional heating rates, taking the high field
corrections to the collision frequency into account. This code was used to check the
heating rate from equation (63) and gave results a factor of 1.5 higher. This difference is
not unreasonable considering that the temperature was obtained from (63) with crude
assumptions about the laser pulse. For the plasmas considered in this thesis the main
contribution to the electron temperature arose from this heating mechanism. The
electrons can also be heated by Raman instabilities, this will be briefly described in the
next section.

2.3.3 Heating by Raman scattering.

As the laser propagates through the underdense plasma it can by scattered by electron
plasma oscillations. This process is called Raman scattering. The frequency, v, and
wavelength, A, of the incident and scattered waves are related through energy (hv) and
momentum conservation (h/A):

Vo="Vg+ ’Dep
(64)
I/A,O = I/A,s + I/Aep

Raman scattered light is caused by plasma density fluctuations from an electron plasma
wave that interact with the electric field of the propagating laser to generate a transverse
current which in turn creates a small amplitude scattered light wave. An instability is
created when the scattered wave interferes with the incident light wave leading to a
variation in plasma pressure through the ponderomotive force. The variation in plasma
pressure creates a plasma fluctuation which in turn generates more scattered light. In this
way the Raman instability grows until damping mechanisms cause it to saturate. In this
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thesis Raman scattered light was not measured directly but the Raman instability
provided an important additional heating mechanism to collisional or ATI processes and
it 1s important to be able to estimate its contribution to the plasma heating rate since this
may be appreciable.

2.3.4 Steady state growth rates.

In order to calculate the growth rate it is necessary to determine how the transverse
current is generated from the interaction of the laser field with the plasma density
fluctuations. The generation of the density fluctuation from the scattered wave and the
incident wave is then determined using the continuity and force equations for the plasma.
[49]. The dispersion relation is generated from these equations by assuming a laser
amplitude, A] = Ag cos (ko.x - ot). The transverse current and plasma fluctuation
equations are then Fourier analysed. The frequency of plasma oscillations in a warm
plasma are given by the Bohm-Gross relation [72].

Wek= Wp? + 3k2ve2 (65)

The maximum growth rate is determined from the dispersion relation [49] and the growth
rate for back scatter is given by,

5 1/2
kv w
y=—0x L (66)
wek (wo B wek)

And the wave number of the plasmon is given by,
k=ko+ wo/c(l-2 pe/ o) 67)

for densities substantially less than n¢ / 4 the wave number for backscatter is, k = 2kg
while at n = ne/4, it is k = ko, and for side scatter k = vk [49]. These equations are valid
for steady state pump pulses, for laser pulses that change within the growth time of the
plasma waves a transient theory must be used.
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2.3.5 'Transient growth rate.

The growth rate in equation (66) above was obtained for a steady state case. The
transient case where the pump length is finite has been treated by Eder [10] and results in
a growth rate that is reduced by a factor of V2 from the steady state case. The product of
pulse length and growth rate that determined the heating was calculated using energy
balance. It was found that for heating to be neglected TpYp < 12-14 for plasma waves
that grow from thermal fluctuations. Eder also carried out detailed simulations of heating
rates carried out with a 1D particle in cell (PIC) code. The growth rate pulse length
product threshold for heating was confirmed with these simulations. In this thesis the
pulse length growth rate product, Tpyp , was calculated in order to determine if Raman
heating was important. However, no attempt was made to estimate the quantitative
contribution to the actual heating rate.

2.4 Shock Formation

When a hot plasma expands into a cool gas the expansion front rapidly evolves into a
shock front on the time scale of the ion electron energy equi-partition time, given by
equation (49). A great deal of work has been published on many aspects of shock
waves, their formation and propagation. A good review can be found in the book by
Zel'dovich and Raizer [3]. More recently the propagation of a shock wave following
laser heating has been studied by Greissman [57], Dunne et al [27]. In these studies the
physics of the expansion after the laser irradiation were shown to be similar to the case of
the propagation of a blast wave following a strong explosion. In the work of Dunne et al
[27] the measurements of the expansion history of the blast wave were obtained with an
optical probe and simulated with a hydrocode simulation. This enabled the initial plasma
electron temperature to be quantitatively inferred. The temperature measured in this way
was found to agree to within 20% of the prediction from a 2D particle in cell (PIC)
absorption model [27].

The following section will outline the important fluid variables that characterise shock
propagation, followed by a description of the theory of a strong blast wave [3]. Finally
the simulation method developed by J Edwards and M Dunne [27] to infer the electron
temperature will described.
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2.4.1 Simple theory of shock formation.

A shock is a discontinuity in the density profile of a compression wave. This results
from the dependence of the wave propagation speed on the wave amplitude. In first
order theory the speed of sound is constant and equal to,

1/2
.= [f] (68)
P

where p and p are the gas pressure and density respectively. From (68) it can be seen
that the speed of propagation of a disturbance does not depend on the sound wave
amplitude and the possibility of shock does not exist. The process of sound wave
propagation is isentropic and therefore reversible and no heating of the gas takes place.
However if the sound wave is not infinitely small then its propagation irreversibly
changes the state of the gas and all the fluid variables, density, pressure and gas velocity
are found to depend on the wave velocity. Physically this results from a greater wave
velocity at the compression compared to the rarefaction point. This leads to the
compression catching up on the rarefaction, causing the wave front to overshoot and
steepen into a shock.

2.4.2 Fluid variable representation of shock propagation.

The fluid variables on either side of the shock wave are determined by treating the wave
as a mathematical discontinuity and using the conservation laws of mass, momentum
and energy, together with an equation of state to relate them before and after the passage
of the shock. For an ideal gas equation of state and in the limit of a strong shock, where
the final pressure, P1, is much greater than the initial pressure, P, the relations are, for
the density [3],

b _y+l

P, Y-

(69)

—t

Where 7 is the ratio of the gas specific heats. The temperature following the shock is

proportional to the pressure, for a strong shock,
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1. r=1
T y+1P (710)
o o
The shocked pressure can be expressed in terms of the shock wave velocity, D, as,
P =—2_p D? (71)
S lpo
The gas velocity behind the shock can also be related to the shock velocity,
u=—>D - (72)
y+1

For an ideal monatomic gas with = 5/3, the limiting density increase for a strong shock
is p1/po = 4. The shock propagates with a supersonic velocity with respect to the

undisturbed gas and a subsonic velocity with respect to the compressed gas behind it.

2.4.3 Propagation of the blast wave.

The formation and propagation of a blast wave was solved originally by Taylor and also
by Sedov [75] using the assumption that the expansion is self similar, that is, the flow
variable characterising the explosion retains a similar distribution with respect to the
spatial co-ordinates with time. The energy driving the blast wave is assumed to be
liberated over a short time interval and the solution is only valid for times much greater
than this. The shock wave was also assumed to have moved a great distance compared
to the original radius of the explosion. In this case the energy released by the explosion
is considered instantaneous and coming from a single point, (or from a line if the
explosion is cylindrically symmetric). The self similar variable is obtained by combining
the energy and density. For a strong explosion with an initial energy deposition, E,
driving a blast wave in a gas of density po the similarity variable, in cylindrical

symmetry is [3],

1/4 ‘ '
£= r(—’%—} - (73)
Et
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Some time after the blast front has developed most of the mass of the gas is concentrated
in a thin layer around the shock front surface, as shown in figure 2.16.

b,

l

Figure 2.16 Cross section of an exploding cylinder at a radius R expanding into a
perfect gas with an ambient density of po.

For a strong shock the density within the layer, dR is p; = (Y+1)/(y-1)po. The thickness

dR of the gas layer is determined from the conservation of mass

47rR2dRp1 = %nR3po = drR=21"" (74)

For y= 1.3, dR/ R = 0.04 and the layer can be considered in practical terms as being
infinitely small with a mass M and of infinite density. The pressure, Pc, on the inside of
the shell is a fraction o of the wave front pressure P1 ; Pc = oP1. By using Newton's
second law and the conservation of energy, the relationship between energy and radius
can be found. In cylindrical symmetry Newton's second law gives,

4 Mu, =L 72R2Lp u = 27RLP (75)
de” 1 dt 01 c .

using (71) and (72) to obtain uj and P¢ = 0P in terms of the shock velocity D ,with
d/dt=(dR /dt.)(d/ dR) and integrating gives D in terms of R.
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D=a RH*1D (76)
Where ay is a constant of the integration. The law of conservation of energy now gives

E in terms of the distance R. The total energy of the gas is the Kinetic energy of the
shock front plus the internal energy of the gas at the pressure P.

E= —l—JrRzLPC +1Mu,2 7
Y-1 2

By expressing P¢ and uj in terms of D the relationship between R and E is obtained,

2pd00-2] o 1
E =2nlp_aiR + (78)
ok [72—1 (v+1)2]

The energy is constant and so the exponent of R must vanish, giving o0 = 1/2. The

constant of integration is now obtained from equation (78),

E 1/2 1 1 ~1/2
= 79
“k [2an0) [2(72—1)+(v+1)2] 7

The radius of the shock front can be expressed as a function of time from (76),

R = (2a; )/ *t}/2

1/4 -1/4
R=«/5( E ) [ 21 — 2] /2
2nlpg 27 -1) (y+1)

(80)

The initial energy of the plasma can be determined if the radius of the shock front is
measured as a function of time and the plasma density is known. The expansion radius
of the shock front and the initial plasma density can both be measured with an
interferometer allowing the initial energy content of the plasma to be determined.
However, the theory of blast wave expansion is valid only for the asymptotic radius.
The initial rate of expansion occurs before the development of the blast wave and is
governed by the conduction by the electrons. Modelling of all stages of the expansion is
required in order to obtain a quantitative measurement of the initial electron temperature.
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2.4.4 Simulations of the plasma expansion with MEDUSA.

One dimensional simulations of the expansion of the density channel were performed
with MEDUSA code [76]. This model was originally developed to simulate laser plasma
interactions in connection with ICF. The target is represented by Langrangian mesh with
the number of cells set to the maximum of 80. The original mesh size was set to be
around 1.5pm. The plasma size was modelled by dumping a variable fraction of the laser
energy within a Gaussian profile with a spot size equal to the initial plasma size measured
with the density diagnostic. No realistic attempt was made to model the energy
absorption mechanism.
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Figure 2.17 This graph shows the measured radius of expansion as a function of time of
the blast wave produced by focusing a 3.5ps KrF pulse at an intensity of 6x1016 Wcem2
into Nitrogen gas at an ion density of 1x1017 cm3. This was obtained from optical
probe measurements of the radius of the blast wave taken at discrete times up to 1.2ns.
Also shown are the results of two MEDUSA simulations with initial electron
temperatures of 25 and 35 eV. The fit to the data indicates that the initial electron
temperature was 30eV + 5eV[27]. '
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The fraction of energy deposited in the original plasma energy dump was varied until the
simulated expansion front matched that measured by the interferometer. Figure 2.17
shows the simulation fit to the expansion radius as a function of time for a plasma
produced by focusing a 3.5ps KrF pulse at an intensity of 6x1016 Wem2 into nitrogen
gas at an atomic density of 1.25x1017 ¢cm=3. It can be seen that the simulations gave an
electron temperature of Te = 30 + 5 eV. This agreed well with the predicted value of Te
= 27eV, from the 2D PIC simulation [27].

In all cases the expansion characteristics were found to be agree well with the observed
density profiles when the thermal conduction in the plasma was modelled with the use of
flux limited diffusion [27], with f = 0.1. The initial cooling of the plasma depends on
the thermal conduction from the hot plasma to the cool gas. The presence of a
temperature gradient VTe produces a flux of electrons Q that flow down the temperature

gradient, where the flux is given by,

Q:—K’VTe (81)

This expression is valid for small temperature gradients where the electron mean free
path Amfp is small compared to the temperature gradient scale length LT. The mean free
path, Amfp, is related to the collision time for 90 degree collisions by lmfp = Teivt,

numerically [77],

2

T
7 e
A . =11x10 82
mfp x Zn,InA o 82

For Te in K and ne in cm~3. The thermal conductivity coefficient has been calculated by
Spitzer to be [2],

75/2

K =2x10"% ¢ ergsK—lcm_
ZlnA

1

(83)

The heat flow is driven by the distortion of the Maxwellian velocity distribution with an
excess of energetic electrons that carry the heat to the cold region of the plasma. It has
been shown [78] that the heat flow is dominated by electrons with velocities of ~2.5vy,,
corresponding to mean free paths 40 times that of the thermal electrons. From (81) it can
be seen that if the temperature gradient increases towards infinity then the heat flow also
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increases without limit. This is clearly unphysical , a maximum heat flow can be defined
by the heat flow carried by a flux of electrons free streaming into vacuum. The
maximum heat flow is then,

Q= N KT, (T, Jm)l /2 (84)
The condition for the validity of the Spitzer-Hidrm model has been investigated [79] and
the limit was shown to be Lt > 100Amfp. If the gradient is greater then electrons
carrying the heat flux affect the heat flow at any point in the gradient and the heat flow is
then non local in nature [80]. In hydrodynamic codes where the non local nature of the
heat flow is not accounted for explicitly, the reduction in heat flux from the Spitzer value
is introduced by the use of a flux limiter, f, defined as f = Q/Qf. This ensures that the
heat flux remains physically realistic when the Lt < 100Amfp. In the hydrodynamic
simulations of the expansion of the blast wave in the gas targets the simulated density
profiles were found to match the measured profiles when f = 0.1 [27]). However, in
solid target experiments strong inhibition of the electron conductivity has been observed.
In this case a reduction in the flux limiter to f = 0.03 was required in order to match
experimental heat flows with the thermal conductivity models [79].

Another method of accounting for the reduced heat flux is the use of a convolution
integral formula [81]. This method has been used to model heat transport in thin
filaments [82] and was used to predict new self focusing thresholds for thermal self
focusing. This method has also been used to model the heat transport in cylindrical
plasmas produced by focusing 12ps KrF laser pulses into Neon gas at 100 Torr [83].
The electron temperature at the centre of the plasma was found to be extremely sensitive
to the value of flux limiter used when the radius of the plasma was small. The
convolution method predicted thermal conduction with f between 0.1 and 0.5. For
strong gradients in underdense plasmas ,with little or no inhibition, the convolution
method thus gave higher rates of heat conduction than the simple treatment with a flux
limiter f =0.1.

As a result of the reasonable agreement between the simulation and the electron density
profiles in the 3.5ps experiment with a flux limiter of f = 0.1, this was used in the
simulations of the plasma expansion in the experiments described in this thesis. As the
thermal conductivity increases the density channel expands more rapidly and the energy
required to match the simulation to the data reduces. This means that if the 1D
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hydrocode simulations to the channel expansion were underestimating the heat
conduction then the simulations would have consequently overestimated the electron
temperature. If the measured temperature is compared to an absorption model then it will
give an upper limit on the focused laser intensity in the gas target. The use of the
measured temperature to infer the laser intensity from a comparison with the absorption
models will be discussed in more detail in chapter 4.
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3 Target design, diagnostics and laser systems.

This chapter will describe the diagnostics, targets and laser systems used in a series of
experiments that investigated the interaction of high intensity laser pulses with
underdense gas targets.

3.1 Gas targets.

In order to study the mechanisms affecting laser propagation through gases it is
necessary for the laser pulse to interact with a well diagnosed target volume and an easily
varied gas density. In many experiments the laser pulse is focused into a gas cell or
vacuum chamber backfilled with the gas to be studied. The use of backfills or gas cells
has the advantage that the gas density can be easily controlled and the initial gas density
is well known. However their most serious disadvantage is that the laser pulse
propagates at high intensity through long regions of gas. This can lead to self focusing
and beam break up due to filamentation, arising from the intensity dependent refractive
index of the gas [84]. The laser also begins to ionise the gas as soon as its intensity
exceeds the ionisation threshold. For high intensity pulses this can occur far before the
vacuum focusing position. The plasma produced during the early stages in the pulse rise
time refracts the most intense portion of the pulse leading to defocusing, a reduction in
the maximum intensity achieved and ultimately a larger plasma with a lower peak
ionisation stage.

Some of these disadvantages can be overcome with the use of a gas jet target where a
pulsed valve allows gas to flow through a nozzle into the vacuum chamber. The nozzle
shape can be adjusted to provide a well defined gas density that extends only over the
focal depth of the lens. The details of gas flow through shaped nozzles into vacuum is
complicated and would require detailed modelling to accurately predict the spatial
distribution of gas density above the nozzle. However, a simple estimate of the density
drop expected can be obtained by assuming isentropic flow.
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3.1.1 Gas expansion into vacuum.

An estimate of the density conditions at the output of the nozzle can be obtained by
assuming that the flow is isentropic. This allows the nozzle density p to be expressed in
terms of the gas reservoir density po [85],

_ 1/{y-1
o]

Yo
p

‘where M, the Mach number, is the ratio of the gas flow velocity to the local sound speed
and v is the ration of the specific heats (for Neon y= 1.67).

Pulsed valve

* Nozzle
:
- : Gas :ﬂ’o W Gas boundaries
Throat Exit

Laser

Figure 3.1 Laser pulse focused into the gas flow from a simple Laval nozzle.

