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ABSTRACT

Research in the application of high intensity laser irradiation
to the compression of microshells has shown an advantage in using sub-
micron wavelength lasers. A lower level of preheating of the enclosed
fuel gas is expected with shorter wavelength lasers leading to higher
compression densities than those observed with one micron wavelength
illumination. .

Spherically symmetric A = 0.53 um {green) laser light has been
used for the first time to implode hollow microspheres containing X-ray
emitting seed gases. Two different experiments are described, both
use X-ray spectroscopy to determine the implosion core density and
temperature. A more sensitive Von Hamos focusing crystal X-ray spec-
trometer has been developed and used for some of this wotrk.

A comparison experiment has been performed using A = 1.054 um
light and a decrease in core density observed.

The use of Argon as a seed gas for density diagnosis of glass
microshells is discussed and compared with Chlorine in polystyrene
microshells. It is shown that polystyrene targets seeded with Chlo-
rine will allow spectroscopic diagnosis of higher densities than those
observable with Argon-doped glass targets,

Theoretical work has centred around using a one-dimensional
Lagrangian code (MEDUSA) to simulate the process of material ablation
from spherical targets. Comparison with experimental measurements of
mass ablation rate has shown that heat fluxes in excess of 10% of the
free streaming limit are present in the ablation plasma. This deduc-
tion disagrees with previous work indicating a maximum possible heat

-

flow of 3% of free streaming.
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UNITS

S.I. units have been used in this work except where convention
requires the use of alternatives. Occasionally a unit has been
chosen as particularly relevant to the scale of the system being
considered, e.g. specific energy depositions are quoted in J/ng
(1 ng = 10-12 Kg). Temperatures are usually given in eV (1 eV =
1.16 10% Kelvin). Pressures are normally quoted in Mbar (10°
atmospheres = 10!l Pascals). X-ray photon energies are in units of
eV or keV (103 electron volts), whilst wavelengths are quoted in
either pm (10°% metre) or R (10‘10 metre) depending on the wavelength
(laser or X-ray) being considered. In all cases where non-S5.I,

units are used the units are specified,
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CHAPTER 1

LASER COMPRESSION

1.0 Abstract

The process of laser compression and phenomena relevant to laser
compression are briefly described. An outline of the thesis is
given, emphasising the role of the author in the work. The use of

laser compression in inertial confinement fusion is described.

1.1 Introduction

The concept of using a short duration high power laser pulse to
compress microspheres to high density was first introduced publicly
by Nuckolls and co-workers(}-01) in 1972, They proposed using MJ
laser energies in nanosecond pulses to irradiate sub-millimetre
diameter spheres. The pressure produced by ablation of the target
surface by the laser would compress the target leading to the production
of densities of the order of 1000 g cm-3. Suggested applications for
laser compression are the study of hot matter at densities comparable to
those in the centre of the sun (Temperature n keV, Densi£y N o200 g em”3),
and the production of the conditions necessary for controlled thermo-
nuclear power production. This latter application involves the com-
pression and heating of hydrogen isotopes to thermonuclear ignition
temperature (several keV) at high density in order to obtain a net power
gain. Scaled-down experiments, using lower energies than those
required for a fusion reactor, should produce hot matter of sufficiently

high densities (> 10 g cm~3) to be interesting.
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Early work in laser compression has relied on high intensity
expleding pusher implosions of microshells to obtain hot cores of low
density (< 1g cm~3). Ablative implosions have been attempted
relatively recently and are the subject of one of the Chapters in

this thesis.

1.2 The Role of the Author/Summary of Thesis

This thesis describes work carried out by the author in the
period Octobér 1980 to July 1982. This chapter serves as an intro-
duction to the thesis.

Chapter 2 describes two experiments, at different laser pulse
lengths, using a single beam to irradiate planar targets. The
observation is made of significant energy flowing laterally away from
the focal spot. These experiments were performed with the aid of
three co-workers. The author's contribution to the work was the
time resolution of the spreading of energy for both pulse lengths as
well as the first observation of spreading in the short pulse experi-
ment, using a’ large aperture pinhole camera (e.g. Fig. 2.6).

Chapter 3 describes the development of a curved crystal focusing
X-ray spectrometer for use with X-ray streak cameras. .The spectrometer
offers. a significant gain over more conventional flat crystal instru-
ments used previously at Rutherford Laboratory. The development of
tHis”diagnostic to the point of routine usage was entirely the work of
the author.

Chapter 4 combines a discussion of the factors relevant to the
ablative implosion of microshells, with a description of the first
such implosions attempted using symmetric illumination by six A = 0.53

um beams. The X-ray diagnosis of this experiment, the data analysis
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and subsequent conclusions regarding preheat are the author's work.
The detection of nuclear reaction products from the implosions was the
work of members of the Rutherford Laboratory staff and workers from
Bristol University.

Chapter 5 reports the results of two experiments pertinent to
the previous chapter. The experiment was performed at KMS Fusion Inc.
using their TBIS symmetric illumination system to irradiate micro-
balloons with 0.53 um light. These quasi-exploding pusher implosions
allowed core density diagnosis by seed gas spectroscopy.

The remainder of Chapter 5 briefly describes a comparison experi-
ment using 1.054 pym irradiation performed at Rutherford Appleton
Laboratory. Conclusions are reached about the use of Argon-doped
glass microballoons for density diagnosis of ablative implosions.

It is suggested that for high pR implosions, plastic microballoons with
a Chlorine component in the fill gas will allow easier spectroscopic
diagnosis of core density and temperature,

Chapter 6 details the modification and use of the one-dimensional
hydrodynamic code MEDUSA. The program is used to simulate spherical
geometry mass ablation rate experiments carried out at Rutherford
Laboratory. Comparison of the code results with experiment leads to
the conclusion that heat fluxes in excess of 10% of freé streaming are
present in the experiment. The experimental data used for the com-
parison was obtained by other workers (see ref. 6.27). The modifi-
cation and use of MEDUSA was entirely the work of the author.

Chapter 7 draws together the conclusions of the thesis and atempts
to indicate short term objectives in the achievement of high density

matter by laser compression.
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1.3 The Physics of Laser-driven Compression

1.3.1 Ablation

When energy is absorbed by the surface of a target the heated
material produced respends to its own pressure by moving away from the
target (ablating). The rate at which mass leaves the target can be
defined as a mass ablation rate m (Kg s™!), or specific mass ablation
rate per unit area m, (Kg m-2 s=1).

The pressure at the target surface causing the ablation of mass
is termed the ablation pressure P;. The material ablated is
accelerated by the pressure gradient near the surface and achieves an
asymptotic flow velocity vy away from the target. The measurement of
the mean ion flow velocity Vi and the specific mass ablation rate ms
allow the ablation pressure to be determined (102}, Equating the out-
ward momentum flux to the pressure at the target surface we get the

'rocket equation'

Pa = m vy {1.01)

The ability to predict the ablation pressure for particulér
conditions of laser wavelength and irradiance is required in order to
plan compression experiments. Much work (1-03) (1.04) (1.08) (1.08) (1.07}
has been done to measure mass ablation rates and ion ablation velocities
in both planar and spherical geometry. Wavelength scaling of ablation
rate has been examined in planar geometry(1-03J(1-05)(1-06)(1-07) and
to a lesser extent in spherical geometry(1.093)(1.0%)  Fig 1.1 is a
compilation of planar and spherical geometry mass ablation rate data

(1.03)(1.04) | The planar geometry results scale only weakly with

G.3
absorbed irradiance (ms o Iabs) but strongly with laser wavelength.
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Spherical geometry results scale only weakly with laser wavelength

0.8
but strongly with absorbed irradiance (ms « I The difference

abs}®
in scaling between planar and spherical experiments has been
attributed(1-97) to lateral transport of energy away from the laser
focal spot used in the planar measurements. Lateral transport
becomes more significant at longer wavelength and higher irradiance
(1-07) and therefore can explain the planar m_ curves of Fig. 1.1
lying below the values indicated by the spherical ms curves.

Some analytic models for steady state ablation(l'OS}(l'og)
indicate a more rapid scaling of ms with wavelength than is implied by
the spherical geometry ms'curves of Fig. 1.1. However these models
assume that the laser absorption occurs at one point only (critical
density) on the density profile. This assumption becomes incorrect
as shorter wavelengtﬂs are used due to collisional absorption in the
ablation plasma. The region of absorption is then spread over the
density profile and thus the mass ablation rate is below that predicted
by the models(1-08)(1.09) ' The lack of scaling of spherical g with
wavelength for the two wavelengths shown in Fig. 1.1 has been confirmed

in computer simulations described in Chapter 6 of this thesis.

1.3.2 Absorption of laser light

There are several absorption processes occurring in a laser-
irradiated material: two of the more relevant processes will be

described.

1.3.2.1 Resonance absorption. As laser light incident at an angle

By to a plasma density gradient propagates up the gradient it is

refracted and finally reflected at a density n, cos?8 (see Chapter 2,
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Section 2.1.1) where n, is the critical electron number density

defined by

2
m

n_ = w? = 1.12 1027 x; m~3 (1.02)
where w is the laser angular frequency and Aum its wavelength in
microns. If the E field of the laser has a component in the plane of
incidence an evanescent wave can excite a plasma wave at critical
density. The wave is damped and energy is fed into a small number

of electrons which are accelerated to high energy(l‘lo)(l‘llj. These
'hot' or 'suprathermal' electrons can be characterised by a temperature
T, which can be typically over 10 kev(1-11) | The production of fast
electrons by resonance absorption is particularly important for short
pulse (v 100 psec) high intensity (v 101® W cm™2) exploding pusher

implosions.

1.3.2.2 Inverse bremsstrahlung absorption. The process of inverse

bremsstrahlung occurs when ions and electrons accelerated by the laser
electric field collide, the electron taking away a quantum of laser
ENnergy. The inverse bremsstrahlung absorption coefficient can be

expressed(l'lz) as:

2
2 n
K = 13.5 22 Q“M"Z/ [n—e] — a7l (1.09)
}\2'1‘"2 c [ n ]2
e e
1 - —=
n

c

with all units S.I. This expression has been derived for the limit

where the electron-ion collision frequency is much lower than the laser
frequency v, which is valid in the underdense hot ablation plasma.

The quantity A(v) is defined as:
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A(v) = Min { " s } (1.04)

where Pnin is the minimum impact  parameter for electron ion collisions.

Ze2 h
Pnin = Max {gpoogr o } (1.05)
m_ kT
e
Vo is the electron thermal velocity. For absorption in the low

density ablation plasma, the laser angular frequency w is always larger
than the electron plasma frequency wpe.

Inverse bremsstrahlung is most effective at low irradiance
(~ 103 W cm-2) and short wavelength (X 1 pm). At high irradiance for

low Z targets inverse bremsstrahlung becomes insignificant and reso-

nance absorption dominates.

1.3.3 Energy transport

All absorption of the laser energy takes place at critical density
and at lower densities. The ablation of material from the target
surface takes place at higher density than critical density. The
transport of energy between the absorption and ablation regions is

therefore of importance to the process of ablation.

1.3.3.1 Thermal/flux-limited transport. The thermal transport of

energy by electrons has been calculated by Spitzer(1'13)(1'1“) and
Braginskii(1-15) in the limit of classical collisions. The calcu-
lations are valid only for temperature scale lengths much larger than
the electron mean free path.

In the region separating critical density from the target surface

temperature gradients are such that the temperature scale length is
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comparable to the electron mean free path. The thermal energy
conduction of the plasma must then be described by a more complete
theory than that of Spitzer(l-lq). An absolute limit on the heat
conduction of a plasma is set at the so-called 'free streaming' heat
flux. This is the flux when all the electrons are travelling in the

same direction with the thermal velocity. The saturation flux A5t

is:

v
9sat = "~ Me Kg Te 21 = lg fe (1.06)

Heuristically saturation of heat flow would be expected at
some fraction f of the free streaming flux. Two independent theories
(1.16) (1.17) show that heat flow can saturate at values of f 2 0.1.

Although a lot of evidence exists for a low value of f, i.e. £~
0.03, much of it is taken from early experiments whose interpretation
could be changed by considering lateral energy transport and/or fast
electron production. More recently experiments other than those
described in Chapter 6 of this thesis(l-18) have demonstrated heat

fluxes of 10% of free streaming in a non-turbulent plasma.

1.3.3.2 Fast electron transport. Suprathermal electrons produced

in the absorption region of the target can depesit their energy at high
density. This process is undesirable as fast electron transport will
preheat the target, increasing its entropy, prior to compression hence
reducing the compression achieved. Much experimental measurement of
hot electron temperature (TH) and range (Ah) has been done(l'lg}(l'zo).
For low Z targets (e.g. glass or plastic) a formula for the scale

depth of energy deposition can be obtained by scaling experimental

data(1.19) to get(1:20)
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0.9

. I.
(pk)h vo1.8 1074 | —2RE 52 g cm™2
1014 § cp-2 M

(1.07)

The quantity (pA), is approximately constant (1-20) for a
particular material although there is some Z dependence due to
increased scattering of electrons for high target element z{1:19),

‘The transport of fast electrons into a target requires a return
current of cold electrons to maintain charge neutrality. The elec-
tric field set up to drive the cold electron return current can impede
the motion of fast electrons. This process is known as resistive
inhibition and has been proposed as a method of reducing preheat due
to fast electron transport(l-22)., Resistive inhibition is found to
be more significant for low density gold foam of ($.6% solid density
than for the equivalent areal density of solid gold(l'zz)(l'23). The
reduction in fast electron range by a factor of 2 or 3 in the gold foam
compared with solid gold makes it a possible material to use as a
screen to prevent fast electron preheating of the rest of the

target(1'23).

1.3.3.3 Radiation transport. Transfer of energy by X-ray radiation

can be an important factor in laser irradiated targets.. Preheating of
the target by radiation from the ablation region can be inferred from
measurements of the soft X-ray spectrum emitted by the ablation plasma
(1.24) ' Radiation transport calculations have been used to predict

the X-Tay spectrum emitted from targets(l'sz.

1.3.3.4 Shock waves. The ablation pressures observed in laser

irradiated targets are of the order of 10 Million atmospheres (Mbar)
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sufficient to drive a strong shock into the target. Hugoniot data
for strong shocks propagating through many materials has been compiled
(1.26) and shows that shock waves can contribute to preheating the

target.

1.3.4 Shell implosions

Two mechanisms have been studied for the laser compression of a
spherical shell. They are the so-called 'exploding pusher' and

ablative modes of compression.

1.3.4.1 Exploding pusher compression. If the scale length Ah for

fast electron energy deposition is large compared with the shell thick-
ness, the shell is uniformly heated by fast electrons. The shell then
explodes due to the internal pressure generated by the sudden deposition
of energy. Half the shell (or 'pusher') explodes inwards towards the
centre of the sphere, the other half explodes outwards. The half of
the pusher that moves inwards compresses and heats the fill gas.

This process has been modelled by several workers(l-27)(1.28)(1.29])

The compressed cores produced by exploding pusher implosions are as the
result of an adiabatic compression of a shock and fast electron pre-
heated gas. The resulting compressed densities observéd are therefore

quite low (v 0.5 g em~3) (1.30)

1.3.4.2 Ablative compression. In the absence of preheating the

compression of material contained in a microshell can be achieved by
ablatively accelerating the shell inwards. The compression then
occurs on or near the isentropic Fermi-degenerate adiabat(l‘OI). The

realisation of a low preheat compression would probably require the use
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of a thick-walled microshell and a short wavelength laser. The short
wavelength would be used in order to minimise fast electron preheat
which is dependent on 12 (1-31)(1.11) A simple model using shock
wave heating as the dominant preheat mechanism has been proposed(1'21).
Experiments attempting to produce high densities ablatively have
either used A = 1.06 um lasers to irradiate thick-walled plastic-coated
shells(1-32){1-33) op A = 0.53 um light to irradiate medium-thickness

shells (Chapter 4 of this thesis}.

1.3.5 Limits to compression

Preheat, as has already been mentioned, degrades the efficiency of
a compression by increasing the fill gas temperature and decreasing the
pusher density by decompression.

Other limitations on the density achievable in an implosion are

illumination uniformity and fluid instabilities.

1.3.5.1 Thermal smoothing. The shell velocity uniformity required

during implosion can be shown to be about 3% if a volumetric compression
ratio of 1000 is to be achieved(1-3%),  Irregularities in illumination
will produce non-uniformity in the accelerated shell velocity unless

the irregularities are smoothed out by thermal conduction between the
absorption and ablation regions. Recent theoretica1(1'3“)(1'35) and
experimental work(1-36) indicates that for 1i2 above 101% W cm~2 um2
absorbed, significant smoothing of illumination non-uniformity will
occur. However no experiments regarding thermal smoothing have been
carried out in spherical geometry with an accelerating shell in order

to determine smoothing efficiencies in actual implosions.

1.3.5.2 Fluid instabilities. Fluid instabilities during the
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acceleration phase of an implosion can drastically reduce the spherical
convergence of the shell, hence degrading fhe compression, The most
worrying instability is the Rayleigh-Taylor instability excited when
the high density shell is accelerated,by a low density ablation region.
The behaviour of the instability is analogous tc instability in a
layer of dense liquid overlaying a lighter liquid under gravity. The
condition for unstable growth of any irregularity in the shell's mass
distribution is that VP and Vo point in opposite directions. This
condition is satisfied in the ablation region of an accelerating shell.
Some experiments using corrugated 'planar' targets to excite

instabilities deliberately have been performed(1'37).

1.4 Inertial Confinement Fusion

Inertial confinement by means of laser compression has been
proposed{1-91) as a means of confining and heating a source of thermo-

nuclear power.

1.4.1 Fusion reactions

Exothermic reactions that could be used in a fusion reactor to

generate power are:
D+ T~ “He (3.5 MeV) + n(14.1 MeV) . (1.08)

”,;T[l MeV) + H(3 MeV)

D+ D (1.09)

TS3He (0.8 MeV) + n(2.5 MeV)

Power would be extracted from the reactor by allowing neutrons to

be thermalised in a balnket surrounding the reactor vessel,
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1.4.2 Ignition

Although neutrons will escape the target, other reaction products
such as a particles (Helium nuclei) will deposit their energy within
the target heating it up. Losses due to bremsstrahlung radiation
from the fuel are balanced by energy production from reaction products
at the ignition temperature. For the D-T reaction the ignition tem-
perature is 4 keV, whilst for the D-D reaction it is 35 keV. Heating
the compressed fuel to the ignition temperature will result in a self-
sustaining 'burn' of the fusion fuel limited in duration by the

confinement time of the compressed plasma.

1.4.3 Confinement, the Lawson Criterion

The Lawson Criterion{1-38) is a requirement that the ion number

density confinement time product (nt) must satisfy in a fusion reactor

operating with a net power gain. The criteria are:

nt & 10!* em™3 sec for D-T (1.10)
and

nt 2 10!% cm~3 sec for D-D (1.11)

The problem in controlled thermonuclear fusion power preduction is
therefore to reach the ignition temperature and then confine the plasma
long enough to satisfy the nt requirement.

In the inertial confinement approach to fusion the fuel is
compressed to high density and then is 'confined' at that density for
a finite time due to its own inertia. The confinement time is then
determined by the ion thermal velocity of the fuel at ignition tempera-

ture and the dimension of the compressed fuel. The Lawson Criterion
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can then be translated to be a requirement on the density radius
product R of the compressed sphere when it is at ignition temperature.

For D-T the requirement is:

pR > 1 g cm? (1.12)
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CHAPTER 2

TIME RESOLUTION QF LATERAL ENERGY FLOW IN PLANAR TARGETS

2.0 Abstract

Observations are made of lateral energy loss from the focal area
of plane targets irradiated with a single laser beam. Fast electrons,
probably produced by resonance absorption, are seen to take their
energy sideways several millimetres away from the laser focal spot.
Differences in the velocity of sideways energy flow are measured for

two different laser pulse lengths of 1.3 nanosecs and 80 picosecs.

2.1 Introduction

When an intense laser beam is incident on a solid target a fraction
of its energy is absorbed in the dense plasma cloud which is produced
during the interactionm. At high irradiance a large fraction of the
energy absorbed is given to producing very fast 'supra-thermal' elec-
trons. In a plane target experiment these high energy electrons may
carry energy several millimetres away from the focal spot. The
lateral flow of energy may make planar geometry experimeﬁts become two-
dimensional in nature. .

The two experiments which will be described used intense pulses
of A = 1.054 um light to illuminate a small (v 50 um diameter) focal
spot. The movement of fast electrons along the target surface was
monitored by time and space resolving the Ko emission from the target

material using an X-ray streak camera.
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Z2.1.1 Resonance Absorption

Laser energy incident on a target surface encounters a plasma
density gradient leading up to solid density. As the laser propa-
gates up the density gradient it is attenuated by collisions between
electrons and ions driven by the laser field (inverse bremsstrahlung
absorption). The laser energy not absorbed by inverse bremsstrahlung
will be reflected when the electron plasma frequency mpe is equal to

the laser frequency.

rad 5”1 (2.01)

pe E, M

2
u
e, = 1- 2 (2.02)
T 2 :
93]
then goes to zero so the laser is reflected. The electron density at

which reflection occurs is called the critical density.

0 8
n. = e 2 -3 (2.03)
el
27 ,7° -3
n. = 1.12 10 Aum m (2.04)
where Aum is the free space laser wavelength in microns. If a

fully ionised plasma with ions of mass number A = 2Z is considered

then:
p_ = 3.7 kg/m3 (2.05)

In general the laser will not be incident normal to the target
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surface but at an angle 935 to it. The plasma refractive index is a

function of electron number density.

(2.06)

The beam will therefore be refracted as it moves up the density
gradient. The restriction, u sin 6 = constant, applies to the beam

path if the density gradient is planar, therefore the beam will be

reflected at a density:

n,£ = n, cos? 8g (2.07)

The reflection point has therefore moved to a lower density than
critical density. Fig. 2.1 illustrates the refraction and reflection

of the laser by the density gradient.

Fig. 2.1. Representation
of path of ray incident at
angle 85 to density gradient.

If the E field of the laser has a component in the plane of

incidence (i.e. a p polarised component) the E field will point up the
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density gradient at the reflection point. Resonance absorption of
laser energy occurs when the electric field of the laser resonates

with the electron gas at the plasma frequency wpe and drives an electro-
static plasma wave. Energy is transferred from the wave to the elec-
trons around critical density by wave breaking. The electroms
oscillate in the x direction with amplitude £(x) driven by the laser
electric field of amplitude E.

E(x) = : 1 m (2.08)

The [alleliv]

n w
c

The cellision term ﬁ-is small for the densities being considered
{e.g. critical density for A = 1 um light)}. Therefore there is a

region near critical density where:

dE (x)
‘ it > 1 (2.09)
which is the condition for wave breaking. The energy in the wave is

then absorbed by the electrons at critical density.

If the laser is incident at an angle to the density gradient it
is not immediately obvious that resonance absorption can occur since
the beam never gets to critical density. Theoretical studies of
electromagnetic waves reflecting off a plasma density gradient(z'GIJ
have shown that if the incident wave has a p polarised component of E
field then resonance absorption can occur. On reflection at n, =
n, cos? 6p the E fieldof the wave can tunnel through the plasma and be
non-zero at critical density hence driving the resonant plasma wave
there. Simulations have indicated that typically 20% of the incident

laser power can be absorbed at critical density by resonance absorption

{(2.02),
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2.1.2 Hot Electron Production

Experiments using Neodynium YAG (1.06 pm) and COp (A = 10.6 um)
lasers to irradiate plane targets at high intensity (> 10!* W cm™%)
led to the observation of high energy X-ray emission characteristic of
significant numbers of very energetic electrons. These 'fast elec-
trons' had a distribution function corresponding to a temperature
(TH - keV) far in excess of the plasma electron temperature of
typically T  ~ 0.5 kev(2:03) | Dpetailed modelling of the interaction
of the laser with the electron population near critical density has
shown that the resonantly-absorbed laser energy produces a relatively
small number of very high energy 'hot' electrons. These electrons
form a high energy tail to the 'cold' electron distribution function
characteristic of the local plasma temperature TC(Z'Ol)(Z'Oz).

As a consequence of their method of production, the initial motion
of the hot electrons is down the density gradient away from the target.
The outward-going electrons are reflected at the plasma sheath marking
the 1imit of ion motion away from the target. Space charge effects
prevent most of the electrons going beyond the sheath and they are
turned around and sent back up the density gradient. The sheath is
moving away from the target surface so the elect?ons give up energy to
the ions on reflection. The velocity spectrum of the accelerated ions
has been measured and the temperature Ty of the hot electrons inferred

(2.04)

It has been observed that Ty, is a function if 122, where I is the

incident laser intensity(2.05)) but is virtually independent of laser
pulse length in the range 80 picoseconds - 2 nanoseconds (2-96J
Evidence exists(2-07)(2.08)(2.09)(2.10) that although T, is almost

constant with pulse length, the fraction E_ of incident energy coupling

F
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into fast electrons decreases with increasing pulse length. Values

% for

of Ep = 5% to 17% for short pulses (v 80 picoseconds) and Eg R 2
long pulses (v 300 picoseconds) at wavelengths of 1.054 ym and 1.3 um

have been observed(2-11)

2.2 Diagnostics

Two separate experiments were performed with laser pulse lengths
of 1.3 nancseconds and 80 picoseconds using A = 1.054 um light. A
50 um to 200 um diameter focal spot was illuminated on a plane target
and the motion of the fast electrons produced inferred from the Ko

emission of the target material,

2.2.1 Ka Production

Ka radiation is emitted by an atom as a consequence of the loss
of a K shell electron through ionisation. Radiation or electron
collision can supply the energy required for ionisation. Radiation
is the more efficient when the photon energy hv is greater than the K

shell ionisation potential E The X-ray continuum emission from

K-
laser plasmas if of the form

hv

T kT
¢

I{(v) ~e (2.10)_

for hv »>> ch » where T is a slowly varying function of hv.