It can be seen from equation (85) that the density at the nozzle exit depends strongly on
the Mach number of the flow, which in turn depends on the shape of the nozzle. For M
> 1 a converging / diverging ("Laval") nozzle with a vacuum pressure less than the
critical pressure [85] is required. A Laval nozzle is shown in Figure 3.1. An estimate
of the required reservoir pressure can be obtained by first fixing the required target
density. A relevant electron density to aim for is that set by the condition of high energy
efficiency in the Li-like Neon recombination laser, where ne ~ 4 x 1020 ¢m-3 [10], this

requires an atomic density of ~ 5 x 1019 cm3 , or a gas pressure of 1.87 atmospheres
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(by definition, at STP, gas at a pressure of 1 atmosphere is equal to a number density of
2.68x1019 cm-3). 1If supersonic flow with M = 2 is assumed then the reservoir density
Po required for a gas density at the nozzle exit of p = 5x1019 cm-3 is, Po = 3.5p [86].
This corresponds to a reservoir pressure of P = 7 atmospheres for a gas at room
temperature. This simple description does not account for the fact that in the experiments
the gas expanded into vacuum. If the vacuum pressure is below the critical pressure the
flow becomes choked [85] and the isentropic relations are only valid up to the exit plane
of the nozzle. After the exit plane the gas expands in three dimensions and cannot be
treated with 1D theory. For the above example the critical pressure was [85] Po/ 10)=
0.7bar. In the experiments the chamber pressure was less than 1x10-3 mBar, so the
flow was choked.

In practice the laser is focused at distances up to Imm from the nozzle exit and so an
independent measure of the density conditions must be obtained. This can be achieved
by characterising the gas jet directly with (a) an interferometer and / or (b) measuring the
electron density after fully ionising the gas. This can be achieved by focusing a high
intensity laser pulse into a gas, such as Hydrogen or Helium. In this thesis the gas jet
density was calibrated by measuring the plasma density of Helium with high intensity
pulses and this was also compared to results obtained from neutral gas characterisations
when they were available.

3.1.2 Density of high pressure gas jet

To obtain high densities, the nozzle used in these experimenté was not of the Laval type,
but was a simple aperture 1mm in diameter with M ~ 1 at the nozzle exit for choked flow.
As a result of the sonic flow the gas density was high at the nozzle exit but it dropped
extremely rapidly with distance above the nozzle as the gas flow expanded in three
dimensions. This nozzle was characterised by workers at the University of Alberta [88],
the characterisation has also been confirmed recently with a repeated measurement at the
Rutherford Appleton Laboratory [87]. Figure 3.2 shows how the gas density reduces as
a function of height above the centre of the nozzle [88].
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Figure 3.2 Characterisation of the density gas jet for different reservoir pressures of
Helium and Nitrogen [88] (1 atmosphere = 14.7 psi).

It can be seen from figure 3.2 that the gas pressure decreased rapidly as the distance from
the nozzle exit increased. For a reservoir pressure of Helium at 1500psi (102
atmospheres) the gas density at the nozzle exit was 6.8x1020 cm™3, this reduced to
2x1020 cm-3, 1mm above the nozzle exit. This gas jet was used for all the experiments
in this chapter with the neutral gas density covering the range 1.7 x 1019 - 1.7x1020cm-
3+ 10 % . This characterisation was calibrated by focusing a SOOGW KrF laser pulse a
known height above the centre of the nozzle and measuring the electron density with a
Moiré deflectometer. Helium gas was used and the gas density was varied over the
range of 3x1019 - 1.5x1020 cn-3. The intensity of the laser was always greater than the
threshold for doubly ionised Helium, so the measured density was simply divided by 2
to obtained the gas density.
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Figure 3.3 Calibration of the neutral gas characterisation of the gas flow. The open
circles correspond to the experimentally determined neutral density of Helium, (obtained
by dividing the electron densities measured by the Moiré deflectograms by 2). The thick
line is the density measured by the neutral gas characterisation [88] ( 1 atmosphere =
14.7 psi).

In figure 3.3 the gas density inferred from the electron density agreed within 20% to the
gas characterisation shown in figure 3.2. This knowledge of the neutral gas density
allowed the determination of the peak jonisation stage reached in the laser gas interaction.
The laser intensity was then inferred from the Coulomb Barrier Model [16]. The next
section will describe the diagnostics used to measure the plasma electron density and the
imaging system that was used to measure the distribution of light refracted from density
gradients in the focal region.

3.2  Diagnostics

The majority of the experimental observations in this thesis used short pulse probes to
measure the plasma refractive index. This section will briefly describe the methods that
were used, including their relative advantages and limitations.
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3.2.1 Spatial measurement of the plasma refractive index.

When a laser beam propagates through a plasma its phase is shifted by the plasma
refractive index,

1/2
n
e

The change in refractive index after propagating through the plasma can be measured
through interference or refractive effects and the electron density extracted from equation
(86). In this thesis two methods were used to observe the spatial distribution of the
electron density and density gradients. Shadowgrams were used to obtain a qualitative
indication of the location of the strongest density gradients and Moiré deﬂéctometry was
used to quantitatively measure the plasma density gradients.

3.2.2 Shadowgraphy.

When a collimated laser beam with a uniform intensity cross section travels through a
region with a traverse electron index gradient, refraction of the beam can occur. If the
plasma is imaged onto a screen, the intensity of the light transmitted through the plasma
will no longer be uniform. The refraction of the light causes bright and dark regions to
appear around the density gradients. The intensity of light on the screen is quantitatively
related to the density gradients by [46],

z 2 2
L [0 a8 (87)
L olBriox” oy

Where the refractive index gradients are dji/ox and dp/dy and L is the distance from the
plasma to the recording screen. As a result of the dependency of the intensity
fluctuations on the second derivative of the refractive index gradient, the method is not as
sensitive as methods that depend only on the first derivative. In addition this equation is
only valid for situations where the gradients are small enou'gh that the rays do not cross
each other in the recording plane. In practice it is not possible to obtain quantitative
information from this technique, but it is extremely useful for visualising the regions
with the strongest density gradients [89]. To obtain quantitative measurements of the
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density gradients it is necessary to measure the refraction angle of the probe beam
directly. This can be done using the Schlieren or Moiré techniques, the latter was used in
the measurements in this thesis.

3.2.3 Moiré deflectometry.

Consider a collimated beam of light incident on two identical Ronchi gratings which have
an angular mismatch between them as shown in figure 3.4. The light transmitted onto a
detecting screen placed behind the second grating will consist of a set of fringes
perpendicular to the direction of the rulings on the grating. These fringes are a result of
the Moiré effect and were first analysed by Rayleigh [90]. The source of the fringes is
the projection of the first grating onto the second by the laser beam.
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Figure 3.4 The Moiré effect when two gratings G1 and G2 are tilted with angle 6 to

each other. It can be seen that the Moire fringes are formed parallel to the y axis.

The pitch of the Moiré fringes is related to the pitch of the original gratings p and the
mismatch angle 6 by [91],

, p
_ \ 88
P = sin@72) (88)
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From figure 3.4 it can be seen that if the first grating moves along the y direction by a
distance equal to p / (cos8/2 ) then the fringe pattern will move a distance p" in the z

direction. Consequently if a ray is shifted in the y direction then the fringe pattern will
move in the z direction a distance amplified by the factor ;

r

a=—2P - Lwern (89)
p/cos(0/2) 2

When aray is deflected in the y direction by the transverse refractive index gradient the
fringe pattern is shifted in the z direction at the point (j,k) by an amount hj k as shown in

figure 3.5.

A Zz (Direction of ray deflection )

(Moire unshifted
Fringe direction)

Figure 3.5 This shows one Moire fringe running along the y axis (perpendicular to the
grating rulings). When the ray is deflected in the y direction by an angle ¢ ik the fringe

shifts by a distance h;j k in the z direction [91].

From figure 3.5 a fringe shift in the z direction of hj i is equivalent to the incident ray
being deflected through an angle of,

hi  2hjtan(8/2)

Gk == (90)

where A is the grating separation along the x axis, as shown in figure 3.6.

79



Collimated laser Imaging Telescope
beam Z G1 G2_

A" Film
Phase
object

Figure 3.6 Moiré experimental arrangement with the imaging telescope. The gratings are
rotated by the small angle 6/2 about the z axis and the Moiré fringes run along the y
axis. The telescope collects the probe rays and forms an image of the phase object on
G2. When the phase object deflects the rays in the y direction the fringes shift in the z
direction, this is recorded on the film plane immediately behind G2.

The ray deflection angle is related to the refractive index gradient through the eikonal
equation [45];

d dr
“u=|=V 91
2 ua]=va o1

For a gradient in refractive index in the y direction and ray propagation in the x direction,
this reduces to

dr 1 ¢du .
— =0, =— | —dx 2

The refractive index gradient can be obtained by assuming cylindrical symmetry and
inverting the integral in equation (92) either with an Abel inversion [92] or numerically.
In this thesis the refractive index gradient was unfolded using a standard numerical
inversion technique following the method of Schlachter [93]. The density gradient can
be obtained from the refractive index gradient and then integrated to give the total
density. '
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3.2.4 Sensitivity and resolution of the Moiré deflectometer.

The deflectometer used for the experiments in this thesis was slightly different to the one
described by Kafri [91], in that grating pair were placed at the image plane of a telescope
that gave a magnified image of the plasma. The diagnostic arrangement can be seen in
figure 3.6. '

3.2.5 System Sensitivity.

The introduction of a telescope into the system introduced a complication in the analysis
of the fringe shifts. The angular magnification of the telescope altered the angle of the
deflected rays that were incident on the gratings. The angular magnification of a
telescope with an objective and an eyepiece of focal lengths fy and fe is, MA = fe/fo,
(equivalent to 1/M[, where M]  is the lateral magnification). The telescope increases the
lateral magnification but decreases the angular magnification by the same factor, making
the deflectometer less sensitive to the density gradients. The sensitivity can be increased
by using a larger grating separation, but this leads to resolution problems from diffractive
effects [94].

3.2.6 System resolution.

The resolution normal to the fringes is set by the minimum measurable fringe shift in the
z direction. The fringe separation in the image plane is adjusted by rotating the gratings
to change the angular mismatch and typically corresponded to a resolution of 5-10um
along the z axis. In the absence of diffractive effects, the resolution in the y direction,
along the fringes, is determined by the pitch in the Ronchi gratings. For a typical Ronchi
grating with 20 lines / mm, p = 50lm, this is similar to the grain size on the recording
film. However, the ultimate resolution in the y direction is actually set by diffractive
effects from the Moiré gratings. As the grating separation is increased, different orders
from the first grating begin to spread in the y direction. If the grating separation is large
enough the different orders to become visibly displaced from each other, they lead to a
blurring of the image and a consequent reduction in contrast of the fringe pattern.
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Figure 3.7 Diffraction effects from the gratings. The angles of the two orders (1,0) and
(0,1) from the grating set propagate with the same angle and are thus both transmitted
through the mode selecting aperture in the spatial filter. They are however spatially
separated at the image plane (located at G2) by the distance Xp. This gives rise to a
double image at the film plane that limits the spatial resolution of the diagnostic to XF.

The problem is outlined in Figure 3.7, which shows how different orders that are
diffracted from both gratings travel with identical angles. The orders (0,1) and (1,0)
propagate with the same angle and are thus both transmitted through the mode selecting
spatial filter, forming images that are separated by the distance XF at the image plane.
This problem of diffraction in Moiré deflectometry was studied by Keren and Kafri [94].
They found that to have maximum contrast the second grating G2 must be placed at the
Fourier image plane of the first grating G given in terms of the laser wavelength and p

the pitch of the gratings by,

2
L.= E_l—q— where g=123,... (93)

For g = 1 and a 20 lines / mm grating with 0.248um light, L = lcm and the contrast
should be acceptable as long as A <L, The spatial resolution of the system depends on
the diffractive effects of the overlapping orders. The limiting case is for diffraction

arising from a discontinuity, the resolution limit for this was given in terms of the spatial
frequency v, = 21 / p and the grating separation A as [94],
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x=—S5-=— (94)

For a grating with a pitch of 20 lines / mm grating p = 50pm, A = 40cm and A =
0.248um, dxjmg = 2mm at the image plane. This is equivalent to a resolution in the
object plane of axobj = 30um for a typical lateral magnification of M = 65. The Moiré
deflectometer differed to that described by Keren and Kafri in that a spatial filter was
used to select one of the many overlapping orders. This gave images with improved
contrast and helped to overcome plasma self emission.

The resolution limit was still set by 8x, as can be shown by referring to figure 3.7 [95].
When the mode selecting aperture is set to transmit 1st order from G2, both orders (m,n)
= (0,1) and (1,0) propagate at the same angle, and are both transmitted. These orders are
displaced on G2 by the amount XF which sets the resolution limit. The displacement is

determined from the diffraction angle tan 9 = % but the angle 0 is related to the grating

pitch for Ist order by psin@=A. The resolution limit 8x is then,

se=22 _ xp | (95)

p

Which is the same result as equation (94). This resolution limit places a constraint on the
maximum grating separation that can be used to achieve the required spatial resolution.
For a discontinuity like a shock front, the resolution limit is manifested by a double
image displaced by 8x. For smoothly varying density gradients §x was the scale length
of the smallest gradient that can be measured. In practical terms the main limitation is the
measurement of density gradients in the initial stages of plasma formation when the
plasma is small. In this case the grating separation must be reduced when plasmas
formed by tightly focused laser beams are measured.

3.2.7 Imaging of the refracted light.

The distribution of refracted light was used to infer information about the intensity of the
laser beam at the focal point. This was used to support the side on emission and Moiré
deflectometry measurements. The experimental arrangement can be seen in figure 3.8.
(a) shows an overall plan view of the focusing and imaging geometry, and (b) shows a
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magnified side elevation of the focal region. It is important that the lens used to re-image
the focal region collected all the refracted light otherwise it will not give an accurate
indication of the intensity distribution. In the experiments described in this thesis a
quartz lens operating with a focusing cone angle of F/ 2.5 and a resolution of 25um was
used to re-image the middle of the gas jet target onto a CCD camera. This system had an
acceptance angle of 11 degrees.

(a) PLAN VIEW

* F/2.5 Lens
F/4.5 OAP
CCD
(b) MAGNIFIED SIDE
VIEW OF FOCAL | Focusing point |
REGION
Imaging point
|
-~

Figure 3.8 Geometry for the imaging of the refracted laser light, (a) shows a plan view
of the whole focusing and imaging system while (b) shows a magnified side view of the
focal region. The laser pulse was focused by the F/4.5 OAP into the gas flow from the
jet. The laser light transmitted through the target is imaged by the F/2.5 lens onto the
CCD.

3.2.8 Timing of the probe beams.

The probe and heating beams were timed by using a lens to image the focal region on to
the slit of an optical streak camera sensitive to ultraviolet or infrared light, depending on
the experiment. The optical path of the probe is varied until the signals coincided. This

84



timing technique was used, with a temporal resolution limited by the streak rate of the
camera, generally around 20ps for the streak cameras used in the experiments. Another,
more accurate method, was to use the Moiré deflectometer or a shadowgram to find the
time of formation of the initial plasma. This method was used with a low intensity
interacting pulse and a gas with a high ionisation threshold, such as Helium or Neon.
This had the advantage that it was very sensitive to the start of the interacting pulse but
not to any plasma created by a prepulse, and could time the pulses to within a few
picoseconds. The probe pulses used in all the experiments described in this thesis had
pulse durations less than 12ps. For the plasma temperatures typical of the experiments,
this pulse length was short enough to freeze the plasma ion motion, as was described in
section 1.2.

3.3. Laser systems.

The laser used for the 0.248um experiments has been described in Rutherford annual
report 1994 [96]. It consisted of a tripled Ti:Sapphire oscillator, producing 100fs laser
pulses at a wavelength of 0.248um. The oscillator pulses were stretched using a grating
pair to produce 10ps pulses. The 10ps pulses were then amplified from 1uJ up to
600m]J in a series of KrF amplifiers. The duration of the amplified pulse was measured
before and after the experiment with a single shot autocorrelator to be 350fs £ 10% [97].
The target and laser arrangement is shown in figure 3.9.
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Probe, 0.248um, A= 0.248um,
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Figure 3.9 Experimental arrangement for the KrF laser interactions. The inset box

shows a magnified side elevation of the laser pulse focused into the middle of the gas
flow from the jet.

The compressed laser pulse was superimposed on a long duration low intensity pedestal
which arose from Amplified Spontaneous Emission (ASE) from the KrF amplifiers. The
pedestal had a peak intensity 1x10-8 of the compressed pulse with a temporal width of
20ns. In addition to this long duration prepulse there was also a 10ps prepulse that arose
from portions of the expanded laser pulse that were not compressed by the final set of
gratings. The peak intensity of the 10ps prepulse was not measured but typically for
these systems was 1x10-4 - 1x100 of the compressed pulse [97].

In this experiment the laser was focused with an off axis parabola at F/4.7 into the
middle of the gas jet 250um above the nozzle exit plane. The focal spot quality was
quite poor with the minimum waist around 25-30um. This gave peak vacuum intensities
of 6 x 1010 -1 x 101 7"Wem2 depending on the laser energy. A profile through a typical
equivalent plane image of the focal spot is shown in figure 3.10.
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Figure 3.10 Profile through the centre of an equivalent plane image of the focal spot in
arbitrary intensity units.

From this figure the focal spot can be seen to be very non uniform, with typically 2-3 hot
spots with intensities greater than double the average intensity. The number and energy
distribution of the hot spots also changed from shot to shot. These hot spots were
possible sources from small scale self focusing or refraction effects that were described
in section 2. 1.

3.3.1 The 1um laser and the experimental arrangement.

The laser pulses used in this experiment were derived from the 1.054um, VULCAN
glass laser system operated in CPA mode, with a stretched pulselength of 200ps, a
compressed pulselength of 1.5 - 3.5ps [98] and an energy up to 20J on target. At this
energy the maximum power delivered to the target ranged from 5-35 TW depending on
the laser pulse length. A prepulse with a width of 200ps with an intensity 1x104 of the
peak pulse intensity [98] was present but it was not intense enough to cause ionisation.
The laser was focused with an Off Axis Parabola (OAP) at F/5 on the gas vacuum
boundary of the high density gas jet target described in section 3.1. The arrangement can
be seen in figure 3.11.
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Figure 3.11 Diagram of the 1 um experiments. The inset box shows a magnified side
elevation of the laser pulse focused onto the edge of the gas flow from the jet.

The width of the focal spot in vacuum was obtained by pinhole transmission
measurements. Transmission fractions of 100% through a 100um pinhole and 50%
through a 50um pinhole corresponded to a Gaussian with a width of 30um. This would
correspond to a Rayleigh length of zR = 470um if the pulse were indeed Gaussian.

However, the spatial profile of the pulse was closer to a flat topped profile than a
Gaussian in the near field.
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confirmed with the equivalent plane images of the laser spot at different points through
focus shown in figure 3.12(a). From this figure it was observed that the width of the
laser spot at the focal point was 30pum + 5um at the half intensity points, increasing to
60pm £5um at z = - 250um ( 250pm before focus), in agreement with the geometrical
optical beam description of the beam focusing. For a laser spot with a width of 30um
the peak vacuum intensity was in the range 5 x 1017 - 3.5 x1018 Wem2 depending on
the pulse length.

A cross section through the middle of the spot at 250lm before best focus can be seen in
figure 3.12(b). The double peaked structure that was visible on the beam profile before
it reached focus in figure 3.12(b) was important because it could either seed filamentation
or cause the beam to break up into beamlets, through refraction from the small scale
density gradients as described in section 2.1.2 .

3.3.2 The diagnostics.

The main diagnostics of the experiments were (a) a time and space resolved Moiré
deflectometer, (b) a space resolving, time integrated, self emission channel and (c) a
calorimeter in the 1um experiment or (d) an imaging lens in the 0.248um experiment.

(a) The Moiré deflectometer

The main diagnostic of the interaction was the Moiré deflectometer [91], described in
section 3.2.3 , utilising a CPA probe pulse that was completely independent from the
main heating beam. Following compression of the stretched pulse the probe was
frequency doubled using a KDP crystal to a wavelength of A = 0.527um. The duration
of the probe beam was measured [100] to be 3ps before being frequency doubled. The
deflectometer enabled two dimensional snapshots of the plasma electron density to be
obtained with a temporal resolution of 3-6ps and a spatial resolution of 5um, from 3ns
before the main pulse interaction to 3ns after it.

(b) Imaging of the plasma self emission around 0.6pum.

In the 1um experiment light emitted perpendicular to the laser propagation direction at a
wavelength of 0.622{tm + 0.025um was imaged with a spatial resolution of 10um onto
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time integrated Polaroid 612 high speed or Iiford HP5 film. This diagnostic provided
data complimentary to the Moiré deflectograms regarding the length of the plasma and the
distance over which guiding or refraction took place. The light that was emitted around
0.622pum perpendicular to the laser propagation direction was not thought to arise from
recombination. This was because it was observed to come from small scale structures of
the order of 50pm or less. For the density and temperature conditions of these plasmas
recombination emission occurred over time scales of 100ps -10ns. The plasma column
would expand to diameters > 200lm in this time and the emission would give diffuse
images with typical radial scalelengths in excess of 200pm.

The light was thought to arise from Raman scattered light shifted from the second
harmonic wavelength of 0.527um to 0.600pm. The approximate wavelength shift can
be used to estimate the electron density of the plasma oscillations from the Bohm Gross
relation [49,72];

0)52 = (Dp2 + 3k2Vt2 (65)

Where g and wp are the frequencies of the scattered light and the plasmon respectively.
If the thermal contribution 3k2v2 is neglected, an upper limit on the electron density can
be obtained. For vt = 0 a wavelength shift from 0.527 to 0.600um corresponds to an
electron density of ~ 6x1019 em™3, which is close to the densities measured by the Moiré
deflectometer. If the self emission did arise from Raman scattered light it would occur
within the duration of the interacting pulse and would correspond to the spatial extent of
the heating pulse, which was of the order of 5 - 20um. Structures of this size were
observed in self emission images obtained during the 1um experiments, confirming this
interpretation. In the 0.248um experiment the laser intensity was low and the self
emission was diffuse and extended over many hundreds of microns in the radial
direction, indicating that, in this experiment, recombination was responsible for the
emission.

(c) Calorimetry of the transmitted laser energy.

In the 1um experiment an absorbing glass calorimeter [101] with a diameter of 122mm
was placed immediately outside the exit window of the interaction chamber, 650mm
from the target plane. There was no collimating lens between the target and the chamber
window and the laser beam expanded freely on to the face of the calorimeter. The
acceptance angle of the system was 5.5 degrees, this was smaller than the 5.7 degree
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cone angle of the F/5 focusing optic and led to a transmission of T = (5.5 / 5.7)2 = 89%,
of the energy reaching the target.

Calorimeter
acceptance angle

Calorimeter

Chamber Window Gas jet

Figure 3.13 Geometry of laser beam expansion and the calorimeter acceptance angle.

The arrangement can be seen in figure 3.13. The transmission of the system was
calibrated by measuring the energy reaching the calorimeter when there was no gas in the
vacuum chamber. The geometric considerations described above, resulted in a
transmission ratio of the target plane laser energy on to the calorimeter of T = 89%.
However, the total system transmission also included the 50% absorption and scattering
losses from the compression gratings, leading to a final transmission fraction of 45%.
This agreed well with the measured transmission fraction of 43%.

(d) Imaging of the refracted laser light

In the 0.248um experiment the laser light transmitted through the target was imaged with
a quartz lens at F/2.5, with spatial resolution of 25um., as described in section 3.2.6
This diagnostic enabled the distribution of refracted light to be related accurately to the
density gradients measured by the Moiré deflectometer.

3.3.3 The formation of pre-pulses.

In the guiding experiments the guiding channel was formed by focusing a pre-pulse co-
linear with the main heating beam into the gas jet in advance of the main heating beam.
The prepulse beam was derived from a split of either 1 or 10% from the main pulse

depending on the reflectivity of the splitting mirror. The preforming pulse was thus
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temporally and spatially identical to the main interaction pulse but with an energy level
reduced to either 1 or 10% of the main beam energy . The delay between the formation
of the preformed plasma and the start of the heating pulse could be adjusted from a
minimum of 500ps to a maximum of 2.3ns by varying the separation between the
mirrors of the prepulse and heating beams. The next chapter will describe observations
of refractive effects when 0.248um and 1pm laser pulses were focused into the centre
and edge of the gas jet respectively.
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4. Interaction of short pulse lasers with neutral
gases.

In the introduction to this thesis the interaction of short laser pulses with gas targets was
described in connection with a number of laser plasma applications. Schemes such as
the recombination X-ray laser generally require a long region of plasma at a high electron
density to achieve a reasonable gain and energy efficiency. The Li-like Neon X-ray laser
[10] operating at 80A that was described in some detail in the introduction, is a good
example of the desired laser and target parameters. It was shown from this model that to
obtain a reasonable energy efficiency of around 10-3, requires an electron density of
4x1020 ¢cm3 and an electron temperature of 50eV. In this model the formation of a
plasma with ne > 4x1020 cm3 at Te = 50eV is achieved by focusing a 0.248)1m laser, at
an intensity of 2x1017 Wem2 and a pulse length less than 100fs into Neon gas at a
neutral density around 5x1019 cm-3. A study of the formation of density channels using
3.5ps KrF laser pulses at gas densities around 1x1017 ¢m=3 and laser intensities in
vacuum of 6x1016 Wem-2 [27] showed that, in this low density regime refraction and
filamentation were not important. However the theory outlined in section 2.1 indicated
that the ionisation defocusing and self focusing mechanisms are much stronger as the gas
density increased to around 5x1019 cm-3. A study of the propagation of sub-picosecond
KrF laser pulses in gas jet targets is crucial for the understanding of the feasibility of the
recombination X-ray laser application. The propagation of picosecond laser pulses with
the longer wavelength of 1pum and at powers in excess of 10 TW is also very important
for the study of applications such as laser accelerators [9] and fundamental physics
issues such as relativistic self focusing and other beam instabilities [23,39].

This chapter will present the results of a series of three experiments that were carried out
in order to study the propagation of intense laser pulses over a range of gas densities,
laser wavelengths and pulse duration, they were : (i) 0.35ps , A = 0.248um, KrF laser
pulses at powers up to 800GW, intensities up to 5x1016 Wem-2 (ii) 12ps Raman shifted
KrF pulses, A = 0.268)tm, at powers of 10-300GW and intensities up to 5x1017 Wem-
2. (iii) 0.7 - 2.8ps pulses, A = 1.054tm laser at powers up to 10TW and intensities up
to 3x1018 Wem 2.,
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to agree to within 20% to the gas density predicted by the characterisation over the range
of electron densities measured, as was shown in figure 3.3 of chapter 3.
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Figure 4.2 Radial electron density profiles for increasing Helium gas density.

The assumption of doubly ionised Helium depended on the focused intensity being
greater than the threshold value of 9x1015 Wem2 predicted by the Coulomb barrier
model [16]. This assumption may not be valid if refractive effects reduced the focused
intensity below this threshold value. The increase in the plasma size as the gas density
increased that can be seen in figure 4.2 was thought to be the result of ionisation
defocusing. The radius of the plasma did show a small increase of 30% from 31um to
41pm as the gas density increased from 4.25x1019 to 1.75x1020 cm3 + 20%, but it
was unlikely that the refractive effects were severe enough to reduce the intensity below
the threshold for 2+. This was confirmed with the observed linear increase in electron
density with increasing reservoir pressure that showed that the ionisation stage remained

at 2%. A simple estimate of the importance of refraction can be obtained from equation
(23), the defocusing length, L [48],

1 An

L =——%
r 2n
e

- . : (23)
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For a singly ionised gas at an atomic density of 8x1019cm™3, 14 = 30um. Although the
increase in plasma size with gas density indicated that defocusing was important it could
not be directly related to the beam intensity. Comparisons with the analytic theory [38]
confirmed that though defocusing was occurring at these densities it lowered the intensity
below 9x1015 Wem2 for densities greater than 1x1020 3. In order to establish if
refractive defocusing was occurring at Helium gas densities below 1x1020 cm-3 the
electron temperature was inferred through the plasma expansion measurement as
described in section 2.4.3 and compared to the predictions of absorption models
described in section 2.3 to estimate the focused laser intensity .

4.2 Measurement of density channel expansion in Helium.
The increase in the plasma radius measured by the deflectometer as a function of time for

an atomic density of 4.25x1019 cm=3 can be seen in figure 4.3. The scatter in the
expansion radius resulted from variations in the incident laser power.
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Figure 4.3 Experimental points (open circles) show the measured expansion of the
density channel in Helium at na = 4.25x1019 cm™3. The dashed line shows the analytic

fit (blast wave theory), while the full line shows the fit from the MEDUSA simulation.
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The analytic blast wave solution of equation (80) that was described in section 2.4 can be
seen as the adiabatic (R e t1/2) fit to the expansion radius. The fit to the experimental
data is good for times greater than 1ns, confirming that the blast wave model gives a
reasonable description of the later stages of the expansion. However the disagreement
was greater at earlier times where the electron thermal conduction determined the rate of
expansion. Inorder to accurately infer the electron temperature from the expansion data
shown in figure 4.3 it was necessary to model the complete expansion with the
hydrocode simulations as described in section 2.4.

The full curve on figure 4.3 shows the results of MEDUSA simulations of the plasma
expansion for Te = 145eV + 20eV and nj = 4.25x1019 cm™3 + 20%. At this pulse
length thermal conduction did not alter the electron temperature during the pulse, but was
important during the early stages in the expansion. The simulations showed good
agreement with the experimental data at all times during the expansion. The relative error
of this temperature measurement was estimated by running simulations with different
initial energy contents and bracketing the experimental data. This resulted in a relative
error of +20eV.

The experimentally inferred temperatures did not agree well with the theoretical model of
Polischuck [32], which predicted an electron temperature of 40eV for Helium at nz =
4.5x1019 cm-3 and a laser intensity of 6x1016 Wem2. This large discrepancy may be
the result of Raman heating, an estimate of the transient growth rate from the model of
Eder was described by equation (66) of section 2.3.4,

112
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Where the factor of 1 / V2 arises from the finite pump duration. Significant plasma
heating will occur if the energy density of the plasma waves approaches the total energy

of the plasma ,E th= %neTe' This occurs when the product of the laser pulse length, ©

and the instability growth rate, 7, is Yyt > 12-14 [10]. For the conditions existing in the
Helium plasma, with, A = 0.248um, I = 8.5x1016 Wem2, ne = 8.5x1019 cm3 and a
laser pulse length T = 350fs, ¥ = 4.39x1013 s-1 and yt = 15. There should be an
appreciable contribution from Raman heating to the electron temperature at the end of the
laser pulse. It was not possible to accurately predict the contribution without the use of
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detailed 1D PIC simulations but the increase in the measured electron temperature above
the theoretical predictions was consistent with Raman heating. These measurements
were repeated for Neon gas in order to investigate the propagation of the laser pulse in
conditions applicable to the Li-like Neon X-ray recombination laser.

4.3 Interactions with Neon.

The Li-like Neon recombination X-ray laser requires a plasma with an electron density
greater than 4x1020 ¢cm3 and a temperature less than 50eV to achieve high gain and
energy cfficiency [10]. It was been suggested that such a plasma can be formed by
focusing a 0.248pum laser at an intensity of 2x1017 Wem-2 into Neon gas at a density
around 5x1019 cm3. A study of the propagation of high intensity KrF pulses at these
densities was carried out to understand the feasibility of this scheme. In order to
investigate the effect of refraction the initial radius of the plasma was measured with the
deflectometer as the gas density was increased while maintaining the laser intensity at a
constant level. The results showed that the defocusing was more severe for Neon than it
was for Helium. This was due to the lower ionisation potential of the first two stages in
Neon compared to Helium and also to the additional stages that were available in Neon,
resulting in larger electron density gradients in Neon compared to Helium.
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4.3.1 The spatial resolution of the deflectograms.

An important feature of these images was the lack of fringe contrast that was observed in
the upper portion of the plasma of figure 4.4(b). This was due to the diffractive effects
of the gratings described by equation (95) in chapter 3 that limited the spatial resolution.
The diffractive smearing effect that limited the spatial resolution in the radial direction,
was determined by the grating separation, A, the grating pitch, p, and the probe

wavelength,

5x=£=A;t

P 95)
In these deflectograms, A = 0.248m, p =50um and A = 40cm, giving a spatial
resolution of dx = 30um. The diagnostic may have overestimated the initial plasma
radius when there was little or no defocusing because the minimum laser beam waist of
30pm £ Spum that was achieved in vacuum was on the edge of the resolution. This was
investigated by repeating the measurement with the grating separation reduced from 40 to
10cm, thus increasing the resolution from 30 to 8um. The radial profile of the plasma
and the peak electron density were found to agree with the results obtained with 30um
resolution within the experimental uncertainty of + 20%.

4.3.2 Plasma radius as a function of atomic density.

In order to quantify the refractive effects the initial plasma radius was measured using the
deflectometer for a series of shots as the gas density was increased. The density profiles
were obtained from the deflectograms by Abel inversion of the fringes at the point of
peak density. Figure 4.5 shows the density profiles as the gas density increased from
3.5x1019 to 1.5x1020 cm-3.
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Figure 4.5 Density profiles for increasing gas density at constant laser intensity obtained
from Abel inversion of the deflectograms.

It can be seen from this figure that as the gas density increased so did the radius of the
plasma. The radius (at half the peak density) of the plasma increased from 25um to
44pum as the gas density rose from 3.4x1019 cm-3 to 1.5x1020 cm-3. This data was
used to infer the increase in the laser focal spot with increasing density. In order to
achieve this it was assumed that the laser profile was initially Gaussian and remained
Gaussian as the laser expanded due to refraction (the validity of this assumption will be
discussed at the end of section 4.3.3). The radial dependence of the ionisation balance
was then used in conjunction with the Coulomb barrier model to infer the reduction in
laser intensity as the gas density was increased.

4.3.3 Inferred increase in laser spot size.

Information about the ionisation balance was obtained by comparing the density profiles
with the neutral gas density obtained in section 3.1. A graph of the radial ionisation
balance for increasing Neon density is shown in figure 4.6 .
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Figure 4.6 The radial ionisation distribution for increasing gas density obtained from the
density profiles and the neutral gas density profiles (from the gas jet characterisation).

As the gas density was increased from 3.4x1019 cm3 to 1.5x1020 cm3 the peak
ionisation stage was not significantly reduced, however the radius at which the plasma
became singly ionised increased from 39um to 61pm. To obtain a measure of the
increase in the laser focal spot it was assumed that the spatial profile of the laser was
described by a Gaussian profile, this was obtained from the density profile by equating
the radial ionisation profile to the threshold intensity from the Coulomb Barrier Model
[16]. The resulting relation between plasma width and gas density is shown in figure
4.7.
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Figure 4.7 Inferred laser spot width from the Gaussian fit to the ionisation stage profiles
in figure 4.6 using the Coulomb barrier model [16] to estimate the appearance intensities
of the various ionisation stages.

The spot size can be seen to increase by approximately a factor of two as the gas density
increased from 3.4x1019 to 1.5x1020 cm™3. This corresponded to a reduction in
focused intensity from 6x1016 Wem 2 to 1.5x1016 Wem 2. This fitting procedure
showed that the laser spot was increasing but it only gave an upper estimate on the laser
intensity because the diagnostic was not sensitive to the refracted laser light that did not
cause ionisation of the plasma. The assumption that the refracted light remained
Gaussian was also probably not accurate, this was investigated by imaging the refracted
laser light.