Here T, is the 'cold' background electron temperature which is
typically 500 eV under the focal spot in the experiments to be described.
Hence  to use Ka emission as a diagnostic of hot electron energy

we must have ch << E Therefore the target material must be chosen

K-

such that Ey >> 500 eV. The target elements used in the experiments
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all had E, ~ 5 keV so that radiation pumping of Ka could be neglected.

2.2.2 Differential Filters

To image low intensity Ko emission over a large (~ 5 mm diameter)
area of the target an X-ray pinhole camera with a large collecting
aperture was used. Pinholes of ~ 0.5 mm diameter were used in pairs
covered by two different filtering materials. The filtering elements
were chosen to form a Ross pair. One filter has its K absorption edge
at ilightly higher energy than the Ka being observed. This filter
will transmit the Ko, but radiation of higher energy , in particular
the bright rescnance lines emitted from Hydrogen and Helium-like ions
in the ablation plasma, will be strongly attenuated. The second filter
has its K edge at slightly lower energy than the Ka, leading to an image
without Xa. Comparison of the two pinhole images gives a two-
dimensional record of the regions on the target producing Ka.

Fig. 2.2 shows the transmission of two filters which were used
as a Ross pair. They are 12.5 um of Titanium and 25 um of Scandium
which were used for observing the Ka of Vanadium.

The difference in transmission for the two filters is a factor of

100 for Vanadium Ka. Taking the transmissions and integrating them
hv
" KT,
for a continuum of the form I; e gives a ratio in total transmitted

photons of 1.5 for TH v 10 keV. The differential filters therefore

distinguish Ke emission from continuum emissionm.

2.2.3 Time resolution of Ko

The targets were positioned angled so that the laser was incident
0 .
at 6 to the normal to the surface. The focal spot could therefore

be viewed, along a line perpendicular to the laser, by an X-ray streak



42

| o
- 12.50um TITANIUM
5 -
n 10~
8, ot
s
[7p] L
z [
<t
o L
= 25um SCANDIUM
w
o 2
T 0
C
10'3 ! ) ) I . . ; (

] 2 3 4 5 8 7 8 El 10
PHOTON ENERGY ({ keV)

Fig. 2.2. TRANSMISSION QOF TITANIUM AND SCANDIUM FILTERS

camera. The focal spot was imaged onto the photo-cathode of the
camera using a 0.8 mm wide Tungsten slit, positioned perpendicular to
the time-resolving slit over the cathode. A magnification of 2.7 to
3 times was used. The cathode consisted of a substrate of 25 um
Beryllium coated with 20 um of low density CsI foam. The CsI foam

had an areal density equivalent to 1 um of solid CsI producing a peak
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in sensitivity at an X-ray wavelength of 2.4 R. When uged with
filtering of 12.5 um Ti plus 125 ym Be, the camera had a region of
sensitivity between X-ray energies of 4 and 5 keV, bracketing Vaﬁadium
Ka. Fig. 2.3 illustrates the experimental set-up with the laser

incident in the z direction polarised in the y direction.

CATHODE
TIME RESOLVING
SLIT

- /
e
Y e
X - ’

SPACE  RESOLYING

z SLIT
ANGLED
TARGET

Fig. 2.3. Time and space

resclution of Ka emission
using X-ray streak camera.
(Streak camera photo-cathode
is shown top rTight.)

The Tungsten slit space resolved in the y direction up the target,

spatially integrating in the z direction over a foreshortened target.

2.3 Long Pulse Experiment

A 50 ym diameter focal spot was illuminated with 50J of A = 1.054
um radiation in a 1.3 nanosecond pulse. The incident intensity of
2 10%35 W cm~2 would be expected to produce hot electrons with a tempera-

ture T, = 12 xey(2-05) Large aperture X-ray pinhole pictures clearly
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show an X-ray emitting region several millimetres from the 50 um focal
spot. Fig. 2.4 shows differentially-filtered pinhole images of the
same shot. The filters of 12.5 uym Ti and 25 um Sc are as in Fig. 2.2.
The Titanium-filtered image shows bright remote emission whilst the
Scandium-filtered image shows very little emission outside the bright
focal spot. The focal spot is below the resolution limit of the
pinhole and so the bright central spot appears larger than 50 um in the
pinhole images shown.

Comparison of the two images in Fig. 2.4 leads to the conclusion
that the emission away from the focal spot is due to Ko radiation.

An interesting feature of Fig. 2.4 is the asymmetry of Ko production
around the focal spot. If the Ko were being caused by radiation
pumping, the emission would have circular symmetry about the focus.
X-ray spectra from the focal region show that the emission there is
dominated by the 1s2 1S5 - 1s2p !P; transition of V XXII which is not
energetic enough to produce K ionisation making photoionisation as a
source of Ke unlikely. Shots using targets with a small plastic dot
at the laser focus showed no reduction in Ko from the uncoated remote
regions;as would be expected if radiation were significant.

The isolation of the remote emission as being due to Ke radiation
produced by fast electron-induced ionisation allowed an éstimate of the
total energy deposited by fast electrons to be made. Previously fast
electron energy deposition has been measured using X-ray spectrometers
to record the absolute intensity of fast electron-produced Ka(2+12)

If the energy of the electrons producing the K ionisation is
significantly greater than the K ionisation threshold EK then the ratio
of fast electron-induced Ka to total energy deposited by fast electrons

is almost constant. The differential filters on the pinholes, in
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isolating the Ka radiation in one of the images, allowed the remote

fast electron deposition to be measured as 5% % 1% of the incident
energy. A time-integrating X-ray spectrometer recorded Ka from the
focal spot and led to an estimate of the fractional deposition by fast
electrons there of & 0.3% of the incident energy(2-13).  The low

level of preheat energy going into the target under the focal spot is

in agreement with previous experiments reported(2-07}-(2.11  Hoyever
only in A = 10.6 um plane target experiments has sideways energy trans-
port by fast electrons been observed (2-14) (2153 {2-16) 3ng then only
semi-qualitatively, For example, Ebrahim et al. in reference 2.14

have measured the ion emission from the front and rear sides of disc
targets irradiated with 10.6 pm (CO,) laser pulses and have inferred
large energy transport to the rear surface. These observations for

A = 1.054 pm light in 1.3 nanosecond pulses are the first quantitative
measurements of sideways energy transport, they are also the first at
this wavelength which are time resolved. Jaanimagi et al. in reference
2.15 report observing radial spreading of energy away from the focal
spot with a velocity of 107 cm/s for 750 picosec pulses of A = 10.6 um
light. For the 1.3 nsec pulse 1.054 um experiment described here

time resolution of the spreading of the region of Ko emission was
achieved using the X-ray streak camera set up as describéd in section
2.2.3. A filter consisting of 12.5 uym of Titamium plus 125 um of
Beryllium was put over the 0.8 mm Tungsten space-resolving slit. The
time-resolving slit was 1 mm wide giving 110 picoseconds time resolution
at the streak speed of 110 picoseconds/mm used. A typical streak is
shown in Fig. 2.5, where the Ko emission from a Vanadium target irradia-
ted with 2.6 101> W em™2 is time resolved. The image of the focal spot

has been moved to one side of the cathode, by adjusting the space-
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resolving slit position, so that only spreading on one side of the
focal spot is seen. The spreading velocity of fast electron induced
Kae is seen to be (2.3 + 0.2) 108 c¢m/s, which is considerably lower than
the velocity of 6.5 102 cm/s associated with fast electrons of TH no12
keV. Fast electrons are limited in their motion by space charge
effects at the edge of the plasma. Therefore they are limited in how
fast they can progress across the target surface by the expansion
velocity of the fast ion cloud. A velocity of 2 10% cm/s is of the
right order to be a component of velocity of ions accelerated by fast
electron reflection at the plasma boundary (2:17)

The Ko emission in Fig. 2.5 is seen to peak at the edge of the
emitting region as demonstrated by the microdensitometer trace AA,
The concentration of fast electron energy deposition at the edge of
the emitting region is consistent with the idea of electrons being
constrained within the limit of fast ion motion. The electric field
at the edge of the plasma will direct electrons inwards towards the

target surface (2-18),

2.4 Short Pulse Experiment

An 80 picosecond pulse of 1.054 um light was used to repeat the
previous experiment but at an irradiance in the range 2.6 1015 W cm~2
up to 1.8 101 W em™2, A 50 um to 200 um focal spot was used.
Fig. 2.6 shows a pair of X-ray pinhole pictures taken with 400 um
diameter pinholes. The picture is taken from a direction perpendicular
to the laser with the target angled 6° towards the camera to produce a
foreshortened image of the target. The images show a bright focal

spot with ablation plasma streaming off it and a bright region of Ka

emission around the focus. The filters used were 125 pm Be and 12.5



49

IMAGE THROUGH A —»
Be FILTER

mm

IMAGE THROUGH A —»
Ti FILTER

-« _ASER

Fig. 2.6. PAIR IMAGES OF A V STRIP TARGET
(09160681)



50

IMAGE THROUGH A —»
Ti FILTER

mm

[IMAGE THROUGH A —»
Sc FILTER

Fig. 2.7. ROSS PAIR IMAGES OF A LARGE V TARGET
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um Ti.

Figure 2.7 gives a view from the front of the target in a similar
shot. The inset negative shows the structure of the Ko emission in
the Titanium filtered picture.

The justifications for neglecting radiation-pumped Ka are as in
the previous section. Asymmetry in the Ko was observed (as in Fig.
2,7) and also the placing of small plastic dots at the focus produced
no reduction in Ke. An interesting feature of Fig. 2.7 is the brighter
emission at the points where the incident light would be p polarised
with respect to a spherically expanding critical density surface. It
is at these points where fast electron production would be expected to
peak.

The fractional energy deposition was measﬁred as described in the
previous experiment. The deposition under the focus was 7 = 1% of
incident whilst the remote deposition varied from 1 * 0.5% (at 2.6 10!5
W cm-2) up to 10 * 2% {at 1.8 10!® W cm™2) over the intensity range
used(2-13)

The Ka emission was time resclved as described for the previous
experiment. The time-resolving slit over the cathode was % mm wide,
giving 23 picoseconds time resolution at the streak speed of the 46
picoseconds/mm used. Fig. 2.8 shows a typical streak obtained. The
Ko emitting region is seen to expand away from the focus at a speed of
(2.2+.4)10% cm/s. The particular shot shown was of a target irradiated
with an intensity of 3.7 1015 W em~2, which would produce a hot elec-

tron temperature of T, = 14 kevV.(2:05}, A velocity of 2.2 10% cm/s is

H
reascnable for 14 keV electrons moving with a component of their
velocity in the radial direction away from the focus. However the

velocity measured is inconsistent with the velocity of expansion of
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the fast ion cloud. The electrons must move through a neutral plasma
and a possible mechanism for the production of the plasma required is
radiation from the focal spot ionising a thin surface layer on the
target. Alternatively a small number of very fast electrons may
provide the necessary ionisation. Gross irreproducible asymmetries
in Ko emission were observed on some of the shots and this could be
due to low Z surface impurities such as vacuum pump o0il or oxides
providing a more readily ionised layer than the underlying metal.

The asymmetries could also be due to the presence of very strong
electric or magnetic fields in the region of the focal spotiz'la)

channelling electrons towards particular areas.