The peak level of ionisation of 8+ for na = 3.5x1019 cm-3 in figure 4.6 implied a peak
intensity greater than 2x1017 Wem-2. This intensity level was inconsistent with the
value inferred from the plasma radii and also the measured laser spot width in vacuum of
30pm, which implied an absolute maximum intensity of 8x1016 Wem2. It was thought
that this inconsistency was the result of collisional ionisation occurring after the laser
pulse.
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4.3.4 Ionisation mechanisms.

There were two possible reasons for the discrepancy between the measured ionisation
stage and laser intensity, either additional ionisation was occurring after the laser pulse
through collisions or there were hot spots on the laser spot with intensities greater than
2x1017 Wem2. Intensity spikes on the laser profile did exist and can be seen in figure
3.10. The contribution from the hot spots to the ionisation balance is hard to quantify.
From figure 4.4 the small scale structures split as the laser propagated through the gas.
This is the refractive splitting that was described in section 2.1.2. The strong refractive
effects indicated that the laser intensity was reducing rather than increasing and it seems
likely the intensity in the hot spots was reduced, rather than increased, as the laser
propagated through the gas.

The contribution from the collisional ionisation to the electron density was investigated
by inspection of the collisional rates. Using the hydrogenic collisional ionisation rate of
Seaton [60] for ng = 1.5x1020 cm-3 and assuming a constant electron temperature of
80eV gave ionisation times of 30ps and 50ps for Li-like (7+) and He-like Neon (8+)
respectively. The rate of Kunze [5] gave times of 15ps and 50ps to reach the same
stages. The ionisation times for both rates can be seen in figure 4.8.
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Figure 4.8 Ionisation times for Neon at an ion density of 1.5x1020 cm-3 and an electron
temperature of 80 eV from the simple ionisation rates of Seaton [60] and Kunze [5].
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These rates showed that collisional effects were important after the pulse, but they were
too slow to achieve He-like Neon within the total integration time of the probe (16ps). In
order to model these effects more accurately the average atom model that included
collisional excitation as well as ionisation and recombination was used

4.3.5 The average atom model

The model , described in some detail in section 2.2.8, was used to post process the
density and temperature information output of MEDUSA. The number of bound levels
was set to 5 and the model was run for the first 50ps of the plasma expansion. The
ionisation time for a gas density of 1.5x1020 cm3 and an electron temperature of 80eV
is shown in figure 4.9. It can be seen that the ionisation grew rapidly in the first 10ps
and then stabilised for times up to 50ps. After 50ps the electron density reduced as the
plasma cooled due to the expansion and thermal conduction and recombination began to
occur. During the first 10ps the plasma was in a transient state, this was consistent with
the observed smearing of the fringes at probe times less than tg + 6ps.
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Figure 4.9 Collisional ionisation times in Neon at an ion density of 1.5x1020 ¢m-3 and

an electron temperature of 80eV predicted by the average atom model for m=5 levels.
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The collisional rate depended strongly on the Boltzmann factor exp(-Uq / kTe) and
occurred predominately in the hot regions near the centre of the spot. It was unlikely that
collisional ionisation occurred at the edge of the spot, around the threshold intensity for
Neon, because the temperature was very low (a few eV) and the collisional rates
negligible. The temperatures used to calculate the collisional ionisation rates were
inferred from hydrocode simulations of the expansion. The method for undertaking
these measurements was identical to that described in section 2.4 and for the expansion
of the channel in Helium in this chapter.

4.3.6 The Expansion characteristics for Neon.

To confirm whether ionisation defocusing was occurring in Neon the temperature was
inferred by measuring the expansion characteristics of the density channel and éomparing
it to 1D hydrocode simulations using the method described in section 2.4. This
temperature was then compared with the results of the two absorption models described

in section 2.3.
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Figure 4.10 Channel expansion for a Neon gas density 5x1019 cm-3. The open circles
are the experimental measurements of the radial expansion of the shock front, obtained
from the deflectograms. The dashed line is the fit from the analytic blast wave model
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(labelled as the Adiabatic solution because R o< t1/2) from equation (80). The full

MEDUSA simulation is shown as the full line fit, which gave an initial electron
temperature of 80 eV.

The adiabatic expansion (blast wave) solution described by equation (80) in section 2.4,
gave a good fit to the data at times greater than 800ps. This again confirmed that the
blast wave propagation description was a good one for the asymptotic limit of the
expansion, the dis-agreement at earlier times again confirmed that the model did not
apply early in the expansion. It can be seen from figure 4.10 that, as in the Helium data,
the MEDUSA simulation gave a very good fit throughout the temporal evolution of the
channel. A temperature of 80eV + 20eV gave a good fit throughout the expansion. The
electron temperature measured from the channel expansion for a higher gas density of
1.5x1020 cm-3 was found to be 85e¢V * 40eV. The error was larger for the higher
density case because there was a greater uncertainty due to the low number of points in
the expansion time series.

If there was no refractive defocusing, then from the models described in section 2.3.2,
the electron temperature would be expected to increase approximately linearly with
increasing gas density. This was not the case, as the temperature inferred from the
simulations was clamped around 80 to 85eV + 40 eV as the gas density increased by a
factor of three at constant laser power. The theoretical predictions from the models of
Pert [31] and Polischuck et al [32], together with the experimental temperatures are
plotted in figure 4.11.
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Figure 4.11 Experimentally inferred temperatures, obtained from measurements of the
expansion characteristics of the channel (open circles) compared to the model predictions
of the electron temperature. Both theoretical models are significantly higher than the data
supporting the supposition that refraction has limited the laser intensity and thus lowered
total absorbed energy. On the solid lines "PMTV" refers to the approximate treatment of
Polischuck's model [31] and "Pert" to the code results from Pert's model [32]. The
difference between the two models is due to the crude application of equation (63)
without a realistic treatment of the laser pulse. |

In the models the intensity was set to 6x1016 Wcem-2. It can be seen that the
experimental temperatures were significantly lower than the model predictions. If the
intensity were equal to its vacuum value, the models predicted that the electron
temperatures would be in the range of 218-400eV and 633-900eV respectively. It was
clear from this clamping of the electron temperature with increasing gas density that the
electron temperatures inferred from the experiment were severely limited by refractive
defocusing. In order to quantify the reduction in intensity, these temperatures were
compared directly with the absorption models. At these densities and vacuum laser
intensities the ATI contribution was very small and the absorption was dominated by
inverse Bremsstrahlung. The input intensity to the absorption models was varied in
order to match the measured temperature. The two models gave the intensity within a
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factor of two for each density. That is, for na = 5x1019 ¢m=3 and Te =80 eV, I =
1.4x1016 + 4.5x1015 Wem-2, While for na = 1.5x1020 cm3 and Te = 85 €V, 1=
5x1015 + 2x1015 Wem™2. The contribution of Raman heating to the total electron
temperature will be discussed in the next section.

4.3.7 Raman heating.

No account was taken of Raman heating in the modelling of the electron temperatures
achieved in Neon. In order to investigate the effect the inferred intensity obtained above
was used in equation (66) from section 2.3 to calculate the transient growth rate, v ,of the
instability. If the plasma was assumed to be singly ionised then for the densities
measured ng = 5x1012 and 1.5x1020 cm3 and I = 1.4x1016, 5x1015 Wem2 yrp =
3and 6. These values were significantly less than the threshold value of ytp > 12-14
that was required in the 1D simulations [10] to affect the thermal electron temperature.
Consequently there will be little or no contribution from Raman heating to the thermal
electron temperature if the intensities were reduced to the values inferred from the

measured electron temperatures.

110






In order to investigate this further, an imaging lens was used to measure the light
distribution in the focal plane of the laser as a function of gas density. A quartz lens,
operating at F/2.5 was used to image focal region, near the centre of the gas jet, onto a
CCD camera. The camera was filtered with an absorbing filter that transmitted 0.248um
light but cut out the plasma emission. This measurement was made during a separate
experiment that was carried out under identical density conditions with an identical gas jet
but with slightly higher vacuum intensities. The increase in the diameter of the images
obtained with increasing gas density shown in figure 4.12 were consistent with
refraction. Cross sections through the peak intensity of each spot are shown in figure
4.13, this gave a quantitative measurement of the increase in laser spot size as a function
of gas density. It can be seen from figure 4.13 that as the density increased the profile of
the refracted laser light did contain considerable energy within the wings of the spot.
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Figure 4.13 Radial cross sections through the centres of the images shown in figure
4.12. As the gas density increased the laser spot size increased due to refraction from
ionisation induced density gradients.

The filtering was changed between the vacuum case of figure 4.12(a) and the other high
density shots. This meant that the peak intensity could not be compared directly,
however, it was clear from the respective areas under the profiles that refraction had
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increased the width of the spot. The laser spot grew from a width ( at half the peak
intensity points) of wo = 17um in vacuum, wo = 78um at ng = 5x1019%m-3 and wo
>100um for ng = 1.0x1020 cm3. This corresponded to a reduction in laser intensity
Jfor a typical beam power of 500GW, from I = 1.5x1017 in vacuum, to I = 7x1015
Wem-2 at ng = 5x1019 cm3 and I = 3x1015 Wem2 at ng = 1x1020 atoms cm-3.
These results agreed well with the intensities obtained from the temperature
measurements, I = 8x1015 Wem-2 at 5x1019 atoms cm=3 and I = 3x1015 Wem-2 at
1.5x1020 atoms cm3. A summary of these experimental results can be found in figure
4.18. These results were also compared to predictions from the two theoretical models
that were described in section 2.1.

4.3.9 The analytical defocusing model.

The analytical model described in section 2.1.5 was used to determine the maximum
focused intensity that could be expected when the KrF pulse was focused into neon gas.
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Figure 4.14 Power law fit to the Ionisation potential for Helium and Neon. This gave
the parameters & and Ug that were required by the analytic model [38].
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The model [38] required that a power law fit was made to the ionisation potentials of the
ion, this can be seen for Helium and Neon in figure 4.14. This enabled the parameters o
and Up to be determined. The charge distribution across the beam is related to these

parameters through equation (31)
g, = (4x10°U;)"C~*) (31)

This expression allowed the refractive index to be related to the laser intensity, which
was assumed to be Gaussian. The maximum beam intensity, Iy, in a strongly refracting

plasma was found to be independent of beam power and was given by equation (34),

k)
Q() na

Where C was the divergence half angle of the beam, defined as (C = 1/2F#) and n¢ , na
were the critical and gas density respectively. Once the parameters o and Ug were
found the next stage was to determine the divergence angle of the focusing optic. For
this experiment F/# was measured directly by imaging the beam profile at points before
and after focus. Figure 4.15 shows images of the beam profiles for 450pm and 225um
before focus and 182um and 390um after focus. The average F number was measured
from this figure to be F/4.7, giving C = 0.11. Inserting C, a and Ug into equation (34)
allowed Iy to be evaluated. For Neon at ng = 5.7x1019 ¢m-3 ,Im= 1.7x1016 wWem2,
When the gas density was increased to ng = 1.2x1020 Wcm‘2, then , Ijm = 1.5x1015
Wem 2, These values agreed well, within the factor of two estimated experimental error,
to the intensities inferred from the temperature measurements. This showed conclusively
that ionisation defocusing was limiting the focused laser intensity to values much lower
than the value obtained in vacuum. However in order to investigate the refraction in

more detail a numerical model was used to simulate the ionisation defocusing,
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4.3.10 The numerical model.

In order to accurately model the refraction it was necessary to solve the wave equation
numerically while self consistently calculating contribution of optical ionisation to the
plasma refractive index. The 2D wave propagation code described in chapter 2 [37] was
used to solve the wave equation in cylindrical geometry using the paraxial
approximation, while calculating the ionisation through the tunnel ionisation rates of
Ammosov et al [55]. The model was limited to non relativistic intensities and the
ionisation was calculated for the first three ionisation stages only. The model has
previously been used to study defocusing and refraction in hydrogen gas at intensities up
to 5x1015 Wem2 and at atomic densities from 3x1016 t0 2.7x1019 cm=3 [37]. It was
found to model accurately the important features of defocusing, such as the plasma
moving towards the laser from the vacuum focusing position and the reduction in
focused intensity as the gas density increased.

The code was run for both Neon and Helium with a pulse length of 350fs, with F/ 5
optics, A = 0.248{um and a vacuum intensity of 8x1016 Wem 2. The calculation started
with the pulse below the ionisation threshold of the gas. The initial spatial profile of the
laser was defined by a diffraction limited Gaussian with a minimum waist of wg = 2A
F/(nD) in the radial direction. The code transports the laser pulse through the gas with a
user defined time step, keeping a track of the peak ionisation stage and laser intensity
reached throughout the gas. The output of the model was in the form of 2D electron
density and laser intensity contours. The density contours represented the final density
of the plasma along the gas jet and the intensity contours the light distribution across the
2D grid at the last time step at the end of the gas jet. Figure 4.16 and 4.17 showed the
mode] predictions of how the plasma density contours changed as the Neon gas density
increased from vacuum to 5.6x10 19 cm-3. The contours for both the intensity and
electron density were symmetric about the z axis and thus only half the plasma is shown.
The contour levels decreased from the maximum density in 20% intervals.

In vacuum the plasma density contours are symmetric about the position of best focus.
As the density was increased to na = 5.6x1019 ¢cm=3 there was a slight increase in the
radjus of the plasma but it still appeared to be symmetric about the vacuum focusing
position. However, the peak intensity was considerably reduced to 1.1x1016Wcm-2
from the vacuum value of 8x1016 Wem-2. This confirmed the experimental evidence
that suggested that the increase in plasma size was not a reliable guide to the degree of
defocusing that was occurring.
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Figure 4.16 Model predictions for a 350fs, 0.248pum pulse at I = 8x1016 Wem-2 ny =

1x1016 cm-3 (this is effectively vacuum for a laser pulse of this wavelength).
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Figure 4.17 Simulation results for I = 8x1016 Wem-2 and na = 5.6x1019 cm-3 (All the
intensity and density cotnour levels in figures 4.16 and 4.17 decreases from the

maximum in 20% intervals).
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The laser intensity contours showed that the intensity maximum moved off axis as the
gas density increased from Figure 4.16(b) ng = 1x1016 cm3 (effectively vacuum for a
laser pulse with this wavelength) to 4.17(b) 5.6x1019 cm-3. This confirmed that the
density gradients were refracting the laser light away from the axis and reducing the peak
intensity. At higher gas densities the plasma did increase appreciably in radius and
became asymmetric around the vacuum focusing position. For example when the gas
density was increased to 1.75x1020 cm-3 the code predicted that the peak intensity in the
interaction was reduced to 3.3x1015 Wem2 and there was no plasma formed after the
vacuum focusing position. The density and contour plots for this case can be seen in
figures 2.6(a) and (b) of section 2.1.

These predictions agreed well, within 25%, to the inferred intensities from the
temperature and refracted light measurements, but were a factor of 1.5 less than the
analytical model for densities below 5x1019 cm-3. The source of this discrepancy may
be traced to a numerical instability that was discussed in the section 2.1.6. In practical
terms this limited the accuracy of the peak intensities predicted by the simulations to a
factor of 1.5 - 2. The agreement with data and the analytical model is within this factor
for the data simulated.

The simulation was also limited to an initially diffraction limited laser pulse whereas in
the experiment the pulse was 10x the diffraction limit. This factor may cause the code to
overestimate the amount of refraction, as the experimental profile ionised later in the
pulse, or at larger radii , as a result of its lower intensity. This could lead to smaller
gradients and less refraction. The limitation of the code to only the first three ionisation
stages acted in the opposite sense for interactions with intensities greater than 1x1016
Wem-2 where ionisation continued above the third stage for Neon. For the conditions of
the experiment the model predicted a maximum laser intensity of 1.2x1016 Wem-2 and
an ionisation stage of Z* = 2.76%, for 6x1012 cm™3 Neon and 3x101° Wem2, 7+ =
1.2+, for 1.8x1020 cm™3 and this problem did not apply.

A summary of the experimental measurements and the theoretical predictions can be seen
in Figure 4.18.
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Figure 4.18 Experimental measurements and theoretical predictions of the maximum
focused intensity as a function of gas density in Neon. The Gaussian fit to the plasma
size (filled squares) can be seen to underestimate the severity of the defocusing as
measured by the refracted light images (open circles), the value inferred from the
measured plasma temperature and the theoretical models.

The data in figure 4.18 showed that the increase in plasma radius measured by the
deflectometer was caused by plasma defocusing but this could not be related
quantitatively with the reduction in focused intensity. This was thought to be because the
density profile did not accurately match the Gaussian fit. This interpretation was
confirmed with the images of refracted laser light and with the results of the numerical
modelling. The focused intensity inferred from the measurements of the electron
temperature agreed with the laser intensity inferred from the measured spatial distribution
of refracted light and the theoretical and numerical models. The inferred intensities
agreed within a factor of two with the predictions of the theoretical models. This was
within both the estimated experimental error and limiting error that resulted from the
numerical instability in the simulations.
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4.4 Plasma non uniformity and refractive splitting of the
laser hot spots.

The 1onisation channels observed in fig 4.4 (b) were thought to be formed either from a
filamentation mechanism or through refraction from small scale ionisation gradients
arising from laser non uniformities. A simplified picture of the refraction from ionisation
hot spots was described in section 2.1 using aray tracing model, figure 4.19 shows how
the beam refracts from the hot spots.

l ionized regions

Figure 4.19 Refraction from laser hot spot ( from reference [47]).

In this figure the hot spots are depicted by the shaded regions, dy is the distance between
hot spots on the beam, dr the density scale length, and 9z the characteristic refraction
distance;

or = (1/2nc }(9ne/dy ) z2 (21)
The distance required for the hot spots to spread due to refraction is then
0z = (2n¢/ne) /2 . 9y (22)

For the plasma conditions existing in the 0.248um experiments, ne = 4.5x1020, n; =
1.78x1022 c¢m3, and a hot spot separation of 5um gave 0z = 50 - 100um. This
distance agreed very well with the lengths the channels were observed to propagate
before splitting in figure 4.4(b), at a gas density of 1.5x1020 cm-3. This estimate of the
characteristic refraction distance has also been shown to agree well with the results from
a three dimensional laser propagation model that solved the wave equation and the
ionisation defocusing self consistently [47]. This code showed that an incident hot spot
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of half width dy split after propagating a distance approximately equal to 9z in (22). If
the two hot spots were themselves still above the ionisation threshold then they too will
split after propagating through their own density gradient. In this way the hot spots will
produce ionisation channels that increase in number as they propagate. This important
feature of this plasma break up was observed experimentally. In figure 4.4(b) the
number of filaments and their angle of refraction increased as the laser propagated
through the gas jet. The existence of hot spots on the laser beam was also shown from
the equivalent plane image of the laser focal spot in figure 3.10 and the images of the
planes through focus shown in figure 4.15. These images showed very clearly that the
beam was non uniform with most of the energy contained in a few hot spots with peak
intensities 2-5x the mean.

4.4.1 Self focusing thresholds.

An alternative interpretation of the origin of the ionisation channels was that they were
produced by self focusing of the beam hot spots. This possibility was investigated by
examining the power and intensity thresholds of relativistic and space charge limited
ponderomotive the self focusing[33,34]. The threshold for space charge limited and
relativistic self focusing was first derived by Max, and has since been confirmed by
many theoretical studies [33, 34]. The threshold laser power required for relativistic
guiding of a diffraction limited beam is given numerically by

0)2
P, =17x =L IGW 4 (26)

P

For a laser with A = 0.248um and a plasma with an electron density of 2x1020, equation
(26) gave Per = 1.5TW. This was actually a very optimistic threshold because it applied
to a diffraction limited Gaussian beam. However, in this experiment the spot size was at

least 10x the diffraction limit. The maximum laser power attained in the experiment with
the 350fs KrF pulses was 800GW, a factor of 2 below P¢y. The ponderomotive and

thermal self focusing theories that assumed ion motion are not relevant for these
conditions because the ions cannot move over the time scale of the laser pulse. The
origin of the small scale ionisation channels was investigated further at power levels
around 100GW with 12ps Raman shifted KrF pulses [103] interacting with the high
density gas jet.
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4.4.2 Refraction of 12ps, 0.268um, laser pulses.

The refraction experiments were extended to higher densities and longer laser pulses
using a 12ps laser and densities up to 3x1020 ¢cm3. In this case the laser beam quality
was good with generally only one hot spot with a width of 10um, equivalent to 2-3x
diffraction limit. The observations confirmed that refraction also dominated the
interaction at this pulse length and in this gas density regime. The diagnostic and
experimental parameters were similar to the 350fs experiment except that the
deflectometer was replaced with a shadowgram system. This gave qualitative
information on the location of the strongest density gradients.

The onset of the small scale ionisation channels was studied as a function of gas density,
laser power and delay time between the probe and the ionising pulse. Figure 4.20 shows
a sequence of shadowgrams taken 16ps after the end of the ionising pulse for increasing
gas density with constant laser power. It should be noted that in all the rest of the
shadowgrams and deflectograms in this thesis the laser is always incident from the right.
Another feature that is common to all these shadowgrams is the black bar near the centre
of the picture that runs vertically from the top to the bottom of the image. This is an
imperfection in the imaging system, where two filters have been joined together in front
of the film pack. It served a useful purpose as a spatial fiducial, allowing the position of
the vacuum focus to be referenced on each picture. In this figure the position of the
focus was 300pm after the filter join, as marked on 4.20 (a).

It can be seen from figure 4.20 (a) to (d) that the contrast of the shadowgrams improved
as the gas density was increased. At the lowest gas density of 2.5x1019 ¢m3 in (a) and
in (b) 5x1019 cm3 the plasma was approximately symmetric around the vacuum
focusing point. As the gas density increased to (c) 1.5x1020 cm-3 the radius of the
plasma increased, small scale ionisation channels emerged, and the minimum plasma
radius moved back towards the laser. As the density increased further to (d) 2.5x1020
cm™3 the angle between the small scale structures and the laser propagation axis
increased, together with the overall plasma radius. At this point the plasma was very
asymmetric about the vacuum focusing position, as the peak density region moved
further back towards the laser. The ionisation channels continued to become more
distinct and their refraction angle increased as the gas density increased, until at a density
of 2.75x1020 cm-3 a strong density feature at the centre of the plasma appeared to
converge towards the vacuum focusing position, where it terminated, while the edges of
the plasma refracted at large angles away from the axis.
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The results of this experiment were consistent with evidence from the 350fs experiment.
The small scale ionisation channels appeared at intensity density products far below the
thresholds predicted by relativistic or ponderomotive space charge limited self focusing.
The length of the filaments was inversely proportional to the gas density and the angle of
refraction of the channels increased as the gas density increased. For the highest
densities the channels disappeared after 100um, this agreed well with the simple scaling
of 50-100um predicted by equation (37). This experiment confirmed the origin of the
multiple small scale density channels observed in the 350fs and 12ps pulses was
refractive splitting from laser hot spots. This is the first experimental observation of
small scale plasma break up due to refraction induced splitting of laser hot spots. The
refraction from ionisation defocusing was investigated further with the 1pum laser, in a
plasma density regime suitable for laser accelerators and fast igniter studies.

4.5 Refraction of 1um, 0.7 - 3.0ps laser pulses.

The experiments with the 0.248 and 0.268pum lasers showed the importance of refraction
in the interaction of intense short pulses with gas jet targets. In these experiment the
laser was focused into the middle of the gas jet and as a result, propagated more than
500pm through the gas before it reached the vacuum focusing position. The defocusing
length for the lowest gas density used, 5x1019cm-3, was around 14 = 60um and so the
beam suffered a great deal of refraction before it reached the centre of the gas jet. The
resulting plasmas showed an increase in plasma radius with gas density but not all the
refracted light caused ionisation. In order to observe the ionisation caused by the
refracted light the experiment was repeated with a 1um laser at vacuum intensities up to
3x1018 Wem 2, The increased intensity allowed more of the refracted light to ionise as
it propagated out of the plasma. A time resolved deflectometer was used to give an
image of the refracting plasma.
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Gas Flow

Figure 4.23 Diagram of target geometry for 1pm experiments. The laser is focused near
the edge of the gas flow, at zyf, rather than the centre, at z¢, to reduce the length over

which refraction could occur.

The laser was focused at a point 400um above the nozzle exit plane (along the y axis) -
and 500um (at z = zyf along the z axis) before the nozzle centre (z = z¢), as shown in
Figure 4.23. This target geometry was also used in the guiding experiments described in
chapter 5. It was important to know how the gas density varied along the z axis, this
was estimated from the gas jet characterisation described in chapter 3.

4.5.1 Spatial gradients in the gas density.

The gas density decreased with height above the nozzle and with radial distance from the
centre. The gas density at the centre of the gas jet (z = z¢) for a reservoir pressure of 15
atmospheres was 5%x1019 cm‘3, reducing to 1.8x1019 cm3 ,atz =zyf and to 3.5x1018
em-3 + 15%, at z = zyf - 500um. The gas density gradient along the z axis can be seen
in figure 4.24 [88].
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Figure 4.24 Gradient of gas density along the z axis for Neon at a reservoir pressure,
PR, of 15 atmospheres. The laser was focused near the edge of the flow at z = zyf.

The relatively shallow gradient in gas density that can be seen in figure 4.24 meant that
appreciable plasma formation occurred before the laser reached its minimum vacuum
radius at zyf. This led to refractive effects which reduced the focused intensity in the gas
before the laser reached the zyf.

4.5.2 Plasma formation with the STW, 3ps laser pulse

A Moiré deflectogram obtained 6ps after the interaction of the laser pulse with the neutral

gas target of neon gas at reservoir pressure of 15 atmospheres can be seen in figure
4.25(a). ’
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gas. There is evidence of fringe shifting before z = zyf showing that there was plasma
present before the focal point, zyf. The numbers above the deflectogram refer to position
of the fringes that were inverted to obtain the density profiles.

4.5.3 Observation of strong ionisation defocusing before and
after the vacuum focus.

From figure 4.25(a) the plasma was observed to break up into discrete density channels
which propagated at angles up to 30 degrees with respect to the z axis. The radius of the
plasma increased from 22 +5pum as it entered the field of view from the right (at z =
zyf- 160pm) to > 220pm as it left the field of view to the left ( at z= Zyf+ 570um) This
was the result of refraction from transverse electron density gradients arising from optical
ionisation. From figure 4.24 the gas density at zyf was 1.6x1019 cm™3, resulting in a
defocusing length, 1d = 36pm for singly ionised Neon. However the density gradients
caused refraction induced defocusing before the laser reached zvf. In figure 4.25(a) the
onset of plasma formation was observable up to the right hand edge of the field of view
(at z = zyf - 160pm). The field of view of the self emission system was greater and it
detected plasma before even this point. The self emission imaging system detected light
at a wavelength of A = 0.625um + 0.025pm, as described in section 3.3, it was mainly
used to give information on the length of the ionised plasma and as a complement to the
deflectometer. From figure 4.25 (b) the onset of self emission was observed to be at z =
zyf - 280pm and terminated abruptly at z = zyf + 300pm. The centre of the gas jet was
situated at z = zvf + 500pm and so the laser intensity was dissipated 200pum before the
centre of the gas jet. The size of the self emitting region was also observed to increase
radially from wg =40+ S5pm at the onset (z = zyf - 280um), to wo =95 £ Spumat z =
zyf + 2881um, where it abruptly terminated.

The length of plasma before zyf depended on the gradient in gas density and the intensity
of the laser as it approached the focus, which in turn depended on the beam power and
the convergence cone angle of the F/5 optic. By combining a geometric optics

description of the beam radius with the gas density gradient from figure 4.24 an estimate
of the distance before zyf of the onset of plasma formation was obtained.

For a 5§ TW shot the vacuum intehsify 500pm before zyf was 3.5x1016 Wem-2 for a
cone angle of 5.7 degrees. The Coulomb barrier model [16] predicted an ionisation stage
of 4+ for this intensity , giving an electron density of 1.4x1019 cm-3 at this point along
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the axis. The detection threshold of the deflectometer was set by the minimum resolvable
shift of 1727 of a fringe [94] to be 1.2x1019 cm=3 + 20%, and so with this simple
treatment the plasma should have been detectable at z = zyf - 500um. This was in
reasonable agreement with the observed onset of plasma formation at z = zyf - 280um
from the self emission data in figure 4.25(b). The formation of plasma up to 280um
before zyf caused appreciable refraction and led to significant defocusing before the beam
reached its minimum radius at zyf. A quantitative measure of the degree of defocusing

was obtained from inversion of the fringes in figure 4.25(a).

4.5.4 Electron density profiles.

An analysis of plasma electron density was obtained by inversion of fringes at the points
(1), (2), (3) marked on figure 4.25(a). These corresponded to distances before zyf of
44,114 and 158um respectively . |
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Figure 4.26 Electron density profiles at points corresponding to (1), (2) and (3) along
the z axis in figure 4.25 (a). The double peak structure that can be seen to develop along
the z axis was thought to be caused by-whole beam refraction seeded by a double peaked
laser focal spot structure (as seen in figure 3.12(b)).
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The clearest feature of figure 4.26 was the off axis maximum in the electron density
profiles. This was consistent with refractive splitting of the laser from the double peaked
intensity structure, observed on the equivalent plane image of the focal spot 250pum
before the vacuum focus, as shown in figure 3.12(b). The peak electron density can be
seen to increase as the laser propagated up the gas density gradient but the peak
lonisation stage was only 2.8+ at z = zyf - 44um and was never greater than 3.3+ within
the field of view of figure 4.25(a). Comparing this with the Coulomb barrier model gave
a focused intensity less than 2x1016Wcm-2 along the length of the nozzle. This
confirmed that strong ionisation defocusing was occurring before the laser reached zyf.

4.5.5 Whole beam refraction from the density gradients.

The divergence angle of the plasma of 30 degrees observed in figure 4.25(a) was very
much greater than the divergence angle of 5.7 degrees of the focusing optics. Figure
4.27 shows how the radius of the plasma increased in figure 4.25(a) compared to that
expected from the normal defocusing angle of the F/S optics.
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Figure 4.27 Plasma radius as a function of propagation distance (filled triangles)
compared to a F/5 optic (filled circles). The rate of plasma expansion is far greater than
the diffraction limited beam divergence due to refraction.
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It can be seen from this figure, that the rate at which the plasma radius increased as a
function of z was significantly greater than predicted by the divergence angle of the
focusing optic. If this increase in angle was due to refraction then it could be related to
the density gradient through equation (20) of section 2.1,

_gpkdn
o.=-4.36x10"““ | —d—edz (radians) (20)
X
o

where all units are in cm and ne is the electron density in cm3. To refract laser light at a
wavelength of 1um through an angle of 27 degrees over a plasma length, L, of 790pum
would require an electron density gradient of 1.37x1022 cm4. If the gradient was
averaged over the radius of the focal spot, that existed over the length L, then for a radius
of 15 wm the average electron density required was 2x1019 cm-3. The use of (20) can
only be a rough estimate because the density and radial scale length did not remain
constant over the length of the plasma in the field of view of figure 4.25(a), but the
reasonable agreement with the measured parameters did indicate that refraction was
entirely consistent with the observed increase in plasma radius as the laser propagated
along the z axis. The observed refraction angle of 30 degrees was also confirmed by the
transmission data for this shot which gave a transmission fraction (within the calorimeter
acceptance angle of 5.4 degrees) of 3%. For a beam expanding at 30 degrees the fraction
captured by the calorimeter with an acceptance angle of 5.7 degrees would T = (5.7/30)2
=3.2%, so this confirms the refraction angle measured from figure 4.25(a). .

The intensity limitation before the vacuum focus was estimated with equation (20) and a
geometric optics consideration of the beam focusing. The geometry can be seen in
Figure 4.28, which showed that as the laser rays propagated through the gas, their
angles increased as a result of the increase in plasma density gradients along the ray path
length. If the rays began to refract at z = zyf - 350pm, where the focal spot radius was
approximately 50pm, then for a vacuum intensity at this position of 6x1016 Wem-2, Z*
= 5% from the Coulomb barrier model [16]. For an atomic density of ng = 5x1018 cm-3,
the electron density, ne = 2.5x1019 cm-3 giving o= 5 degrees from equation (20).
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Figure 4.28 Ray diagram of the limitation of the laser intensity as a result of refraction.

If the laser continued to propagated while expanding at 5 degrees from a spot radius of
50pm then the intensity at zyf would be 2.5x1016 Wem-2. This implied Z* = 4% from
[16] . This agreed to within an ionisation stage to the maximum Z* of 3.3% determined
from the electron density profiles measured from figure 4.25(a). These simple geometric
refraction models in conjunction with the quantitative measurements obtained from the
deflectograms proved that the laser intensity was limited by ionisation defocusing even
when the laser was focused onto the edge of the gas jet.

4.5.6 Refraction as a function of gas density and atomic
number.

The refraction effects described above were investigated further, by varying the density
and atomic number of the target gas. When the Neon gas density was increased to
1x1020 cm3 the fraction of transmitted laser energy measured by the calorimeter was
found to fall to less than 1%. Conversely this increased to 12% when the gas was
changed to Helium with a density of 5x1019 cmr3. These results are summarised in
figure 4.29
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Figure 4.29 Calorimetry of the transmitted laser light, for Helium and Neon. The open
circle shows the measured laser transmission fraction for Helium while the filled
diamonds show the same for Neon. The full curve indicates the trend in the data. The
laser energy transmitted through the Helium target was a factor of 7 larger than the Neon
data because of the lower electron density in the Helium.

The role of absorption in the reduction in transmission can be estimated conservatively
by treating the plasma as a cylinder, with an average radius r = 200pm, a mean electron
density ne = 5x1019 cm-3, a length L = Imm and an energy E per electron of 1000eV.
The absorbed energy is then given by, Eabs = ir2Lne E. For the estimates above Eabs
~ 1 J, which accounts for a loss of 6% of the beam energy, compared to a measured
reduction of 98% of the beam energy. In reality the loss through absorption will be less
than this due to the reduced length of plasma and a lower average density. It is clear
from this simple estimate and the agreement between the measurements of the expansion
angle from the deflectograms and the transmission fraction, that the major contribution
to the loss in laser energy was due to refraction from ionisation gradients, not
absorption. '

Using geometric considerations the measured transmission fractions were converted into
beam refraction angles. This gave 60 and 14 degrees for Neon at 1x1020 ¢m-3 and
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Helium at 3x1019 cm-3 respectively. These inferred angles also agreed well with the
observed refraction angles of the ionisation channels obtained from deflectograms of >
50 and 17 degrees respectively.