2.5 Discussion

The reduction in preheat energy under the focal spot for long
pulse irradiation is of possible advantage to the implosion of spherical
targets to produce high densities. However an experiment must be per-
formed in spherical geometry in order to determine where the large
amount of energy, flowing sideways on the plane targets, actually goes
on a microballoon. If the energy is absorbed on the balloon's
surface where it can contribute to material ablation then long pulse
A = 1.054 ym irradiation may be useful as a very uniform'method of
illuminating fusion targets. Irregularities in thé illumination due
to having a finite number of laser beams (e.g. currently six at
Rutherford Appleton Laboratory) may be quickly smoothed by the lateral
flow of fast electron energy. Although some lateral flow is present
in the short pulse case the preheat of the target fuel could make the

achievement of high compression densities impossible with such short

pulses.
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2.6 Conclusion

Lateral energy transport by fast electrons in plane geometry has
been observed and quantified for the first time for % = 1.054 um high
intensity laser pulses. The flow of energy sideways has been time
resolved for the first time at the potentially useful wavelength of
1.054 un. A different velocity of spreading was observed in the two
different pulse length regimes studied. For long pulse (1.3 nano-
second) irradiation the flow is dominated by the expansion velocity of
the fast ion cloud. For short pulses (80 picoseconds) the fast
electrons are allowed to spread at a fraction of their velocity through
a surface plasma formed by radiation from the intense focal spot, or
the action of a few very energetic electrons. Investigation of the
phenomenon of energy spreading is of interest to laser fusion as it
affects the uniformity of energy deposition in laser fusion targets.
Furthermore, spreading may complicate the interpretation of model
experiments done in planar geometry which may become two-dimensicnal

in nature in the presence of strong lateral energy transport.



55

CHAPTER 3

VON HAMOS CURVED CRYSTAL X-RAY SPECTROMETER

3.0 Abstract

A focusing crystal X-ray spectrometer has been developed and used
as an attachment to an X-ray streak camera. The device can be used
to provide significant gain in spectral intensity or as a high disper-
sion instrument. The spectral resolution is limited by imperfections
in the crystal and not by the plasma source size, as in previous

instruments.

3.1 Introduction

X~-ray spectra emitted in the 1 - 5 keV region from laser plasmas
have proved themselves a valuable source of diagnostic information(3.01),
Spectra are routinely recorded using flat Bragg diffracting crystals to
produce the dispersion. Time-integrated spectra are obtained using
minispectrometers(3-92) placed so that the entrance slit is within 6 mm
of the plasma and the total separation of plasma and film is typically
6 cm. These spectrometers are thus very sensitive but fheir spectral
resolution is limited by the plasma source size.

Time-resolved X-ray spectroscopy has been performed using the same
flat crystals to diffract X-rays onto the photo-cathode of an X-ray
streak camera(3'03). Constraints due to the size of the streak camera
and target chamber diagnostic space mean that the separation of plasma
and cathode cannot be less than ~ 20 cm. The brightness of a spectral

line, if expressed in photons/cm? on the detector, varies as the square
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Fig. 3.1, Geometry of the spectrometer. The X-rays from the plasma
are focused on to the streak camera photo-cathode on the right.
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of the distance to the séurce, therefore using a streak camera means
a drop in sensitivity. Dispersing the spectrum in time by streaking
it will also reduce the brightness of the lines.

A method of increasing the sensitivity of time-resolved spec-
troscopy is suggested when it is realised that most of the X-rays
reflected off the flat crystal are not admitted through the time-
resolving slit over the streak camera photo-cathode.. Instead, only
a narrow slice through each spectral line is allowed through the slit
in order to obtain time resolutien. If the spectrum is compressed,
or focused, along the spectral lines, all of the X-rays reflected by
the crystal can be incident on the photo-cathode without any loss of
time resolution. The focusing is achieved using a concave curved
crystal arranged in the geometry shown in Fig. 3.1.

The crystal is a section of a cylinder whose axis connects the
plasma to the centre of the streak camera photo-cathode.  X-rays are

collected over the surface of the crystal and focused back onto the

axis of the cylinder. The condition for focusing is simply:
. = % tan g (3.01)
c 2 )

where T, is the radius of the cylinder and 2 is the separation of the

cathode and plasma. The Bragg angle 8 is given by:

= gin-l BA
8 = sin™t o3 (3.02)

The crystal only focuses at one wavelength on the cathode, at the
point where the cylinder axis intersects the cathode. Wavelengths
dispersed either side of the focus will produce spectral lines of
finite length due to off-axis aberrations. However the aberration

for wavelengths off focus can be kept less than 1 mm over the spectral
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region of interest. The aberration sets the time resolution of the
streak camera and replaces a time-resolving slit in performing this
function.

The quality of the focus at right angles to the spectral

direction is set by the quality of the crystal curvature and the source
size. The crystal spatially resolves along the spectral lines (3:04)
in a manner analogous to a concave mirror at unit magnification.
The length of ;he spectral line at focus, in the limit of a perfectly
bent crystal, is therefore the source size. Aberrations due to poor
focusing and the crystal curvature quality also limit the minimum size
of the spectral lines.

The spectrometer is a Von Hamos(3:05) type but used with the
detector (streak camera photo-cathode in this case) perpendicular to
the focal axis. Using the spectrometer in the conventional Von Hamos
orientation, with the detector along the focal axis, would make the
system physically impractical. A Von Hamos spectrometer, using X-ray
film as the detector, was built in the conventional orientation.
However, to use this orientation with an X-ray streak camera would
require source to photo-cathode distances in excess of 70 cm.  The
dispersion of any useful crystal would be so large at these distances

that the spectral range of the cathode would be minimal.

3.2 Theory of the Spectrometer

A short calculation of the focusing property of a curved crystal
will be made. This calculation will be done for the more general case
of the source off the focal axis, corresponding to a misalignment of the
spectrometer. The intensity distribution on a photo-cathode perpen-

dicular to the focal axis will be calculated. The first calculation
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is similar to that done by Yaakobi and Bhagavatula in reference 3.04
but is used to derive the intensity distribution perpendicular to the
focal axis. Several important characteristics of the spectrometer

will then be derived.

3.2.1 Calculation of image due to source off axis

Consider a curved crystal arranged in the geometry of Fig. 3.1.
Cartesian axes are drawn in Fig. 3.2, with the x axis marking the cen-
tre of the cylinder. The (y,z) plane contains the X-ray source at S,
a distance h along the vy axis, with coordinates (0,h,0). The photo-
cathode is defined by the plane x = 2. A ray is reflected from the
crystal at a point R, at the Bragg angle 8 to the crystal planes
(defined by a tangent to the crystal at that point). The point R is
described by X {the x coordinate) and ¢, the angle between the line OR
and the z = 0 plane.

Fig. 3.3 shows a cut perpendicular to the focal axis, through the
reflection point R. The point A is the projection of S on the cut
plane. The angle SRO is the complement of the Bragg angle. The
angle RSB is the Bragg angle 8, where B is located by dropping a per-

pendicular from A onto OR. The triangle RSB is then right-angled so:

tan 6 %g (3.03)
From Fig. 3.3

RB = r.* h cos y {3.04)
Looking at the right-angled triangle SBA

(BS)2 = (SA)Z + (AB)?

(BS)2 = x> + h2 sin? (3.05)

T
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CURVED
CRYSTAL

REFLECTION
( xr ' Yr [ zr)

SOURCE /
(0,h,0) ,

Fig. 3.2. The coordinate system.

Using equations (3.03), (3.04) and (3.05), we obtain:

(rc + h cos y)?

xi - - - h2 sin2 y : (3.06)
tan” §
Note that:
Yp = - T, cOs i ' (3.07)
Z, = T, sin y (3.08)

The position of S', the projection of the reflected ray back to
the x = 0 plane, is now calculated. From Fig. 3.3 the position of A!

gives:



Fig. 3.3, Cut showing the plane perpendicular to the
focal axis, through the reflection point R, The point
A is the projection of the source point S on this plane.

Fig. 3.4. Cut as above but the crystal is deformed such
that the surface is not cylindrical {as seen from the
deviation from the dashed circle near R). The radius at
point R is r¢ + Ar., the crystal planes are at an angle
90°-¢ to the radius vector OR.

61
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-
n

h - 2 cos y (rC + h cos y) (3.09)

B
1l

2 sin (rc + h cos ) (3.10)

The equation defining the image coordinates (xi, Yy» zi) is:

YT X Yy T Vg - 2i 7 Zgi (3.11)
7 X e = Vs Zr T Zgo
Noting that X; = 4 and that Xy = 0 and expanding to second order
in ll-we obtain:
Te
y; = -~h-2r cosy (1-T)+2h sin? ¢ (1 - T)
h? .
+ — T cos ¢ sin? ¥ (tan? 8 + 2) (3.12)
c
and,
z, = ZrC sin ¢ (1 - T) + h sin 2y (1 - T)
2
- ;f-T sin ¢ (tan? 8 sin? ¢y - 2 cos? y) (3.13)
c
where
R‘ .
T = —— tan 8 (3.14)
2rC

Taking the particular case for h = 0, (3.12) and (3,13) become:

y; = -2rC cos ¢ (1 - T) (3.15)

and,

z, = 21‘c sin ¢ (1 - T) {3.16)

These are the equations of a circle of radius 2rc(l - T)
parameterised by y. The spectral lines produced by the spectrometer
are defined by T = constant and are thus circular about the focus,

defined by T = 1. In the limit when the maximum value of vy, {(denoted



63

Po) is small, the curvature of the spectral lines is negligible.

3.2.2 Dispersion of spectrometer

Taking equation (3.15) and differentiating with respect to A

we get:

dy _ & _cos ¥

I >d (3.17)

cos3 8

as the wavelength dispersion up the photo-cathode.

3.2.3 Off-axis aberration

Equation (3.16) shows that the spectral lines have a finite length
perpendicular to the direction of dispersion. For a crystal with

sector angle equal to 2y the length Az of a spectral line is
Az = 4rc sin yg (1 - T) (3.18)

Dividing by the y position up the cathode (3.15) we get:
Az = 2 tan Yy . Y (3.19)

where in this approximatien, for h = 0, the focus is at y = 0.

Typically the streak camera photo-cathode has a useful region 20 mm
in height corresponding to y = % 10 mm. Therefore, to keep Az less
than one mm over the whole useful region, a crystal with sector angle
PACTY % 0.1 radians must be used. However Az will be smaller than one mm

over most of this region.

3.2,4 Gain over flat crystal spectrometer
The curved crystal spectrometer is compared with a flat crystal

spectrometer of the same diffracting material arranged in the same
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geometry. The flat crystal instrument has a time-resolving slit of
width Azf.
For an increment of Bragg angle 6§ the curved crystal subtends a

solid angle 62, at the plasma.

GQC = 2pg sin 9 66 ' (3.20)
The flat crystal instrument subtends a solid angle of an at the
time-resolving slit over the photo-cathode
Azf sin ®
(Sﬂf = —"'Q-I‘"C— &8 (3.21)

where T, is the distance of the flat crystal from the axis connecting
the plasma to the centre of the photo-cathode. In the curved crystal
case T, is also the radius of curvature of the crystal.

The ratio of the sensitivities of the two instruments is
simply the ratio of the two solid angles seen by the streak camera, for

the increment of Bragg angle &88.

T~ T 3o, °C Rz, o (3.22)

If the time-resolving slit on the flat crystal instrument is set
equal to the off-axis aberration Az of the curved crystal (equation

(3.19)), we get:

I 2r
c c Yo
T; Ty tan g (3.23)

For the small values of ¢ being considered, Yg = tan yg, SO

= - £ (3.24)
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This equation implies that if the time resolution of the two
spectrometers 1s the same then the curved crystal device will be more

sensitive by at least a factor of

I 4r

C C
< 5, _c (3.25)
I; C

where C is the length of the useful region of the cathode.

3.2.5 Imaging property of curved crystal

Equation (3.12) was derived for a source displaced a distance h
up the y axis. At the focus, T = 1, so equation (3.12) can be re-

written as

2
Yy
Y T - ¥g 7 cos § sin? ¢ (tan? 0 + 2) {(3.26)
c
where Y is the y coordinate of the source. Equations (3.12) and (3.13)

can be transformed by rotation into the equations for a source displaced

along the z axis in the x = 0 plane. They become:
Yi = - 2rC cos ¢ (1 - T} + Zg sin 2y (1 - T)
2
“s
* = T cos ¥ (tan? 8 cos? y - 2 sin? y) (3.27)
c
and,
= : - 2 -
Z, -z gt ZrC sin ¢ (1 - T) + 2zS cos< ¢ (1 - T)
- — T sin y cosZ ¥ (tan? 8 + 2) (3.28)
c

Rewriting equation (3.28) for T = 1, we get,

2
Z

2, = -z - ;5 sin ¥ cos? ¢ (tanZ 8 + 2) {3.29)
¢

For displacements small compared with T, the crystal will image
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the source onto the cathode. Hence the minimum width of the spectrum
at the focus is set by the source size, in the 1limit of a perfect
crystal. The spectral resolution is also set by the source size in
the same limit of a perfectly-curved crystal. However, at the large
dispersions used, the spectral resolution limits set by the crystal
curvature quality and the crystal rocking angle are more important.

The imaging property of the crystal makes alignment quite easy as
any small displacement of the source from the focal axis will not

affect the focusing of the spectrum.

3.2.6 Spectral resolution

For wavelengths away from the focus the limit set on the spectral
resolution by the curvature of the spectral lines is from equations

(3.15) and {(3.17)
A= A
AN 0
5 o= {—A——} (1- cos yy) (3.30)
where Ag is the wavelength at the focus (T = 1).

3.2.6.1 Crystal curvature quality. Fig. 3.4 shows a cross-section

through a crystal which has a defect in curvature. The defect is
parameterised by a local variation Arcﬁw) in radius plus a small angle
¢{(y) between the normal to the crystal planes and the radius vector at
V. The defect is considered to be constant in the x direction (into
the page)}, non-uniformities in this direction will be considered in the
next section.

The notation in Fig. 3.4 is that of Fig. 3.3. If the y co-

ordinate of the image point, due to the ray shown, is calculated for
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the case h = 0, we get

Y, = - 2rc cos (v - (1 -T) + 2rc T sin ¢ sin y

- ZATC cos (¢ - ¢) {3.31)

If the deviation Ay from the image point for a perfect crystal
is calculated and used to find the wavelength spread, we get an

expression for the spectral resolution as:

2 AT
%% = EE%——Q [ sin ¢ tan ¢ (1 - 2T) + = < } {3.32)

c

For monotonic variatiens in the radius defect Arc with ¢, the two
terms in the brackets will act in opposition. However for most large
scale defects (for instance, an elliptical cross-section to the

crystal} the resolution requirement can be expressed as:

AT ,
BA L sy S (3.33)
A T
c
In the crystals used so far Arc v 0.1 mm. The crystals were

glued to brass mounts that had been machined to an accuracy of ~ 0.025
mm, the 0.1 mm thick glue layer introduced further error. The radii
of the crystals were 11 cm which for g ~ 45° leads to a spectral
resolution of SN 2000.

AA

3.2.6.2 Surface quality. Poor surface quality, on the crystal, will

produce crystal planes which are not parallel to the x axis, but at an
angle 88 to it. Fig. 3.5 shows a cut through the plane defined by y =

0 (i.e., the (x, y) plane). The defective plane is producing a Bragg
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reflection at angle 6 a distance of Ax away from the reflection point

R. The subsequent displacement Ay of the image point away from I is:
+
_ 2 tan tan® tan*
by = Tl %me "t il (3.34)
PHOTO
CATHODE
A
i

CRYSTAL PLANES

Fig. 3.5. Cut through the ¢ = 0 plane, (x,y) plane, for
a crystal with non-parallel crystal planes a distance AX
apart. The two planes produce image points a distance
Ay apart on the photo-cathode,

where tan’ = tan (6 + 86) and tan = tan (8 - §8). Expanding to
second order in 8 we get:
- 2
yiﬁe L 48

Ay = (3.35)
tan 8 cos? 8
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which imposes a limit on the spectral resolution of

Y.
—21—59 - §p2

24 . A {(3.36)
tan? g

Equation (3.36) shows that for wavelengths near the focus
(yi = 0) the spectral resolution is second order in the angle &9.
This property of the crystal is a consequence of the source and
detector being equidistant from the reflection point.  The property
can be exploited by using a mosaic crystal which has several reflec-
ting planes separated by small angles sp(3-04) Usually a mosaic
crystal provides better reflectivity because the rocking angle is
larger than that of a perfect crystal. The larger rocking angle
means poor spectral resolution. However in this geometry a mosaic
crystal will provide greater reflectivity without significant decrease
in spectral resolution, due to the separate planes producing spectra
that are almost superposed to second order in 686. (Equation 3.36).

Equations (3.30), (3.33) and (3.36) all impose limits on the

spectral resolution, A further restriction on resolution is the limit

set by. the source diameter D.

= 2 2
— = o, cos< 8 _ (3.37)

Also, the crystal resolution is limited by the rocking angle,
B, of the crystal. For an 11 cm radius of curvature PET crystal
(2d = 8.74 R), with ¥y = 0.1 radians set up for 6 R X-rays at & = 23.3
cm, the spectral resolution limits are summarised in Table I.
Fig. 4.5 in Chapter 4 shows a streaked spectrum obtained with
the 11 cm PET crystal. The microdensitometer tracing of the

dielectronic satellites of the Lya of Silicon indicates spectral
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resolution of ~ 900.

TABLE 1T

Equation Resolution Limit Source of Limit fi

(3.30) Curvature of lines Curvature of lines at 9000
extremes of cathode,
yi = 10 mm

(3.33) Defects in ATq 1 2200
— v ——— due to

curvature Te 1100

layer of glue

(3.36) Surface quality yi £ 10 mm 3000
§6 v 10 mrad
From glue non-
uniformity

(3.37) Source size 150 um 3000
Diameter source

tan 6 Rocking angle 120 arc sec rocking 1700

g angle

The expected resolution is g%—% 1100

3.3 Alignment

Alignment of the crystal was made relatively easy by the imaging
properties of the crystal mentioned in section 3.2.5. The crystal
has to be aligned so that the 'image' of the source falls on some
part of the 4 mm wide cathode. The axis of the crystal has to be

along a line joining the source to the cathode (thé x axis as defined
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previously).

The two requirements mentioned above were satisfied quickly and
easily by using a surrogate target consisting of a small light bulb
filament. The filament is positioned using the same procedure as
for a microballeoon target. The crystal reflects the light from the
filament to form a line focus on the cathode. The crystal is
adjusted until the focus is in the centre of the cathode. The axis
of the crystal is made parallel to the x axis by noting that the line
image formed by the crystal is only slightly longer than the cathode.
Therefore when the centre of the line is in the centre of the cathode
the system is aligned. The crystal can now be moved up and down in
the y direction without moving the centre of the image away from the

centre of the cathode.

3.4 Results

As mentioned at the end of section 3.2, Chapter 4 contains spectra

obtained with this device. The 11 cm curvature PET crystal was found
to have a resolution of f& ~ 900, The limit on this resolution is

probably being set by the crystal rocking angle. The resolution
limits set by machining and crystal assembly can be improved. The
gain of this crystal over an equivalent flat crystal is, from equation
(3.24), greater than 22 over 20 mm of the cathode.

Mica crystals (2d = 19.73 R) have been bent to smaller radii than
11 cm. Owing to the cheapness of good quality mica it is very useful
for making curved crystals. However, due to its large lattice
spacing, in most applications very small (v 4 cm) radii of curvature
are required, giving little gain over flat crystals.

The chief use of curved crystals is to look at a narrow spectral
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range with good spectral resolution and high sensitivity. For
example, resolving the dielectronic satellites of a Lya line where
spectral range does not have to be too large (e.g. Fig. 4.5) the high
sensitivity has been found to be of use in time resolving the motion
of the K absorption edge of a shock-heated material. The contrast of
the edge increases with increased line density of attenuatotr but the
signal level decreases. The use of a more sensitive curved crystal

spectrometer enables better contrast to be obtained at the K edge.

3.5 Conclusions

A Von Hamos curved crystal spectrometer has been developed and
used to image X-ray spectra from laser plasmas., The spectrometer can
have significant gain in sensitivity over conventional flat crystal
instruments, enabling higher dispersion spectra to be obtained.
Spectrometers of this type are now being used routinely at Rutherford
Appleton Laboratory in order to maximise the sensitivity of X-ray

streaked spectroscopy.
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CHAPTER 4

ABLATIVELY DRIVEN IMPLOSIONS OF MICROSHELLS

4.0 Abstract

Frequency-doubled Neodynium Glass laser light (AOEZ = 0.53 um} has
been used for the first time to implode spherical microshells.
Ablation pressures in excess of 20 Mbars, produced by the six-beam
irradiation, were used to drive the ablative implosions. The com-
pressed core material produced was of too low a temperature to permit
density diagnosis by seed gas spectroscopy. The density of the glass
shell, at the peak of the implosion, is estimated from X-ray pinhole
images to be in the range 1 to 2 g cm~3. Comparison with one-
dimensional numerical simulations indicates that either preheat or
asymmetry limit the compression. It is argued that decompression of
the pusher, due to preheat, is the limiting factor on the final density

achieved in the compression.

4.1 Introduction

Laser compression of matter to high densities has been attempted
in the past using high intensity laser pulses of long wavelength. In
this exploding pusher mode low densities are achieved. In the limit
of low preheating of the target material, by fast electron and radiation
transport processes, high pressure (v 10% Mbars), high density matter
should be produced(*-081}(4.02) = powever in the long wavelength, high
intensity experiments attempted, fast electrons deposit the absorbed

energy uniformly throughout the target, preheating it. The fast elec-
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tron range Kh was large compared with the target shell thickness leading
to an 'exploding pusher' compression producing low density cores(4-03),
In contrast, if the fast electron range is small compared with the shell
thickness AR, the shell is ablatively accelerated to compress an un-
preheated core gas.

The fast electron range Ah scales approximately as the hot electron
temperature T, squared. The hot electron temperature has been found
both theoretically and experimentally to scale with IA2(%.0%)(4.05) (.06}
An incident IxZ2 of 10!* W cm~2 um? will have a fast electron temperature
of ~ 2.1 kev(4:0%) | implving a range Ay in glass of ~ 0.7 um {4+ 07)
Frequency-doubled Neodynium Glass laser light has a wavelength of 0.53 um
so can be used at intensities up to 4 10!* W cm~2? on thick-walled targets
AR~ 1.5 um) with negligible fast electron preheat of the fill gas.

For an unshaped laser pulse, as shown in section 4.2.2., the density
achieved in an ablative implosion is not a strong function of the
ablation pressure, but the peak temperature of the core material scales
linearly with ablation pressure(“-98), In order to produce a hot, X-
ray emitting core an ablation pressure of ~ 20 Mbar is necessary, as
will be shown in 4.2.2. Measurements of ablation pressure, performed
in spherical geometry(#-9%), indicate that incident intensities of

~v 2 101% W em™2 for A = 0.53 um light, produce ablation pfessures of 20
Mhars. The six-beam, A = 0.53 pm symmetric illumination system at
Rutherford Appleton Laboratory was able to provide pulses of up to 150 J,
of 500 # 100 picosecond duratiomn. Targets of 150 um diameter could

therefore be illuminated with intensities of up to 4 10!* W cm™? of

green light in order to produce an ablatively driven implosion.

4.2 Theoretical Considerations

This section will show that, for the targets and illumination
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conditions used in the experiment, a hot dense core should be produced.

A simple rocket model is used to calculate the energy imparted to the
accelerated shell of the target. Some conclusions of a simple analytic
model due to Ahlborn et al,{(#:08) azre presented in order to predict
conditions in the compressed core. The predictions of this model are
compared with one-dimensional MEDUSA simulations(*-10).  The magnitude
of fast electron and radiation preheating of the target is estimated.
This estimate is then included in the MEDUSA simulations in order to show

the importance of preheat to the implosions.

4.,2.1 The ablative acceleration of the shell

The acceleration of a shell of initial mass m, inwards, due to the

0
ablation of matter at a rate m, can be approximated as that of a rocket
ejecting mass. A mass ém is accelerated to the mean ion flow velocity

Vﬁ on ablation, to produce an increase &v in the velocity of the shell

inwards. Simple momentum conservation gives:
Sm . v, = - mo(l - ) . v (4.01)
where,
dm .
£ Er_ (4.02)

i,e., £ is the fraction of the coriginal shell mass that has been ablated
by the laser. Integrating equation (4.01) to obtain the shell velocity

v and noting from (4.02) that &f = %ﬂ ., we get:
0

v = Vi an(l - f) (4.03)

Integrating equation (4.03) in time to obtain the distance 5

travelled by the shell we cobtain
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m
S = _° { (1- £ - f) « £} (4.04)

<m>

Where <m> is an average mass ablation rate for the time between
incidence of the laser and time = t

m f(t)

<> = ——— (4.05)

A time-averaged ablation pressure P, can then be defined

referenced to the initial target surface (radius R).

p = I 7 (4.06)
4wR2 1

The initial shell mass m is given by
m, = pg . 47R? AR (4.07)

where R is the initial shell thickness and P the initial shell density.

Therefore equation (4.04) can be rewritten as,

_ pSAR
s = vi2 - {@-Hwma- £+ £} (4.08)
a
Equation (4.08) parameterizes the shell trajectory in terms of the

ablated fraction f and can be used to calculate the average ablation

pressure Pa as described in a later section.