4.6 Conclusions.

The reduction of the focused laser intensity in gas jet targets has been observed. In the
experiments with the KrF 0.248um laser, the radius of the plasma at the position of best
focus was found to increase as the density increased. An estimate of the laser intensity
was obtained by fitting a Gaussian to the plasma radius, assuming that each ionisation
stage was produced at an intensity derived from the Coulomb barrier model [16]. This
method showed that refraction was taking place, but it was not sensitive to all of the
refracted light. The electron temperature was measured by fitting a simulation to the
temporal evolution of the plasma. The intensity was inferred from this measurement by
comparing the electron temperature with theoretical predictions. This intensity was
found to agree well with the laser spot size measured from images of the transmitted laser
light. Agreement within a factor of two was obtained between the experiment and the
analytical and numerical defocusing models.

It was also clear from the 1lm experiments that strong ionisation induced refraction
limited the focused intensity of 5 -10TW laser pulses in dense gas jet targets. The degree
of defocusing was directly and quantitatively measured for the first time with time
resolved optical probing. The plasma was observed to break up into small scale density
channels, of a similar nature to those observed in 0.248 and 0.268um experiments.
These were consistent with refractive splitting from hot spots observed on the laser
intensity profile. The measured refraction angle of these density channels was related to
the electron density gradient through equation (20). The density gradient obtained from
this method agreed well with those measured by the deflectometer. The observed
refraction angle also correlated extremely well with the measured laser energy transmitted
through the target. When the measured ionisation stage was compared to the Coulomb
barrier model [16], the focused intensity was found to be limited by refraction to less
than 2x1016 Wem2 + 50% [103].

The results obtained in this work indicate that it will be impossible to achieve a long
highly ionised plasma under the conditions required for many applications, including the
recombination X-ray laser, without some means of overcoming the refraction. One of
the most promising solutions to this problem is the use of preformed density channels to
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overcome the refraction. This subject has not been studied in the density, intensity and
pulse width regimes that are of interest to many important laser plasma interactions. A

study of laser beam guiding in plasma density channels in these regimes is the subject of
the next chapter.
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S Guiding of laser pulses in plasmas.

In the last chapter strong ionisation defocusing was shown to greatly reduce the intensity
of short laser pulses when they were focused into neutral gas targets. One way of
overcoming this problem is to use a low intensity laser pulse to ionise the gas before the
arrival of the main, high intensity heating pulse [48]. The preformed plasma helps to
overcome the refractive effects in two ways. First after the end of the prepulse the free
electrons produced during the optical ionisation continue to collisionally ionise the
plasma. If their temperature is high enough, the plasma will be in a highly ionised state.
If the main pulse then interacts with this plasma any consequent increase in the electron
density due to the additional optical ionisation is then a small fraction of the total electron
density. This helps to reduce the electron density gradients that cause the ionisation
defocusing.

The second effect is a result of the guiding properties of the density channel that develops
over time scales much greater than 50-100ps. The density channel, which was described
in detail in section 2.1.8 and 2.4, acts as a wave guide to confine the high intensity laser
pulse over distances much greater than the characteristic depth of focus of the system.
The formation of wave guides capable of confining laser pulses with low intensity pulses
over large distances in low density gaseé has recently been studied [44]. This chapter
describes the investigation of channel formation at significantly higher gas densities,
laser intensities and shorter laser pulses than the previous work [44]. The gas density
was increased from 1x1018 to 1x1020 cm3, this introduced the major new problem of
ionisation induced refraction of the preforming pulse, which limited the length and
uniformity of the preformed channel. The laser intensity was increased from 1x1014 to
3x1018 Wem2 and the laser pulse duration reduced from 100ps to 1-3ps. This allowed
the study of channel formation and guiding in plasmas that were relevant to studies of
recombination X-ray lasers [10] , the fast ignitor [13] and plasma accelerator
schemes[9,35].

5.1 Plan of the chapter.

A study of optical guiding in preformed density channels was carried out in a series of
experiments at the Central Laser Facility. The channels were formed in Helium,
Nitrogen and Neon gas at gas densities between 5x1018 - 1.5x1020 with two different
lasers. The first, used the VULCAN CPA [98] laser, with a wavelength of, A = 1um,
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and a pulse duration of, Tp = 1-3ps. The second used the SPRITE KrF CPA laser [96]
where, A = 0.248um and Tp = 350fs. Both these laser systems and the experimental

diagnostics were described in section 3.3.

The first section of this chapter shows the general features of plasma wave guides and
how they cvercame refraction in neon at a wavelength of 1pm. This is followed by a
quantitative study of the factors affecting the formation and uniformity of the channel.
The last section investigates the guiding of a A = 0.248um, Tp = 0.350ps pulse in Neon
plasma at densities within the suggested parameter range for the He-like Neon X-ray
laser [10]. The chapter concludes with a discussion of the relevance of the results of
both experiments to the various applications.

5.2 Guiding of STW pulses in preformed density channels.

This section describes how a preformed plasma was used to overcome the ionisation
induced refraction and guide a 3ps, 5 TW pulse with a wavelength of 1um in Neon at a
peak gas density of 5x1019 cm=3. The channel was formed by focusing a pulse
containing 1% of the main beam energy into the gas jet, before the arrival of the main
pulse. In this experiment the pulse duration and spatial profile of the prepulse were
identical to (and collinear with) the main pulse. Both pulses were focused with the F/5
optic to a maximum vacuum intensity of 7x1015 Wem-2 at the vacuum focusing position
(defined by z = zyf in figure 5.1).

Deflectograms of the interaction of the main pulse without and with the preformed
channel can be seen in Figure 5.1(a) and (b) respectively. Figure 5.1(c) shows the
preformed channel without the interacting pulse, obtained by advancing the probe by
10ps, so that it measured the density gradients immediately before the arrival of the main

pulse.
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Many of the important features of the guiding process emerge from a direct comparison
between Figures 5.1 (a) and (b). Figure 5.1 (a) shows the characteristics of a plasma
that was severely affected by ionisation induced refraction. The plasma broke up into
many small scale jonisation channels, which propagated at angles of up to 30 degrees to
the z axis. It was clear from fig 5.1 (b), that when the STW pulse was focused into the
channel, confinement of the beam and guiding occurred. The strongest indication of
guiding was that, although the plasma did break up into small scale ionisation channels at
the end of the wave guide, the angle of their refraction reduced from 30 to 10 degrees.
The loss of contrast and general fringe smearing outside the channel in figure 5.1 (b)
indicated that there was some light leakage through the channel walls. However the
refraction was generally controlled very effectively until the laser reached the end of the
channel. These pictures showed clearly and directly, for the first time how the walls of
the channel confined the light and guided the beam from the vacuum focusing position,
(at z = zvf), to the centre of the gas jet (at z = z¢) ( a distance of approximately 500um).

5.2.1 Termination of the wave guide due to channel non
uniformity.

It can be seen from figures 5.1(b) that guiding was abruptly terminated at the end of the
channel (at z = z¢), where the plasma broke up into the small scale ionisation channels
that were characteristic of a laser pulse interacting with a plasma with a large electron
density gradient. The bright features that can be seen at this position were also consistent
with the laser beam interacting with regions of high density. The non uniform nature of
the density channel caused these features, as can be seen from figure 5.1 (c). In this
figure the radius of the channel began to decrease around z = zyf + 300um and the
positions of two high electron density regions at the end of the channel (z = zyf +
500pm) corresponded exactly to the locations of the bright features observed in figure
5.1 (b). These regions of high density and the reduction in the channel radius were due
to defocusing of the prepulse beam, that led to a lowering of intensity, reduced energy
absorption and a colder plasma that did not expand significantly. The curvature of the
channel at z > zyf + 300lm, also enabled the small scale ionisation channels to penetrate

the refractive index barrier and escape from the channel.
Some of the small scale channels that were refracted off the high density regions

propagated at extremely large angles, can be seen in figure 5.1 (b). This was another
indication that refraction from the extremely steep density gradients was taking place.
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The channel non uniformity, caused by defocusing of the prepulse, described above
prevented the laser from being guided over the complete length of the nozzle (>1 mm).
This has never previously been observed experimentally, but a similar effect has been
predicted theoretically [43]. It was crucial to determine the origin of the channel non
uniformity and if possible, to overcome it, if this wave guiding scheme were to be used
in any applications. The laser and target parameters that were required to overcome the
defocusing of the prepulse were studied in order to create long regions of plasma capable
of guiding the laser pulse over distances approaching 1mm.

5.2.2 Increase in channel wall electron density due to optical
ionisation.

Another novel feature of this interaction was clear from a comparison of the fringe shifts
at the channel walls in figure 5.1 (c) before the arrival of the STW pulse, and in (b) after
the arrival of the 5 TW pulse. In (b) the shifting of the fringes is significantly increased
over (a), indicating an increase in the electron density at the channel walls due to the 5
TW pulse. This feature has also not previously been treated experimentally or
theoretically. Two possible mechanisms for this were, either an increase in the ionisation
stage due to tunnel ionisation at the shock fronts, or ponderomotive expulsion of
electrons from the channel. The ponderomotive ejection of electrons over distances of
50-100um in the presence of the space charge restoring force would require intensities
greater than 1x1018 Wem2 which was very unlikely for these laser parameters , and this
mechanism was rejected.

In order to determine if optical ionisation could cause this increase, the intensity of the
pulse was estimated at the channel walls. If the beam was simply assumed to have a top
hat profile, that completely filled the channel, then the intensity at the walls, 100pum from
the centre, would be Iy = 1.6x1016 Wem 2. This would be enough to tunnel ionise
Neon up to 3*. An increase in electron density would be observed, when the STW pulse
arrived, if the existing ionisation stage at the channel walls were less than 3*. This
possibility was studied quantitatively by observing the interaction of a STW pulse with
Helium gas. It was also compared to calculations of the ionisation balance at the shock
front in Neon obtained from hydrocode simulations coupled with the average atom
model. This experiment and the sifnulations are described in section 5.4 after the
investigation of the channel non uniformity.
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The features observed in the deflectograms were confirmed with the corresponding
images of self emission obtained on the same shots at a wavelength of 0.625 + 0.25um.
Figure 5.2 (a) shows the self emission image obtained when the 5 TW pulse interacted
with the neutral gas and Figure 5.2 (b) shows the self emission image obtained when the
5 TW pulse was focused into the waveguide formed with the 1% prepulse.
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Figure 5.2 Images of plasma self emission obtained for, (a) the 5 TW pulse with no
prepulse and (b) the STW pulse focused into the waveguide formed after allowing the
channel produced by the 1% prepulse to expand for 2.3ns. These images corresponded
with the deflectograms in figure 5.1 (a) and (b) for a peak Neon gas density of 5x1019
cm‘3, at the nozzle centre.

The self emission images showed that the onset of plasma emission was shifted along the
laser propagation axis by approximately 500um when the high intensity pulse was .
focused into the guide. The high intensity beam was therefore guided over a distance
equivalent to approximately 20-50 defocusing lengths. This agreed well with the
observed channel length in fig 5.1(b).
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5.3 Study of non uniform channel formation.

The most straightforward analysis of the guide is to use a simple comparison to an
optical fibre with a step function in the refractive index between the cladding and the
core, as was described in section 2.1. Geometric optics theory based on Snell's laws
then gives the critical angle that will be guided by the change in refractive index between
walls and channel, as 6c = cos-! (Ucl / KUeo), where e is the refractive index of the
walls and pco is the refractive index of the channel. At electron densities << n¢ the
refractive index can be approximated by p = ne/2ne. The density at the shock front was
measured by inverting a fringe at the vacuum focusing position (at z = zyf ). The
electron density was found to be 6x1019 cm3 at the shock front and 2.4x1019 ¢m3 in
centre of the channel. This gave O = 10 degrees, and agreed well with the measured
refraction angle of most of the ionisation channels that were observed to emerge from the
end of the channel in figure 5.1(b). However, some of the small scale channels refracted
off the high density regions at angles much greater than 10 degrees. This break down in
guiding was also confirmed by a fall rather than a rise in the measured percentage of laser
energy transmitted through the plasma when the laser was focused into the wave guide.
The percentage transmission was 2% in the guided case compared to 3% with no
preformed channel. It is clear from these measurements that channel non uniformity sets
an important limitation on the distance over which guiding can be achieved.

The most probable reason for the closure of the channel was defocusing of the 1%
prepulse, either from the 5.7 degree focusing optic cone angle or from ionisation induced
refraction. In the absence of refraction, the depth of focus of the beam in vacuum
depended on the near field beam profile, top hat or Gaussian. In vacuum the diffractive
spreading of a laser pulse with a Gaussian spatial profile is characterised by the Rayleigh
length Lr= (0,2 / A), the distance before or after focus before the intensity is reduced
to half of its peak value at best focus. For a Gaussian spot radius of 25um
(corresponding to the measured width of 30um) LR = 1.8mm.

If however, the pulse had a top hat spatial profile, the diffraction limited depth of focus
of the beam depends on the F/number of the focusing optics (F/*) and the laser
wavelength A, [99] dz = 0.5(2F/*)2\. (This definition is slightly different to the
Rayleigh length in that it defines the distance required for the intensity to reduce by 20%
rather than 50%). For F/5 and A = 1.054jum, dz = 50um. At distances much greater
than dz the radius of the laser spot was determined by the geometric expansion at the 5.7
degree cone angle of the F/5 optics. In this case the length of the plasma formed by the
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prepulse would be determined by the radius at which the intensity fell below 9x1014
Wem 2,

For a 1% prepulse with a beam power, P = 50 GW the intensity fell to 9x1014 Wem-2 at
a distance ~ 300um on either side of focus. However, in figure 5.2(c) the length of the
channel was observed to extend up to 500um after zyf. This can be explained by
hydrodynamic expansion of the plasma after end of the prepulse. If the channel
expanded at the same rate along the z axis as it did in the radial direction then the end of
the channel would travel around 100um in the time period of 2.3ns before the arrival of
the main pulse.

A comparison of deflectograms taken 500ps and 2.3ns after the termination of the
prepulse in Nitrogen at a centre nozzle density of 1x1020 cm-3 confirmed that
hydrodynamic expansion did increase in length of the channel over this time scale (by
200um in this case). A quantitative comparison between Nitrogen and Neon at these
different densities was difficult because there are too many parameters, such as the laser
absorption, plasma temperature and expansion velocity to be taken into account. It did,
however qualitatively confirm that there was significant plasma expansion along the z
axis after the termination of the prepulse. Following this it was reasonable, therefore,
that the length of the plasma formed by a 1% prepulse in Neon at a density of 5x1019
cm-3 was determined by the intensity of the beam due to the focusing optics and by
hydrodynamic expansion along the z axis. The effect of refraction on the length of the
channel was determined by increasing the gas density.

5.3.1 Variation of channel length with gas density.

The formation of a wave guide in Neon at a higher gas density of 1x1020 cm-3 showed
how refraction reduced the length of the channel. Deflectograms of the interaction of a
3ps pulse with neutral Neon can be seen in figure 5.3(a) and in (b) with a preformed
channel (in this case formed by a prepulse formed 1.5ns before the main pulse). The
corresponding images of the self emission can be seen in Figure 5.3 (c) the neutral gas
and (d) with the 1.5ns prepulse. From figure 5.3(a) the increased gas density was
observed to cause stronger refractive effects when the 7 TW pulse was focused into the
jet, without a density channel. It can be seen from Figure 5.3(a) that plasma again broke
into many ionisation channels , which propagated at angles of up to 50 degrees. The
radius of the plasma at z = zyf was approximately 1251um, much larger than the 15um
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radius of the spot in vacuum. It can also be seen from figure 5.3 (c) that the onset of
plasma self emission occurred further before the vacuum focus at z = zyf- 457um .

Using the same geometric optics approximation as in section 4.5.3, a spot radius of
60m corresponded to a vacuum intensity of 4x1016 Wem-2 at this position, for a flat
top beam. From the gas jet characterisation the gas density at this point was 8x1018 cm-
3, giving an electron density of 4x1019 ¢m-3 for Z* = 5+, from the Coulomb barrier
model [16]. An order of magnitude estimate of the refraction angle at zyf from equation
(26) was 8 degrees for an average electron density of 4x1019 cm3, and a radial scale
length of 60pm acting over a length of 470um. If the refraction angle was constant at 8
degrees until zyf, the laser would expand from a radius of wg = 125um at zvf, in

reasonable agreement with the plasma radius of 140pm observed in fig 5.3(a).

When the pulse was focused into a plasma wave guide 1.5ns after the termination of the
10% prepulse there was evidence of some light confinement before the end of the
channel, the refraction angle of the filaments was also reduced but only from 50 to 45 as
can be seen in figure 5.3(b). A region of self emission was also seen in this figure at
z =zyf + 350um , this was again the result of the high intensity beam interacting with the

high density plasma at the end of the channel.

The self emission image of the beam within the channel in figure 5.3 (d) showed that the
beam was guided with an approximately constant radius of 20pum over a distance of
400um before it encountered the end of the channel. At this point there was an
approximately circular region of extremely strong emission, 180um wide and centred
around a point 280um from zyf . The location of this region corresponded well with the
self emission feature observed in the deflectogram of figure 5.3(c), this was the non
uniform plasma that blocked the end of the channel.
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Using the same geometric optics approximation as above, for the 10% prepulse would
predict the onset of plasma formation around 1.2mm before zyf. However, the gas
density at this point was negligible. Detectable plasma, capable of refracting the pulse,
would have been formed as soon as the electron density increased above 1x1012 cm3.
According to the gas jet characterisation this would have occurred 500pum before the
vacuum focusing position (at z = zyf - S00um), where ny = 8x1018 ¢m-3, 1 = 3x1015
Wem2 and Z* = 2+ from the Coulomb barrier model [16].