4.2.2 Compression and heating of the core

The ablation pressure of n 20 Mbars is sufficient to drive a strong
shock through the shell. The shell material is accelerated and com-

pressed to four times initial density by the strong shock{*-11).  The
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shock wave is reflected at the fill gas/shell interface and accelerates
the interface to drive a shock into the fill gas. After the passage
of the first strong shock through the shell the shell acceleration can
be described by a simple rocket model, as in the last section. The
shock passing through the fill gas is being driven by the shell which

is accelerating. In the limit of low aspect ratio (R/ i.e. thick-

ARD?
walled targets, the shell does not accelerate significantly during the
passage of this shock through the fill gas. Thé subsequent
implosion can then be described by a relatively simple analytic model
(4.08) . The model of reference (4.08) allows the shell to accelerate
uniformly until, at one-third the initial radius, it meets the reflected
shock that has traversed the fill gas. The shell then is decelerated
as the core gas is compressed by a series of progressively weaker
shocks, reflecting between the shell and target centre, which approxi-
mate to an adiabatic compression.

For higher aspect ratios than 15 the model of reference (4.08)
fails to agree with one-dimensional simulation in that the final density

and temperature of the compressed material is over-estimated.  However

some conclusions of the model can be applied to the higher aspect ratio

implosions (v 50) in the experiment to be described. The observation
is made that the shell accelerates to a radius % before it encounters
resistance from the core material. The 'dynamic pressure' pv? of the

shell when it reaches-% can then be used to calculate the final pressure
and temperature in the core at the stagnation of the implosion. For
higher aspect ratios, from comparison with simulations, the pvZ of the
shell (and hence the kinetic energy imparted to it) peaks very near a

radius of-%. Therefore in the experiments the pv? at this point will

be taken as the maximum value. The shell kinetic energy US at this
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point is, from equation (4.03)

U, = m, (1-£) {wm@-1£ 1 ?iZ (4.09)

te

2
where f can be obtained from equation (4.04) for S = E'R'
The pressure of the core at stagnation Pf is approximately the

peak pv? of the shell multiplied by a geometrical factor G.

P, = G pv2 (4.10)

The pressure amplification factor G is connected with the increase
in momentum flux density in the shell as it convergeé towards the target
centre. G is approximately the ratio of the shell's inner surface area
at the % point to that at the final core radius Re at stagnation. One-
dimensional simulations show that the mean density in the shell at the
% point is about twice the initial density Pge The shell has been
shock-compressed by a factor of four(%-11), which produces an average

density of ~ 2pS due to the density decrease near the inner edge of the

shell. Equation (4.10) can then be written as:
2 TR1°%
Pp = = [R—} o, V2 (4.11)
£

Noting that the final density Pe is proportional to Rf‘3, equation

(4.11} can be rTewritten as:

Py

P Y
P, = % {—f—] ’ o, { 1n(l - £) }2 V.lZ (4.12)

where Py is the initial fill gas density.
The adiabatic compression of the core from the %—point to Ry gives

an expression for Pf in terms of Pe and the core pressure after the



79

shock transit. The results of reference (4.08) are then:
= 0.53 R (4.15)
g ) AR Ps )
1
P, r P, 173 73
- 2| i R
and Tf = 0.76 5, [ 5 ] [ I ] eV (4.16)

v . . -3
Pa is in Mbars, py in g em™3.
Where Te is calculated from Pf and'pf assuming a perfect fully

ionised gas with A = 2Z, such that

P (Mbars)

T(ev) = 2.1 W)

(4.17)

Table T includes typical values of Prs Pf and Tf calculated from
Ahlborn et al.(*-08).  The temperatures produced in a typical laser
compression for the target parameters quoted would be large enough to
excite high energy X-ray spectra for core diagnosis.

Table T also shows results obtained with the one-dimensional
hydrodynamic code MEDUSA (#-10) ysed by the author in its modified form,
as described in Chapter 6. The simulation results show lower core
temperatures than predicted by Ahlborn et al. but the temperatures, in
excess of 1.5 keV, are still sufficient for X-ray spectroscopic core
diagnosis, if reproduced in the experiment. The simulations assumed
that radiation losses from the core gas were negligible; in common

with Ahlborn et al.

4.2.3 Energy balance

The kinetic energy given to the inward-moving shell is expressed in
equation (4.09). The ratio of the final internal energy of the core

matter Uf, at temperature Tf to the peak shell kinetic energy is:



TABLE 1

Comparison of analytic and numerical calculations of comﬁressed core parameters.
Targets were glass microballoons of 150 pm diameter containing 3.32 103 E cm-3

of Argon. An absorbed laser irradiance of 1.6 10'* W cm-? produced an ablation
pressure of 20 Mbars.

Wa}l Ahlborn et al. MEDUSA Simulation

Thickness
Final j

AR R 1T pg Pg T¢ Simulation | pf Pg Tf Shell pR

(pm) AR (g cm3) (Mbars) {(keV) Number (g cm™3) (Mbars) (keV) {Line Density)
(g cm=?)

3.75 20| 28 4.9 104 3.7 1 36 2.0 10| 1.5 6.4 10-2

2.14 35| 48 1.2 10°} 5.3 2 38 3.5 104 | 2.3 3.9 1072

1.5 50 f 69 | 2.2 10°| 6.7 3 20 2.3 104 | 2.4 1.7 10-2

08
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£ 4.8107 R Pi TgleV)

Ug (1 - 1) " 4R Ps vZ(ms~1)

(4.18)

for a perfect gas equation of state,
Using equation (4.03) and noting that from A = 0.53 um ablation

experiments (4:09):

v, = 5.8 105(Iy,)0-13 m s-! (4.19)

where Iy, is the absorbed irradiance in units of 10!* W cm~2, we get:

Yt 14310t R P TgleV) (4.20)
US ¢’(f) AR DS (11“)0.26

for » = 0.53 um, where
o(£) = { an(1 - £} }2(1 - £)

An upper limit on the core temperature is obtained when it is
noticed from simulation that a fraction of the shell is heated by the
compression. For an aspect ratio of 50 the fraction g of the original
shell that is heated to the final temperature T. is about 15%. In order

for energy to be conserved we must require that:

Ug 1

—_— <
p

Us 1+ 3g( Ry (=
R or

(4.21)

For most of the targets used in the experiment, p, ~ 8 1073 g cm™ 3.

therefore for aspect ratios of 60 and below:

U o
f <« 1 R "i

u

This is typically 20%.  Substituting for ﬁf-from equation (4.20) we
$
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then get a limit on the expected final core temperature of:

Te B 2.3‘*é—f)12;26 keV (4.23)
For most of the targets used the ablated fraction was about 40%, which
for an absorbed irradiance of 10!* W cm™2 gives a limit on the expected
core temperature of 2.4 keV.

The expected core temperature is therefore limited by ¢(f) ~ f2 in
this approximation. The ablated fraction was measured directly in the
experiments and also could be calculated from previous measurements of
ablation rate(*:09), The combination of an incident irradiance of

3 101% W ¢m~2 with shells of aspect ratio between 30 and 60 should

produce cores hot enough (v 2 keV) to diagnose spectroscopically.

4.2.4 Preheat

The preheat produced by the shock transit through the core gas is
included in the model of Ahlborn et al. If the core gas is assumed to
be fully ionised to start with, then the deviation from the adiabat when
it is compressed by the shock can be parameteriéed by equating the
temperature and density, after shock compression,with that obtained after
an adiabatic compression from a temperature Tph' The témperature T

ph

can then be shown to be:

P (Mbars)
T ~ 1,21 —— eV (4.24)
ph ~3
py (g em™)
This equivalent preheat temperature is typically 9 eV for a 20 Mbar

ablation pressure and a glass microballoon.

The preheat of the target due to the action of fast electrons can
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be quantified using compilations of experimental measurements of hot
electron temperature and deposition in targets(#:06){(4-07) e

characteristic depth of deposition X, is given by(“'°7):
0.9
2
1.8 Iinc Apm
p{g ecm~3) |[101% W em~2

I
=
=

(4.25)

where Iinc is the incident laser irradiance in S.I. units (i.e. W m~2).
For a slab with Lagrangian coordinate x, with the laser incident at

x = 0, the specific energy deposition due to fast electrons is:

. 0-1 - .
. p 1.8 ... A
Efe = 5.6 1p°% LR —nc A i T(picosec) e h J/ng
101% W cm™2 H
(4.26)
at a depth x in the slab. Where 7 is the time since the laser was

switched on and ﬁfe is the conversion factor of incident energy into
fast electron preheat energy, typically 6%(%.98) for short pulse A =
1.06 ym illumination. The factor Nee would be expected to be less than
6% for the A = 0.53 um experiment to be described, due to the longer
density scale lengths associated with a long laser pulse, and the
increased importance of inverse bremsstrahlung absorption with the
shorter wavelength. Fast electron transport straight inteo the target
could also be reduced for longer pulses due to lateral tfansport of
electrons or the increased importance of circulating fast electrons in
the ablation plasma as described for plane target experiments in

Chapter 2. For the conditions prevailing in the experiment to be
described the fast electron preheat can be treated as negligible if at

a depth x in the shell the heating due to fast electrons is much smaller

than the heating by the shock when it gets to that depth(”‘oa). The

dominant mechanism causing the shell to decompress during acceleration
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would then be the heating due to the initial shock transit of the shell.

The delay time for the shock to reach a depth x is:

1.
p  (gem™ )4

- 3 s > 2 :
T = x{um) [ 7} Pa Mbars) ] 10 picosec (4.27)

The shell heating associated with the shock is:

3 Pa (Mbars)

E = 10-% J/ng (4.28)

o (g cm?)

Comparison of this formula with tabulated Hugoniot and equation of
state data(“-17) indicates good agreement for the range of ablation
pressure of interest.

For an incident irradiance of 4 101% W em~2 of X = 0.53 um light
incident on a glass microballoon the shock heating is 2.9 10~* J/ng.
Assuming UP 0.06, throughout the laser pulse, the fast electron pre-
heat before the shock arrives is, from equatiom (4.26), ~ 9 10-"% J/ng
for depths of % to 1 um in the shell. Therefore fast electron preheat
may be significant on some of the thin-walled (~ 1 um) targets. Note
that an energy deposition of 1 J/ng is equivalent to an energy per atom

of:

e = <A> 1,04 10% eV/Atom (4.29)

where A 1is the mean mass number of the material. A deposition of
9 10~% J/ng in glass is equivalent to 190 eV/Atom.

The preheat of the core gas by fast electrons is given by:

AR
Ego = 3 107° [ liinc _2} fe T(pf:C) e (Kh)glass
10 W cm pgas(g cm™ )R {um)
. 2R
Agas J/ng {4.30)

{ 1 -e
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where Kgas for the fill gas is typically 240 um (10 bar Neon, Iinc =

4 101% W em™2, Ayg = 0-53). For a 1.5 um thick shell of 150 um
diameter the core preheat for the illumination conditions quoted is of
the order of 3 107> J/ng in the 50 picosecs before the shock reaches the
fill gas. The above estimates of fast electron preheat are very
approximate due to the lack of knowledge of fast electron behaviour in
long-pulse irradiated spherical targets.

Preheat due to X-ray radiation from the ablation plasma is
difficult to estimate. The frequency-dependent photon range A, can be
calculated from tables of X-ray mass attenuation coefficients for cold
materials{(#-12),  The cold material opacities are a good approximation
for shell temperatures below 100 eV as the photon energies are still much
greater than the electron energies present, and K shell ionisation will
not be significant.  When preheat 1s included in ablative implosion
simulations, (e.g. those of Table IV), the shell stays at a temperature
below 100 eV during the acceleration phase of the implosion.

If the ablation plasma, close to the shell surface, consists of a
large number of isotropic sources emitting a total spectrum, IV (Photons

ster~! Hz-! s~1), a radiation conversion factor n, can be defined such

that:
n_ hv I, . Amhv I W m2 Hz"l (4.31)
v inc —_—
S
where S is the target surface area in m?. The isotropic emission of

radiation by the ablation plasma means that only about half of the
radiation enters the shell. The X-ray irradiance, due to radiation
between v and v + dv, through a surface a depth x in the shell can be

shown to be:
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il
_ 41 hv Iv 2 - ESE%‘I"
P odv = —e—— dv. %[ e "V sing d& - Wm?  (4.32)
ki)
)

where 8 is the angle a ray makes to the normal to the target surface.
The integration over § is performed assuming that the curvature of the
surface is negligible over the absorption length of a ray. Substi-
tuting from equation (4.31) and differentiating (4.32) with respect to

X, we obtain the energy deposition rate:

L
7 X 1
1 I lv cosB .
E{v,x)dv = hv n, dv Iinc 5 Au . ¢ tand dé W kg
(4.33)
The integral is an exponential integral Ei( {i-) such that:
v
.. X _ e\
Bi( ) = / = du (4.34)
v el
Ay
For 0.15 < {L < 2.4 , Ei( fL ) can be replaced by:
\V v
_ V3 x
X 3 A\) :
Ei{ 3 ) = > ¢ (4.35)
v
which is accurate to 20% within the limits quoted. Therefore the
photon range Au can be replaced by a reduced range:
*
1 -
N (4.36)
The deposition of energy due to radiative preheat is then:
X
: T AT
. ® v
E_ g[ 1he } ripsec) gy nv%———‘;,( ydv 107 J/ng
101%W em~2 ps(g em™3) o y o
(4.37)

From equation (4.37), for glass the energy deposition rate by radiation

for constant nv
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peaks at photon energies of 1.1 keV and 1.4 keV for depths of % and 1
micron respectively.

Some measurements have been made of the soft X-ray spectrum pro-
duced by 1.06 um laser irradiation of plastic and tungsten-glass
targets (4.13) (4. 14) (4.15)  The spectra measured are effectively
constant in intensity (keV/keV) between hv ~ 0.2 keV and 1.2 keV, to
within a factor of 2, At 1.2 keV the intensity decreases rapidly,
being down by Z orders of magnitude at' a photon energy of 2 keV.
Measurements for 600 psec pulses of 0.53 um light(”'ls), using X-ray
diodes, show only 3% of the total X-ray energy lies above 1.8 keV and
that 90% lies between 0.2 keV and 1.8 keV. The radiation conversion
factor n, (photons J-1 Hz"1), as defined in equation (4.31), is pro-
portional to the intensity expressed in keV/keV, : hv, an estimate of .
the effect of radiative preheat can be made by taking n, as constant
between 0.2 keV and 1.2 keV and zero elsewhere. Radiation below 0.2
keV will be absorbed very close to the ablation region and will not con-
tribute directly to preheating of the target. The integrated radiation

conversion fraction:

F. = f”u hv dv (4.38)

has been measured (%16} as ~ 25% of the absorbed energy for Titanium
targets. The Z scaling of conversion **14) indicates that glass will
have a conversion fraction of Fr v 6% of incident energy in the spherical
geometry experiment to be described. Solving equation (4.38) for n,

constant between 0.2 and 1.2 keV gives

E
=

n, = 753 Pphotons J-1 Hz™! . (4.39)

The energy deposition rate is then:
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inc T(psec)

Er(x) = F_ - A(x) 1072 J/ng (4.40)
10l% W cm™2 ps(g cm™ )
where the integral,
..
1.2 A
= & -1
A(x) f_ 1.24 55 e de J pm (4.41)
0.2 v
can be evaluated numerically. The quantity e is the photon energy hv

in keV. Fig. 4.1 shows the integrand of equation (4.41} plotted for
various glass depths. If a preheating spectrum with n, not constant
were used, the curves of Fig. 4.1 would be multiplied by the frequency
dependence of n,- Integrating equation (4.41) gives values of A(x) of
0.52, 0.20, 0.12 and 0.05 for depths in 5i0y of 0.5, 1.0, 1.5 and Z um
respectively. Using equation (4.27) for the time the shock takes to

reach a depth x and substituting into equation (4.40) we obtain:
E.(x) = 2.9 1072 x(um) A(x) J/ng (4.42)

(Iinc = 4 10% W cm2, Apm = 0.53, p, = 2.6 g cm™ 3, P, = 20 Mbars, F_ =
0.06).

Inserting the values of A(x), for constant n, a preheat of 7.5 10°%
to 3 10~% J/ng is obtained over the depth range % to 2 um before the
shock arrives.

The shock heating predicted by equation (4.28) is not significantly
greater than the heating due to radiation or fast electrons. Therefore
for the irradiance conditions considered the shell preheating due to
fast electrons and radiation will dominate over shock preheat. Combining
the results of equations (4.26) and (4.40) the rate of preheating of the

shell during the acceleration phase is summarised in Table II below, for

two incident irradiances.



TABLE i1

| Depth in
Glass Shell
{pum)

Fast Electron Preheat

J ng

-1

psec-!

Radiative Preheat
J ng-1 psec-!

Total Preheat
J ng~! psec-!

Tinc = 101% | Tjpc = 4 101% | I5pc = 102 | Tjpe = 4 101% | T4 = 10M% | T, = 4 1014
W cm—2 W cm-2 W cm™ W cm-2 W cm-2 W cm?

0.5 1.1 1073 5.9 1075 1.2 1073 4.8 1075 2.3 1075 1.1 10~

1.0 1.1 1;)‘6 2.9 10-° 4.5 10-% 1.8 10-5 5.6 1076 4.7 10-3

1.5 0 1.4 10-3 2.8 10~ 1.1 1073 2.6 107% 2.5 10-5

2.0 0 7 1076 1.3 1076 4.6 1076 1.3 1076 1.2 10-3

06
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The units of Joules per nanogramme per picosecond are chosen as

relevant to the timescale of the implosion of a microballoon.

The

temperature rise associated with the deposition of energy by preheat

can be inferred from tabulated equation of state datalt-17)

Table III

below shows the specific internal energy of Si0, in J/ng as a function

of density and temperature.

The shell is preheated for a period of the

order of 300 picoseconds during the implosion, a deposition rate of

1075 J ng~! psec! will then give an increase in internal energy of

3 103 J/ng and a temperature Tise of 50 eV.

SPECIFIC

TABLE III

INTERNAL ENERGY

OF Si0, (J/ng)

geg;igy 1 2.6 5 10

300 % | 3.4 106 | 0.5 10"% | 4.3 10°% | 5.9 1075
1ev [1.9 1075 | 1.6 107% | 1.9 1075 | 7.3 10°°
2 eV (2.710°% § 3.3 1075 | 3.9 10°% | 9.1 10-°
5ev |1.0 10°% | 1.0 10-% |1.0 10°% | 1.5 10-*
10 ev |3.110°% | 2.8 10°% |2.6 10°% | 2.8 10-"
20 eV 8.8 10°% | 7.6 10°% |6.8 10-% | 6.4 107"
50 eV [3.210°3 | 2.8 103 |2.510"3 | 2.3 1073

The preheated shell will expand as it is accelerated, due to its

internal pressure.

estimated by assuming that it expands at the ion sound speed.

The rate of decompression of the shell can be

However



TABLE IV
Compressed Shell
Preheat Power Shell
Simulation Input PE T Pf peak pv2
Number J ng=1 ps-1 (g cm-3) (EeV) (Mbars) (Mbars) pR Diameter | Density
(g cm™?) (um) (g cm3)
3. Standard MEDUSA | 20 2.4 2.3 10% | 7.0 103 1.7 1072 18 20
Fast Electron
Treatment
(from Table I)
4, 10-© 16 2.2 1.8 10 | 6.7 103 1.4 10=2 23 13
5, 3 10-6 11 2.0 1.1 10% | 2.7 103 1.0 1072 27 7
6. 10-° 4 1.7 3.2 103 | 5.7 102 5.0 1073 40 2
7. 3 10-° 2.2 1.6 1.7 103 | 1.4 102 2.3 1073 A 60 0.8
8. 10-" 0.3 1.1 1.7 102 | ~ 15 7.0 10~ n 80 0,2

Z6
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as the temperature rise associated with the preheat is time dependent
the best way of estimating the influence of decompression is to include
preheat as a variable in MEDUSA numerical simulations. MEDUSA contains
an equation of state calculation that has been checked against tabu-
lation datal-17).  The simulation results shown in Table I had fast
electron production included as a fraction of vhe laser energy resonantly
absorbed at critical density, the fast electron temperature was calcu-
lated using empirical formulae(%-04)  then energy deposition calculated
from the electron range(“‘lsJ. (See Chapter 6, section 6.1.1.) The
simulation with a shell aspect ratio of 50 (simulation 3 in Table I) was
re-run without the MEDUSA treatment of fast electrons but with an energy
deposition, due to preheat applied uniformly throughout the shell. The
energy deposition was varied from 107% J ng-! psec~! to 10-% J ng~!

-1, The results of the simulations are shown in Table IV together

psec
with the simulation from Table I for comparison. No preheat, apart from
shock preheat, was applied to the fill gas.

The fast electron preheat in the usual MEDUSA simulation has less
effect than an applied deposition of 107% J ng~! psec-l. This is
probaﬁly due to the low fraction of the incident laser energy actually
being resonantly absorbed at critical density. The simulations allowed
for refraction of the six beams in the low density plasmd and hence
collisional absorption at densities lower than critical density. (See
Chapter 6, section 6.1.2.3.) The small amount of preheat due to fast
electrons in Simulation 3 probably reflects the reduction in fast elec-
tron production observed in long pulse experiments(%-19),

Comparison of the radiative preheat shown in Table II with the
effects of that preheat in the simulations of Table IV indicates that

radiative preheat alone can provide energy depositions of between 1078

and 3 10 J ng~! psec”! through a 2 pm thick glass shell, sufficient to
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reduce drastically the core density and pusher pR obtained in the
experiment. Fig. 4.2 shows density-radius plots for the simulations
of Table IV. The decompression due to preheat is seen to reduce

dramatically the densities obtained in Simulation 3.

4.2.5 Drive uniformity

In the limit of negligible preheat, the final density and tempera-
ture obtained in an ablative implosion can be sct by the degree of spherical
convergence of the shell. To achieve radial compression ratios of
about 14 the shell velocity must be uniform to within # 3%(%.20),

This restriction implies that the ablation pressure must be uniform to
within about 6%. The restriction on the illumination uniformity is not
quite so tight because the separation between the low density absorption
region and the ablation point allows a certain amount of thermal
smoothing of irregularities in irradiation. The smoothing is effective
where scale lengths of non-uniformities are small compared with the
separation of the absorption and ablation regions(4'21). This sepa-
ration increases with laser wavelength and irradiance (*-22) and is

found to produce a smoothing efficiency of pressure modulations that
scales as (Ix2)0-87 (v.23) Smoothing is found to become suddenly
effective above an IA2 of 10'% W cm™2 ym? incident(%-23).  Specifically,
plane target experiments at an incident irradiance of 2 101" W cm~2,

in a 350 picosec pulse of 0.53 pm light with a spatially modulated beam,
have shown that a 4:1 modulation in irradiance produces only a 10%
variation in drive pressure across the target'*23).  Two-dimensional
raytracing applied to the density and temperature profiles predicted by
the one-dimensional code MEDUSA (see Chapter 6) indicate that with the

focusing and irradiance conditions used in the experiment to be described,
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(6 beams focused 3.6 target radii beyond the centre of the target),
illumination uniformity of * 20% is achieved. However the results of
the plane target experiments(*:23) may not be directly applicable to
the case of a spherically converging shell so a modulation may still be

imprinted on the velocity of the pusher.

4.3 Experiment

The experiment used six synchronous laser beams of green light to
irradiate spherical glass microshells. The targets ranged in diameter
from 100 um to 180 um with glass wall thicknesses of typically 1 - 2 um.
A plastic layer of 1 - 2 um was coated over the glass in some of the
targets. The microballoons were filled with Argomn, Neon and
Deuterium - Tritium mixtures. Laser pulses of 500 picoseconds in
duration with energies up to 150 J (summed over six beams) produced
incident irradiances of typically 3 101* W cm~2. The £/1 lenses werte
focused 3.6 target radii beyond the centre of the target in order to
improve illumination uniformity. These irradiation conditions led to
measured absorption fractions of 30 to 35% of the incident energy.

Data was obtained using time and space resolved X-ray spectroscopy and
time-integrated X-ray pinheole imaging. Nuclear reaction products were

detected from some of the targets containing Deuterium - Tritium.

4.3,1 Time integrating X-ray pinhole camera

An X-ray pinhole camera with two 10 um diameter pinholes was used
to image the X-ray emission of the target. The two pinholes were
filtered with layers of Beryllium and Aluminium of different thicknesses.
Fig. 4.3 shows a typical set of pinhole pictures. The picture on the

left shows a ring of X-ray emission surrounding a bright spot in the
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Fig. 4.3. X-ray pinhole images of implosiomn.
Image at left is through Filter A (25 um Al +
15 pm Be); image at right through Filter B
(125 uym Be + 10 um Al).
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centre. The ring of emission corresponds to the ablation plasma at
the outside of the shell, marking the shell's trajectory as it is
accelerated inwards.  The bright central spot consists of emission
from the hot, dense core, produced by the implosion. The pinhole
picture on the left had a filter of 25 um of Aluminium plus 15 um of
Bery1lium (Filggr A). The central core emission is not visible in the
picture on the right which was filtered with 125 pm of Beryllium plus
10 um of Aluminium (Filter B). The transmission of the two different
filter combinations is shown in Fig. 4.4. Filter A (25 um Al + 15 um
Be) has higher transmission for X-Tay energies below the Aluminium K
edge at 1.56 keV. However Filter B (125 um Be + 10 um Al) is more

transmitting for X-rays with energies above the Aluminium K edge.