If the length of the channel was determined by the focusing optics then it would occur at
the same position regardless of gas density. Figure 5.3 (c) and (d) showed that this was
not the case, as at this higher density the length of the channel was located 400um after
the vacuum focusing position (at z = zyf + 400um), compared to 550um after (at z = zyf
+ 550um), for lower density case in figures 5.1 (b) and 5.2 (b). A summary of the
measurements of the Jocation of the end of the channel for the 1 and 10% pre-pulses over
a range of gas densities for a prepulse advance of 2.3ns is shown in Figure 5.4
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Figure 5.4 Channel length versus gas density for He, Neon and Nitrogen td = 2.3ns

From figure 5.4 the length of the channel measured from zvyf, for the 1% prepulse can
be seen to reduce as the gas density increased. This was the result of refraction of the
prepulse from the ionisation induced density gradients at densities greater than 5x1019
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cm-3. The fact that the channel length in Helium agreed with Neon to within the
experimental uncertainty at gas densities below 5x1019 cm=3 confirmed that refraction
was not the limiting factor at this density.

5.3.2 Limitation of the guiding length due to the energy
content of the prepulse.

In most of the laser plasma applications relevant to the work in this thesis the object of
using a channel to guide the high intensity pulse is to maximise the length of the high
density and intensity interaction. To investigate the optimum parameters for maximising
the channel length and uniformity the relative delay between the two pulses was varied
and measurements of the density gradients, self emission and the energy transmission
were made. The series was undertaken with the gas jet density reduced to 3x1019 ¢cm-3
to minimise the effects of refraction on the length of the channel. Figure 5.5(a)-(c) Moiré
deflectograms and the corresponding self emission images in figure 5.6 (a) - (c) of the
interaction of STW pulses with the gas jet at a centre gas density of 3x1019 cm-3 showed
how the channel developed as the delay between the 1% prepulse and the heating pulse
was increased.

It should be noted that in the deflectograms in figure 5.5 (c) the film pack was moved so
that the vacuum focusing position was on the extreme right hand side of the field of
view. This explains why the join between the filters does not match figures 5.5 (a) and
(b). This was done to enable the end of the channel to be observed as it expanded further
along the z axis with increasing prepulse advance.
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Figure 5.6 Increase in guiding length as a function of prepulse advance, (a) 500ps, (b)
Ins, (c) 2.3ns. All these images corresponded to the deflectograms in figure 5.5 (a), (b)
and (c).

It is clear from figure 5.6 that as the prepulse advance increased from 500ps to 2.3ns the
self emission region was displaced by 700um along the z axis, corresponding to a
guiding over approximately 20 defocusing lengths. There were a number of features
visible in both figures 5.5 and 5.6 which confirmed that increasing the delay between the
prepulse and the interaction beam created a longer and more uniform plasma that guided
the pulse further into the gas jet. In figure 5.5 the distance between the end of the
channel and zyf increased from 400pm to 600um as the delay increased from 500ps to
2.3ns. Secondly, there was no smudging of the fringes outside the channel in figure 5.5
(¢), indicating that the wave guide became more effective in confining the laser light as
the prepulse advance increased. Thirdly, the ionisation channels at the end of the channel
refracted at a marginally smaller angle in figure 5.5(c) compared to (a). Fig 5.7
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summarises the increase in the channel measured by the deflectometer and the increase in
guiding length inferred from the self emission.

| —
700
650
600
550
500
450
400

350 B

0 500 1000 1500 2000 2500
Time (ps)

Guiding distance
from self emission

Sa

f

Length of channel
from Moire

ll'llllllf1l|||ll'llllll‘lIll]lilllll

Distance from zZ (1m)

-
lIIIIllllllllllllllllllllIjllllllllllll

1 1 il 1 l J 1 1 1 l L L 1 L l | 1 ] (]

Figure 5.7 The open circles show the measured guiding distance obtained from the self
emission images while the triangles show the measured channel length from the Moiré as
a function of prepulse advance. The full lines show the increasing trend in the data as the
prepulse advance increases. '

The large scatter in the Moiré data was the result of differences in the laser energy and in
the uncertainty of the location of the measuring the location of the end of the channel due
to the non uniform nature of the plasma there. Both the self emission and Moiré data
supported the interpretation that the high intensity beam was guided over longer distances
as the prepulse advance was increased. This occurred because the channel expanded
further along the radial and longitudinal axes and the plasma at the end of the channel
became more uniform as the time interval increased. The percentage of laser energy
transmitted within the acceptance angle of the calorimeter also confirmed this
interpretation and is plotted in figure 5.8.

The fraction of laser energy increased from 3 to 9% and the length of the channel
increased from 400 to 580um as the relative time interval increased from 500ps to
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2.3ns. The maximum transmission was found from figure 5.8 to be 9% at the maximum
advance of 2.3ns. A transmission fraction of 9% within the acceptance angle of 5.5
degrees of the calorimeter corresponded to a refraction angle of 18 degrees. It was
shown in section 5.3 that the maximum angle of propagation of a bound ray for this
channel was around 10 degrees. The 18 degree angle was the result of refraction in the
non uniform plasma created at the end of the channel.
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Figure 5.8 The open circles show the measured fraction of laser energy transmitted as a

function of prepulse advance. The full line is a polynomial fit to the data showing the
increasing trend

To investigate the source of the channel non uniformity a deflectogram of the channel
before the arrival of the 5 TW pulse was obtained. This channel was allowed to expand
for the maximum advance of 2.3ns. Figure 5.9 shows a Moiré deflectogram of the
development of the channel after expanding for 2.3ns after the incidence of the 1%
prepulse.
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Figure 5.10 Density profiles of the waveguide before the arrival of the main pulse.

This low level of ionisation was supported by the observed increase in electron density
when the high intensity pulse was guided through the channel as described in section
5.2.2. This issue was investigated quantitatively by measuring the density conditions
that existed in the shock before and after a STW pulse was focused into Helium at the
same gas density ng = 3x1019 ¢m3 as for figure 5.9.
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5.4 The ionisation balance at the shock fronts in Helium.

The measurements described for Neon at a gas density of 3x1019 cm™3 and with the 1%
prepulse were repeated for Helium at the same gas density. Figure 5.11 shows
deflectograms of (a) the refraction of the laser without a guide, (c) the main pulse
focused into the channel formed after expanding for 2.3ns, (b) the density channel 10ps
before the arrival of the main pulse.

The refraction angle of o = 17 degrees that can be observed in figure 5.11(a) agreed well
with the refraction angle of 14 degrees inferred from the measured laser transmission
fraction of 14%. These results were also consistent with the refractive effects observed
when the laser pulse was focused into Neon.

It can be seen by comparing figure 5.11(b) and (c) that when the main pulse was focused
into the channel the number of fringe shifts occurring at the channel walls increased.
This corresponded to an increase in electron density. Figure 5.12 shows electron density
profiles at the same positions on the z axis as (1) and (2) in figure 5.9(b) and (c).
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Figure 5.12 Increase in electron density at the shock front, due to optical ionisation.
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From the profiles in figure 5.12 the density at the channel walls was a factor of 2.7
higher when the high intensity pulse was focused into the channel compared to the
electron density just before the arrival of this pulse. The most probable cause of this
increase was through tunnel ionisation by the main pulse. A crude estimate of the
intensity at the channel walls was obtained by assuming a top hat spatial profile with
radius equal to the channel radius. For this shot the laser power was 4TW, giving an
intensity at the channel walls of 1.7x1016 Wem™2, for a channel radius of 100pm. This
intensity was significantly above the threshold of 9x1015 Wem2 for doubly ionised
Helium. If it was assumed that the shock became doubly ionised ( Z* = 2) following the
arrival of the main pulse, then the ionisation stage before this was indeed less than 1, at
Z* =0.75.

This was in fact an upper limit because the assumption of a flat top beam would
overestimate the intensity at the shock fronts compared to a profile such as a Gaussian.
If the main pulse profile was a Gaussian with a 1/e radius of, ®o = 100um then the
intensity at the shock front was 4x1015 Wem2 and Z* = 1. This indicated that the
ionisation stage before the arrival of the main pulse was then Z* = 0.37. The real
situation is likely to fall somewhere between these two extremes. This confirms that the
ionisation stage at the shock front was less than unity. This section showed that the
observations with Helium were completely consistent with the observed increase in the
electron density at the shock fronts in Neon following optical ionisation by the main
pulse. The data in both cases were consistent with low ionisation stages at the shock
fronts, this suggested that the plasma had recombined strongly after the 2.3ns expansion
time. Hydrodynamic simulations were carried out to investigate the mechanisms
affecting the electron density, ion density and ionisation balance throughout the temporal
and spatial evolution of the plasma.

5.5 Simulations of channel formation.

The simulation of channel formation and expansion has been described in detail in
section 2.4. The deposition of energy in the centre of the plasma was treated as a free
parameter and varied until the simulated expansion characteristics matched the observed
expansion measured by the Moiré deflectometer. In order to match the simulated electron
density to that measured by the deflectometer it was also necessary to account for the non
equilibrium nature of the plasma. This was achieved by post processing the output of the
hydrodynamic simulations with an average atom treatment of the ionisation. This model
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has also been described detail in section 2.2 and has been used to successfully model
transient ionisation in chlorine plasmas [68] and to model the initial stages of collisional
ionisation in chapter 4. Figure 5.13 shows the simulation results for the expansion of
the density channel following the irradiation by a 1% prepulse in Neon at an average gas
density of ng=2.5x1019 cm-3
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Figure 5.13 Simulations of electron density at na=2.5x1019 cm3 for the 1% prepulse.
The non physical double pulse structure that develops after 0.6ns in the electron density
profiles is caused by a limitation of the Average Atom model that sets the minimum
ionisation level to Z* =1 [68].

It can be seen from this figure that the peak density reduced as the channel expanded.
This was due to recombination in the cooling plasma, confirming the interpretation in the
previous section. The decrease in shock density with time supported the interpretation of
the low ionisation balance observed at the shock fronts in the Helium and Neon data,
described in section 5.2.2 and 5.4. A more detailed analysis of the simulation examining
the ionisation stage Z*, electron and ion density for one time step confirmed this

interpretation, and is shown in figure 5.14.
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The profiles shown in Figure 5.14 showed a large decrease in the ionisation stage from
around Z*=8 at r = 20um to Z* = 1 at the shock front, r = 90pum. This strongly
supported the interpretation of the Helium and Neon data that the ionisation stage was
reduced near the shock front. However, this model could not be compared directly to the
data because the minimum ionisation stage was artificially limited in the simulation to Z*
= 1. This explained why the electron density replicated the ion density at the shock front
and predicted a peak electron density of over 1x1020 ¢m-3 compared to the value of
4x1019 cm-3 measured from figure 5.10 for the same atomic density. If the model could
predict levels of ionisation less than 1 then there would have been closer agreement with
the data.
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Figure 5.14 Electron and ion density and the ionisation stage, Z*, for the simulation at
2ns. The double structure seen in the electron density profile is a result of the artificial
limiting of Z* =1 in the Average Atom model [68].

These simulations confirmed that the ionisation balance at the channel walls was low

prior to the arrival of the 5-7TW pulse and the increase in the electron density was
caused by optical ionisation due to the interaction pulse.
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5.6 Study of guiding with 10% pre-pulses as a function of
prepulse advance

The previous section showed that the length over which guiding occurred was limited by
defocusing of the prepulse from two distinct limiting mechanisms. The first at gas
densities greater than 5x1019 cm3 was due to refraction of the pre-pulse from the
ionisation induced density gradients. The second, at densities below 5x1019 cm=3, was
due to a combination of the energy content of the prepulse and the natural divergence of
the beam due to the focusing optics. It was shown in section 5.3 that for the 1%
prepulse, the distance over which guiding occurred was ultimately limited by the high
density plasma formed at the end of the channel. To maximise the channel length for a
given prepulse advance required a prepulse with a higher energy content. There were
two reasons for this, (i) the initial length of the plasma that was created extended for a
greater distance after zvf, due to the increased laser power. (i) The electron temperature
was higher for 10% compared to 1% pre-pulses and so the channel expanded more
rapidly , thus reducing the density of the plasma at the end of the channel.
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Figure 5.15 Channel expansion characteristics for an initial spot width of 30um. The
filled circles are the channel radii measured by the Moiré deflectometer for the channels
produced by 1 and 10% prepulses. The full lines are the results of simulations with the
MEDUSA code over arange of energies.
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A study of the optimum channel formation in Neon and Helium at a nozzle centre gas
density of 3x1019 cm-3 was carried out as a function of prepulse advance for the 10%
prepulse. To gain an insight into the increase in the electron temperature that drove the
channel expansion for the 1 and 10% prepulses 1D simulations were fitted to the
observed expansion characteristics, as described in section 2.4 and 4.3.6. Figure 5.15
shows the channel expansion measured at the same position in the gas jet for 2.5x1019
cm-3 Neon for the two levels of prepulse.

The accuracy of the temperature measurement from the channel expansion was limited
both by limited number of measurements taken and the uncertainty of the initial channel
radius at zero time. This was estimated from the spatial radius of the plasma observed
for the full energy shots. The best fits to the data were Te = 400eV and 2.3 keV for the
1% and 10% pre-pulses respectively. If there was no defocusing then the laser intensity
was around 5x1015 and 5x1016 Wem2 for the 1% and 10% prepulses respectively. The
absorption model of Pert [31] predicted a temperature of Te = 382 eV and 1912 keV
respectively for these laser intensities. This agreed very well with the temperatures
obtained from the simulation. However, as a result of the uncertainty in the initial
plasma size the error in the temperature inferred from these simulations was not less than
a factor of 2.

The density and self emission measurements were repeated with the 10% prepulse to
investigate if this improved the capabilities of the channel to guide the pulse over longer
distances. Moiré deflectograms of the interaction of 7 TW pulses with Neon at a centre
density of 3x1019 cm-3 are shown in Figure 5.16 (a) 500ps (b) 1.5ns and (c) 2.3ns.
Evidence of guiding over longer distances was also obtained from the images of the self
emission in Figure 5.17 (a) 500ps (b) 750ps (c) 1.0ns (d) 1.5ns and (e) 2.3ns.
Generally the observations were of the same nature as for the 1% prepulse but the
channel increased more rapidly in the radial and axial directions as the delay time
increased. The most important difference was the lack of regions of self emission in any
of the deflectograms in figure 5.16 even at the earliest times. This was because the
increased energy of the prepulse caused the plasma to expand more quickly, removing
the high density regions at the end of the channel.

The loss of contrast in the outer radial regions of the deflectogram of the channel was
again observed at a delay of 500ps, as'shown in Figure 5.16 (a). This showed that some
leakage of the beam had taken place, as a result of the less than fully developed shock
fronts at this time. The ion density of the radial shock wave increased as the time delay
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increased and strong evidence of guiding over the length of the nozzle was observed
when the delay was increased to the maximum of 2.3ns in Figure 5.16(c). A number of
features from figure 5.16(c) were consistent with guiding over the whole length of the
gas jet. The channel was observed to extend over the whole field of view, at least
790pm past zyf. Strong fringe shifts were also observed close to the centre of the
channel over a width of approximately 30um. These were the result of additional
ionisation arising from the passage of the main beam The shifts extended along the z
axis for 640um past the vacuum focus at (z = zyf) at an approximately constant radius of
18um. It will be shown that this consistent with the propagation of the beam at the
fundamental mode size of the guide [42]. Finally there was little or no evidence of beam
leakage as the density at the shock front was fully developed.

In figure 5.16 (c) two additional symmetric ionisation channels were observed to develop
from the main beam as it propagated through the guide. These channels then propagated
away from the z axis at 10 degrees. If all the beam energy were contained within this 10
degree cone angle, the fraction of energy measured by the calorimeter would have been
30%. The measured transmission fraction was actually less than this at 22% which
corresponded to an average refraction angle of 12.5 degrees. The most likely source of
the additional refraction was from regions of neutral gas at the end of the channel.
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Figure 5.17 Self emission images for increasing prepulse advance , (a) 500ps, (b)
750ps, (c) 1Ins, (d) 1.5ns and (e) 2.3ns. The images for delays of 500ps, 1.5ns and
2.3ns corresponded to the deflectograms in figure 5.16 (a) , (b) and (c).
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5.6.1 Guiding over 70 defocusing lengths

The evolution of the self emission images with increasing prepulse advance supported
these observations. The extent of the self emission increased from 600 to 900um as the
delay increased from 500ps to 2.3ns. The width of the self emission also reduced as the
delay increased above 750ps, confirming that guiding at the fundamental mode size of
the channel occurred. A graph of the increase in guiding length with prepulse advance
from the self emission images is shown in figure 5.18.
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Figure 5.18 The filled circles show the guiding length measured from the extent of the
plasma self emission in figure 5.17 (a) -(¢). The diamonds show the measured laser
energy transmissions for the same shots. The full lines are linear and quadratic fits to the
guiding length and transmission respectively. These fits indicate the increasing trend of
both the guiding length and energy transmission fraction.

It can be seen from figure 5.18 that there was a definite correlation between the guiding
length observed from the self emission and the measured energy transmission fraction
(corrected for the contribution of the fraction of the 10% prepulse that was transmitted).
The maximum transmission corresponded to a divergence angle of the beam of 12.5
degrees. This was compared to the critical confinement angle obtained from the density
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profile of the shock. The electron density was measured at two points (1) zvf and (2)
zyf + 200pm along the z axis as marked in figure 5.16(c), The corresponding electron
density profiles can be seen in figure 5.19 at both points. It can be seen that the central
plasma formed at (2) (at z = zvf +200um) had a diameter (at half the maximum density)
of 181um £ 8um.
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Figure 5.19 Electron density profiles from the deflectogram at a prepulse advance of
2.3ns. If a Gaussian profile is fitted to the plasma at the centre of the channel at fringe
position (2) then this corresponded to a spot diameter (full width half makimum) of
18um. A simple analysis of the refractive index change at fringe position (1)
demonstrated that the guide would confine rays with angles up to 10 degrees.

The simple ray optics treatments of the channel resulted in a critical angle, 8¢ = 10
degrees at position (1) (z = zyf). If all the energy was confined by the plasma and the
channel extended over the whole length of the gas jet the fraction of energy transmitted
measured by the calorimeter would be 30%. The measured transmission was 22%
implying that the either the channel did not extend over the entire gas jet or that there was
some energy leakage through the shock fronts. The most probable interpretation was
that the energy transmission was still limited by the channel length and not leakage. This
was confirmed from the observation that the density of the shock fronts on one side of
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the channel could be seen to reduce towards the end of the field of view in figure 5.16
(c). The intensity at the centre of the channel was estimated from the density profile at
point (2) z= 200 + zyfto a ﬁrst approximation by assuming a flat top focal profile. The
radius was 18um and the mean intensity for a beam energy of 12J and a laser pulse
length of 3ps gave an intensity of 6x1017 wem2,

2
5 10 5 [ 1 ] ) ¥ I L] 1 1 1 | ] q L L1 1 I ¥ ¥ i ¥
E 410°° [ .
= - )
2 3105 [ |
b} o o
= - ]
S 210°°L N
S L. .
vd; L -
g - ]
= 110°L J
1 ' 1 1 1 7
0 510° 0.0001 0.00015 0.0002

Radius (m)

Figure 5.20 The points show the experimental density profile obtained by Abel inversion
of figure 5.15 (c) at position (1). The full line shows the quadratic fit to the experimental
guide density profile.

A more accurate method is to fit a Gaussian to the profile [42], then use the Coulomb
barrier model to estimate the guided pulse intensity. However this method required
knowledge of the ion density, which could not be measured at the centre of the channel.
However, if it was assumed from the simple top hat assumption that the peak intensity
was greater than 2x1017 Wem2 then the plasma would have been in a He like ionisation
stage (8+), giving an ion density of 3.3x1018 cm-3. A Gaussian fit assuming this ion
density gave a 1/e radius wg = 10um % 5um, which agreed well with the simple estimate
from the flat top profile. This was compared to the radius of the fundamental mode of a
Gaussian beam through a waveguide, wq as described in section 2.1,
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The guide parameters from the quadratic fit to the density profile shown in figure 5.20.
In SI units the parameters were, ng = 5.5x1024 m'3, a=1andb=1.8x102 m-2. The
1/e radius of the fundamental mode was wg = 19um from equation (41). Considering
the approximate nature of the Gaussian fit to the plasma profile this agreement was very
reasonable. This confirmed that the density profile observed at the centre of the channel

resulted from optical ionisation from the main laser beam propagating at the fundamental
mode width wg.

This experiment investigated guiding of terawatt pulses in dense gases where refraction
was important. This regime was relevant for applications such as particle accelerators [9]
and studies of relativistic self focusing. It showed that the use of plasma wave guides in
this regime could overcome the very strong refractive effects. The focused intensity in
the plasma was increased by more than an order of magnitude from 2x1016 Wem-2
+50% to 1x1018 Wem 2 + 50% by focusing the 5STW pulse into the waveguide rather
than the neutral gas. For applications such as the recombination X-ray laser it was
neéessary to study guiding in denser plasmas with shorter pulse durations and lower
intensities. Guiding in plasmas with these parameters was studied by focusing a KrF
laser at a wavelength of 0.248um, a pulse duration of 350fs into Neon gas at a density of
1.5x1020 atoms cm™3 and a maximum intensity in vacuum of 4x1017 Wem2.

5.7 Channel formation with 500GW, KrF laser pulses.

In these experiments the conditions required to guide a laser pulse in a density channel
was studied with KrF laser pulses with A = 0.248um and a temporal pulse width of
0.350ps. The gas density was increased to 1.5x1020 ¢cm-3, however for A = 0.248um,
the critical density was also increased to n¢ = 1.78x1022 cm3. For this experiment the
ratio of the gas to the critical density was an order of magnitude less than the experiments
with the 1um laser ( ng / n¢ ~ 0.001 compared to > 0.01 for the 1um experiment). As a
result refraction was not as obvious, but it did affect the formation of the channels to
some extent. For measurable gain in the X-ray laser long interaction regions are required
and so the limitations of channel formation was an important subject to be studied for the
feasibility of this scheme.
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The diagnostic set up used in this experiment was similar to the previous experiments
except that the calorimeter was replaced with a lens to image the refraction of the incident
interaction beam. This enabled the distribution of light refracted with and without the
preformed plasma to be compared directly. The Moiré density gradient diagnostic was
again used to give a simultaneous picture of the plasma density. The self emission
diagnostic did not produce well defined images and was not used. The imaging system
used for this diagnostic was a quartz doublet with an aperture of 100mm and a focal
length of 250mm. The numerical aperture of the F/2.5 optic allowed the capture of rays
within an angle of 11 degrees, rays that were refracted at angles greater than this did not
reach the detection system. The laser was again focused S00pm before the nozzle centre
( defined as the point zyf) and the lens system imaged a point at 390um after the vacuum
focus (at z = zyf + 390um). A description of the laser system and diagnostics was
included in the diagnostic section of chapter 3. The pre-pulses were formed with a 50%
beam splitter, so that the channel was formed by a pulse with an identical energy to the
guided pulse. This was useful because it allowed the formation of the channel to be
directly compared to the initial plasma formation.

5.8 Channel formation in Neon

Moiré deflectograms of plasmas formed in Neon with gas density at the centre of the
nozzle of 1.5x1020 ¢cm=3 are shown in figure 5.21(a) no channel, (b) the channel
expansion after 800ps and (c)the channel plus the high intensity pulse. It can be seen
from figure 5.21 (a) that the plasma expanded radially as the laser propagated along the z
axis. From this figure the angle was measured to be approximately 6 degrees. The cone
angle of the focusing optics was also 6 degrees so it was possible that this plasma
expansion was the result of normal defocusing of the beam. The numbers on the bottom
of each figure mark the positions of the fringes that were inverted to obtain the electron
density profile. The maximum plasma radius within the field of view of the figure was
66um at z = zyf + 625um, if the spatial profile of the beam was a top hat then the
intensity at this point was 1.5x1015 Wem 2. From the Coulomb barrier model a Neon
plasma would be singly ionised at this intensity. This is in qualitative agreement with the
observation of plasma at this point. A

Figure 5.21 (b) showed how the plasma developed after a delay of 800ps. A channel
with well defined density jumps at the shock fronts could be observed to exist from z =
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5.8.1 Plasma density profiles formed by focusing the laser
into the neutral gas.

The fringes in figure 5.21 were inverted at intervals along the z axis to give the density
profiles along the length of the channel. Figure 5.22 shows electron density profiles at
points (1) to (3) along the z axis for figure 5.21(a).
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Figure 5.22 Density profiles along the axis of the gas jet for points (1) z = zyf +100um,
(2) z=zyf +400pm and (3) z = zyf + 550um. The plasma density was highest near the
focus point, (1), and decreased as refraction lowered the laser intensity as it propagated
to points (2) and (3).

From the density profiles shown in figure 5.22 it can be seen that the peak electron
density was reducing as the laser propagated towards the centre of the gas jet (at z = zyf

+ 500um). According to the characterisation the gradient in gas density in section 3.1,
the peak electron density at point (1), z= zyf + 100um, represented an ionisation stage
of 7 - 8%, this reduced to less than 1% at point (3), z = z+ 550um. The intensity was
estimated, from the Coulomb barrier model [16] to fall from I =1 - 2x1017 Wem2 at
point (1) to less than 9x1014 Wem2 at point (3).
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If the beam expanded with the 6 degree divergence angle of the focusing optic the
intensity at z = zyf + 550um would have been around 1x1015 Wem-2, close to the

threshold. The refraction angle from equation (20), was 6.8 degrees for A = 0.248um,
an average scale length dr = 20pm, density, ne = 3x1020 ¢cm-3 and plasma length, dl =
300um. Refraction from the density gradient consequently caused defocusing of the
same order as the natural divergence of the focusing optic.

5.8.2 Plasma density profiles after the plasma had expanded
for 800ps.

The density profiles along the z axis of the channel formed after allowing the plasma to
expand for 0.8ns can be seen in figure 2.23.
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Figure 5.23 Density profiles along the z axis for the channel only at the points
(3) z = zyf+ 50um, (4) z = zyf + 250pum and (5) z = zyf + S00Um.

The density difference between the expanding shock front and the centre of the channel
was used as a simple estimate of the range of angles that were confined by the plasma.

Following the ray optics treatment of section 2.1, the critical angle for the shock near the
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middle of the guide at point (5) z = zyf + 250um was, O¢r = 6 degrees, from equation
(38). This coincided with the observed refraction angle of the plasma without a guide in
figure 5.22 and so the guide should be capable of confining all of the beam within the
channel walls. The relative density difference between the channel centre and the walls
can be seen to first increase up to point (5) (at z = zyf + 250um) and then decrease for
(at z > zvf + 300um). The initial increase was due to the gas density gradient, while the
decrease after zyf + 300pum was due to the beam defocusing that reduced the energy
deposited in the plasma. The reduced energy content of the plasma, reduced the rate of
expansion, and led to limited channel formation after zyf + 300pum.

5.8.3 Density profiles of the plasma formed within the
channel. '

When the second pulse was focused into the channel, regions of plasma with greatly
enhanced densities were observed. This proved that the channel was confining the pulse
and maintaining the laser intensity for distances much greater than the characteristic
defocusing length. The electron density profiles at the evaluated at the points (7), (8) and
(9) can be seen in figure 5.24.
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Figure 5.24 Density increase due to channel guiding at points along z axis for points (7)
z=zyf +215um, (8) z = zyf + 430tm and (9) z = zyf + 500um.
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The electron density profiles within the channel shown in figure 5.24 were all greater
than the corresponding profiles with no wave guide shown in figure 5.22. This was true
for all points along the z axis, from (at z = zyf) to the end of the channel (atz = zyf +
500pm). It was clear from this that the shock fronts that formed the channel walls did
confine the beam within the channel walls. The most striking feature of the density
profiles that proved the guiding efficiency of the channels was the increase in plasma
density at point (8) (at z = zyf + 4301um) by a factor of 7 for the guided case compared to
the density at point (2) (at z = zyf + 400um) for the plasma formed without a guide.
This density increase must have been due to higher levels of optical ionisation within the
guide, again proving that the laser was enhanced by the wave guide at this point. The
increase in intensity was explained with a simple geometrical analysis of the divergence

of the beam, as shown in fig 5.25. :
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Figure 5.25 Geometric interpretation of the observed increase in plasma density. As the
beam expanded due refraction at an angle of 6 degrees it first encountered the shock front
after propagating for 200pm. It was then reflected off the density gradient at the same
angle into the guide.

These studies confirmed that the guide was capable of confining rays with angles less
than 6 degrees, in agreement with the geometrical optics estimate of the critical angle Or
= 6 degrees that was obtained in the previous section. The radius of the guided laser
beam was inferred from the width of the region of enhanced density, this was measured
to be 25um from figure 5.24. This plasma size was compared to the radius of the
confined laser beam, obtained from the images of the transmitted laser light, shown in
figure 5.26. )
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The features of the beam within the channel were clear from a comparison of figure 5.26
(b) and (c), that showed that the laser intensity within the channel was significantly
enhanced when the channel was present. A more quantitative analysis was obtained

from 1D cross sections through figs 5.26 (b), (¢) . The results can be seen in figure
5.27.
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Figure 5.27 Laser intensity with and without the guiding channel. The laser spot size
within the waveguide was a factor of 2.25 less than the unguided case.

The radius of the beam without the guide was 45um ( defined as the radius where the
intensity fell to half the maximum). When the beam was focused into the guide the
radius reduced to 20um. The guide thus decreased the laser radius by a factor of 2.25
when the beam was focused into the plasma guide. The reduced beam radius was also
completely consistent with the factor of 5 increase in the peak intensity observed in figure
5.27. A comparison between the beam radius within the guide and the radius in vacuum
showed that channel also overcame the natural divergence of the beam due to the
focusing optic. The beam radius within the guide also corresponded well with the
observed radius of 25tm of the high density plasma created at point (8) (at z = zyf +
430um) in figure 5.24. The formation of preformed plasmas capable of guiding intense
lasers over a distance much greater than the characteristic length for defocusing from
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refraction has been studied in this chapter. The major limitation was found to be the
length and width of the preformed channel that were limited by the defocusing of the
preforming pulse. It was clear from this experiment that the guiding process allowed the
confinement of radiation in a strongly defocusing plasma, in a regime of great interest to
the formation of recombination X-ray lasers [10].
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6 Conclusions and further work
6.1 Refractive defocusing

The experiments described in this thesis investigated the effect of refraction on the
plasmas formed by focusing intense laser pulses into gas jet targets. These types of
targets have been proposed as a suitable medium for experiments, and applications, that
required the interaction of high power laser pulses with dense plasmas over extended
distances. The major advantage of a gas jet over a back filled chamber or gas cell is the
small nozzle length that minimises the distance the laser pulses is required to propagate
through the target gas before it reaches focus. For gas cells this distance is of the order
of 100-200mm, two orders of magnitude higher than for a typical nozzle length of 1mm.
This reduction reduces the effect of refraction due to ionisation induced density gradients
and filamentation resulting from the intensity dependent refractive index of the neutral
gas.

However, the work in this thesis has shown that refractive effects were still important
when high power laser pulses were focused into neutral gas jet targets. In the
experiment with 350fs KrF pulses refraction was found to reduce the laser intensity by
up to a factor of 10 below the vacuum value, when the pulse was focused into the centre
of the jet. The plasma was also observed to break up into numerous small scale
ionisation channels. These were shown to be the result of refraction of intensity hot
spots by local density gradients. The reduction in focused intensity inferred in this
experiment agreed within a factor of two to the predictions of analytic and numerical
models. This agreement was acceptable and within the estimated experimental
uncertainty of the intensity inferral method.

These measurements were taken in a laser intensity and gas density regime that was
directly applicable to the recombination Li-Like Neon XUV laser scheme. The results
showed that it would be impossible to achieve the He-like ionisation stage that was
required for this application by focusing the laser into the middle of a Neon gas jet. In
the experiment with 1pm laser pulses the two dimensional spatial distribution of the
electron density of a plasma produced by focusing a 1jum laser on the edge of the jet was
obtained. The plasma was again observed to break up into small scale ionisation
channels, which propagated at large angles to the laser propagation axis. These angles
were found to be extremely well correlated with the measured laser energy transmission
fraction and with the measured electron density gradients.
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This results of this experiment showed that strong refractive effects caused the beam to
diverge much more rapidly than the normal divergence of the focusing optics. The
length of the interaction between the high intensity pulse and the high density plasma was
shown to be severely limited. These measurements had implications for applications
such as plasma accelerators and X-ray lasers that required long interaction lengths with
high intensity pulses and dense plasmas. The only reliable method for overcoming the
strong refractive effects in this regime was to use a plasma wave guide.

6.2 Guiding

The formation of wave guides in dense plasmas was studied with both the 1um and
0.248um lasers. The experiments described in this thesis were carried out with a gas
density and laser intensity that was up to two orders of magnitude greater and a laser
pulse duration up to three orders of magnitude shorter than the only previous plasma
wave guide experiment [44]. The experiments in this thesis showed that factor that
limited distance over which the high intensity pulse could be guided was the defocusing
of the pre-pulse. This caused the width of the channel to be non uniform along the laser
propagation axis. At gas densities in Neon below 5x1019 cm™3 and 50GW pre-pulses
the defocusing was found to be due to the natural divergence of the pulse due to the
focusing optic. Increasing the prepulse to a power of 500GW overcame this limitation,
enabling a 5STW pulse to be guided over the complete length of the gas jet, equivalent to
many times the characteristic defocusing length. The laser intensity was inferred to
increase from 2x1016 Wem2 when the 5TW pulse was focused into the neutral gas
compared to 1x1018 Wem-2 within the wave guide.

The experiment with 0.248um light showed that the waveguide could be used to increase
the length of the highly ionised in the density and intensity regime that was directly
applicable to the Li-like recombination XUV laser. The contribution of refraction to the
divergence angle of the pre-pulse was calculated to be approximately equivalent to that of
the focusing optic for these density conditions. The increase in channel length was
modest in this experiment because of the limitation set by the finite depth of focus of the
focusing optic. The depth of focus could be increased by the use of a Gaussian beam
and an axicon to form the preforfned plasma, as used in the low density / intensity
experiments by Durfee and Milchberg[44].
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6.3 General conclusions

In conclusion, the work in this thesis showed that refraction from ionisation induced
density gradients limited the peak focused intensity and the length of highly ionised
plasma when picosecond and sub-picosecond laser pulses were focused into gas jet
targets with gas densities greater than 3x10-3 of critical density. The refractive effects
were also observed to cause the plasma to break up into small scale ionisation channels.

The most promising method of overcoming these effects was the use of plasma density
channels to confine and guide the pulse. This method was extensively studied in this
thesis and shown to work successfully in a plasma and laser intensity regime that has not
previously been studied. Further experiments are required to investigate the optimisation
of the length and radial uniformity of the wave guide and their ultimate suitability for
applications such as recombination XUV lasers. A detailed model of the propagation of
the laser pulse within the channel would also be very useful to compare directly with the
experimental observations.
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