Integrating the transmission of the filters for am X-ray continuum of

the form
_ hv
kTq
I(v) « e (4.43)
leads to an intensity ratio of order unity for Te = 500 eV, The

ablation plasma imaged in the two pictures is of similar brightness in
both, implying Te ~ 500 eV, This temperature is consistent with
measurements of the slope of the Silicon recombination continuum
emission detected by an X-ray spectrometer. The relative brightness
of the core in the two pictures is consistent with an electron tempera-
ture of 200 # 50 eV,

The core is surrounded by a region of low luminosity which is a
self backlit absorption picture of the compressed glass of the shell.
In the example shown in Fig. 4.3 the opaque region has a diameter of

60 um. If the 60% of the 1.9 um shell that is not ablated by the laser
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is all contained in the opaque region then a glass density of » 2 g cm™3
is implied. The areal density of the glass can be estimated as

v 6 103 g cm™2,  Similarly, assuming that the gas fill is all in the
30 um diameter emitting core leads to a compressed core density

estimate of 0.6 g cm™3, However some glass could also be in the

bright central emitting region so 0.6 g cm™3 could be a lower limit on

the density of the compressed gas.

4.3.2 Time-resolved X-ray spectroscopy

An X-ray streak camera with a Von Hamos curved crystal attached
was used to time resolve X-ray spectra from the target. The crystal,
described in Chapter 3, was P.E.T. (2d = 8.74 R) and was initially used
to try and detect Argon lines, emitted from the core of Argon-doped
targets. The cores produced by the implosions were of too low a
temperature (v 200 eV) to produce Argon resonance lines, therefore the
device was used to provide high dispersion Silicon spectra. Fig. 4.5
shows the Lya line of Hydrogen-like Silicomn, (ls - 2p of Si XIV)
together with its dielectronic satellites. The satellite lines
correspond to 1s - 2p transitions in Helium-1like Silicon where the

second electron is in an excited state, providing a perturbation on the

transition. The resulting satellite line has a wavelength very close to
the Lya line. The satellites visible in the streaked spectrum have a
duration similar to that of the laser pulse (500 picosec). The main

Lya line lasts for a long time after the laser pulse, as the remnants

of the ablation plasma stay hot as they move away from the target. The
short burst of continuum emission at point g in Fig. 4.5 corresponds to
the stagnation of the implosion. The continuum from the core is

escaping through the Silicon K window of the glass pusher. Fig. 4.6 is
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Fig. 4.5. Time-resolved Si Lyman «
emission from imploding glass microballoon.
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Fig. 4.6. Time-resolved Si Lyman o and Au
continuum emission from imploding gold and
plastic coated glass microballoon.
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a streak of a target which was coated with 1.2 um of plastic with a
fiducial gold layer 10 nm thick on top. The satellites to the Lya line
are delayed until the end of the laser pulse owing to the time required
to burn off the plastic. Trace 'a' on Fig. 4.6 shows a burst of
continuum appears midway through the period of Silicon emission,
corresponding to the stagnation point. An X-ray pinhole image from

the same shot as Fig. 4.6 is shown in Fig. 4.7. The emission from the
fiducial gold layer is spatially separated from the emission from the
silicon by a region of low emission. This region corresponds to the
period when the implosion is being driven by the ablation of the plastic
layer. The delay time before silicon emission commences is 320 pico-
secs from Fig. 4.6, indicating a mass ablation rate of 4.6 10° g cm™2
s, in good agreement with an extrapolation of ablation rate measure-
ments made at lower irradiances(*:09).  The mean ablated ion velocity
on this shot was 5.6 107 cm/s giving an ablation pressure (equation
(4.06)) of 26 Mbars. The time resolution of the instant of burn
through coupled with the pinhole image measurement of the displacement
of the shell during acceleration leads to an alternative estimate of

ablation pressure of 23 Mbars from

S = = t2 ' (4.44)

Without using the time resolution, a third estimate of ablation
pressure is obtained from equation (4.08) where the displacement is
calculated from a rocket model. The ablated fraction f at the point
of burn through into the silicon is known from the initial target
manufacture and gives an ablation pressure of 28 Mbars. The mutual

consistency of these three measurements is indicative that the implosion
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Fig. 4.7. X-ray pinhole image of impioding
gold and plastic coated glass microballoon.
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is being correctly described by a rocket model and that retardation
of the shell due to spherical convergence is negligible in the shot.
Equation (4.08) will overestimate the ablation pressure if the shell
meets Tesistance on its way inwards. Equation (4.44) will under-

estimate Pa for the same reason.

4.3.3 Space-resolved spectrometer

Using a miniature X-ray spectrometer(*+24) with a 10 um space
resolving slit enabled the spectrum of the hot core to be isolated.
Fig. 4.8 shows the X-ray spectrum of a large aspect ratio (v~ 70) glass
microballoon. The spectra of the core and the shell (ablation plasma)
are superposed. The main resonance lines (e.g. Si XIII 1!54 - 21Py)
in both spectra, are dominated by bright emission from the ablation

0
plasma but the continuum stretching from 5.65 A upwards is a feature of

the core. The continuum slope can, from equation (4.43), yield a core
temperature. The temperatures were typically 200 eV. Two important
features are evident in Fig. 4.8. The first is the series of

absorption features to the long wavelength side of the resonance lines,
labelled A, B and C. A and C, which are to the long wavelength side
of Helium rescnance lines, correspond to absorption from Beryllium-like
Silicon ions in the compressed glass pusher surrounding the core.
Feature A, at 5.89 R, can be identified as absorption due to transitions
from 1s to 3p in ground state Beryllium-like Silicon ions. Feature C
is due to 1s to 2p transitions in Beryllium-like Silicon, i.e. a Ka-1like
transition in absorption.  Feature B is due to doubly excited Lithium-
like ions undergoing a ls to 2p transition.

The second feature of interest is the K absorption edge of the

o
pusher material that has been shifted to a wavelength of 5.65 A from its
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Fig. 4.8. Space-resolved X-ray spectrum of imploded glass microballoon
showing spectra due to the core and shell separately. Features A, B and
C in the core spectrum are due to absorption by the compressed glass pusher.
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position in cold Silicon of 6.74 R. The K edge has shifted due to
ionisation reducing the screening of the nuclear charge, and thus
increasing the energy required to ionise a K shell electron. Hartree-
Fock calculations of the energies of the initial and final states after
ionisation(*-25) enable the K edge position to be calculated as a
function of ion stage. Debye shielding depresses the ionisation
potential below that predicted by the Hartree-Fock calculations. The
model of Stewart and Pyatt can be applied(#:26) to calculate the de-
pression at high electron density (> 3 1023 cm™3). Fig. 4.9 shows the
results of applying ionisation potential depression to the edge shift
predicted using the calculations of reference (4.25). The depression
is density-dependent so curves for 1 and 3 g cm~? are plotted. The X
edge shown in Fig. 4.8 has been smeared out by the effects of time
integration (over ~ 100 picosecs as seen on the streaks) and the
presence of different ionisation stages in the pusher. The edge
stretches from 6.05 R down to 5.65 A where it is most sharply defined.
Fig. 4.9 shows that for a density of 3 g ecm™3 this range of edge
positions corresponds to ion charges in the range 8 to 11. The
smearing of the edge could be an indication of heat from the core
raising the temperature of the pusher and hence ionising the silicon
further.  The absorption features A, B and C may be used to calculate
the line density of the glass pusher at stagnation, however without time
resolving the absorption the opacity can be underestimated leading to a

poer measurement of pR.

4.3.4 Nuclear diagnostics

Neutron yields from D-T filled microballoons were measured by

Rutherford Laboratory staff using a scintillator detector. Yields were
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Fig. 4.9. K absorption edge position for

Si0,; as a function of mean Silicon ion charge.
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in the range 10% - 10° neutrons, when observed. On some shots no
neutrons were detected at all. The neutron yield can give a measure
of the core ion temperature by estimating the confinement time from the
ion sound speed and the expected compression ratio. The core ion
temperatures deduced were than in the range 200 - 350 eV with an error
of n 20%(%.27),

Alpha particles were detected by workers from Bristol University
using CR39 plastic(#+28),  The o particles leave a trail of ionisation
damagé through the plastic which after etching with a caustic solution
produces a visible track. The track shape and size provides quantitive
information about the a particle energy. The o particle spectra ob-
served from these experiments showed a peak in o particle energy down
shifted to a few 100 keV,

The number of « particles detected was typically 10% of fhe neu-
tron yield. The down shift in « energy plus reduction in number of o
particles detected indicate that the glass pusher has a line density of
the order of 3 10~3 g cm~2 (4.29) consistent with estimates based on
the pinhole camera pictures. A more detailed discussion of the
particle detection with CR39 plastic in this experiment is contained in

the Ph.D. Thesis of A.P. Fews(4-30),

4.4 Results

4.4.1 Core temperatures

The core electron temperatures, deduced from X-ray continuum
slopes and differentially filtered pinhole images, are shown in Table V.
The pv2 quoted in the final column is calculated from equations

(4.03) and (4.04) using the ablation rate data of referenceé (4.08).



TABLE V
Shell .
Aspect Ratio Absorbed Fraction of Electron Exgected peak
Shot llp Irradiance of Shell Temperature pv< of Shell
e (1014 W cm™?) Ablated (f) (eV) (Mbars)
05 101281 30.8 1.12 0.34 166 * 20 3.1 108
03 101281 40.2 0.91 0.38 200 + 50 3.8 103
06 231281 58.5 0.58 0.40 250 = 20 3.8 103
06 111281 30.1 1.95 0.40 390 + 80 5.6 103
10 161281 70.3 0.95 0.49 400 * 100 7.6 103

o1t
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The mean shell density is assumed to be twice the initial glass density;
in the presence of preheat the shell density would be lower. The core
electron temperature is seen to correlate with pv? as indicated by
equations {4.11) and (4.17), however the final electron temperatures
achieved are very much lower than the predictions of the MEDUSA
simulations in Table I. The temperatures are too low to allow seed gas

spectroscopy to be used as a density diagnostic.

4.4.2 Compressed glass pusher density

The size of the opaque region, due to the high density compressed
glass pusher, observable in the pinhole images enabled an estimate of
the density of the compressed glass to be made. However due to the
limit on the pinhole resclution and the uncertainty as to the amount of
shell in the opaque region, the error in glass density is of the order
of 50%. Table VI shows the densities and line densities observed using
the unablated fraction of the shell mass(*'99) at peak pv2 as a measure
of the mass in the opaque region.

The compressed shell densities in Table VI are all of the order of
1-2gecm3, There is no obvious systematic dependence on irradiance
or aspect ratio. If the shell were accelerating inward with a mean
density of twice its initial density e (as assumed in equation (4.11})
the stagnation shell density would be higher than 205 due to the radial
convergence of the shell. The low densities observed would imply that
the shell is at low density {v 1 g cm~3) during the acceleration and
hence the peak pv? achieved is lower than predicted by a factor of the
order of Vs, The implied reduction in shell density during the

acceleration phase is possibly a consequence of radiation preheat.
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TABLE VI
= Diameter Compressed ;
Shot Szgéit E;amater giii:nass ?:%gzz:zcgz égégzzgn :Eggg:quﬂ gt:iity g:ﬁzfty g::;eter g:::%gr
Ratio um 10 W cm - < cm 3 g cm um g cm
Error 3% 10% 20% 20% S0% 30%
05 021281 3.6 139 1.6 0.64 0.34 51 2.4 5.1 10713
03 101281 30.2 150 1.9 0.51 0.38 &0 1.9 5.7 1073
10 151281 39.% 127 1.06 1.65 0,51 41 1.9 3.9 1073
08 161281 61.3 131,1 1.06 1.70 0.52 a6 1.4 5.2 1073 14 8.9
10 161281 70.3 168.8 1.2 0.95 0.48 59 1.4 4 10=3] 20 5.0
11 161281 58.6 171.1 l.46 0.71 0.42 61 1.7 5.2 10-1 23 3.8
01 171281 7.3 143.8 1.06 1.32 0.51 16 1.7 $ 103 19 3.7
14 171281 37.3 121.5 1.06 1.02 0.45 37 2.7 4.9 10-3 & 2.1
06 171281 38.3 144.4 1.86 0.388 0.37 55 2.3 6.5 1073 16 3.5
09 171281 1.4 189.8 1.33 0.383 0.47 6% 1.4 4.7 1073
11 171281 77.2 185.2 1.2 0.78 0.48 65 1.2 4 1073
14 171281 60.1 168.9 1.33 1.16 0.48 50 2.5 6.6 103 27 2.1
02 181281 56.3 159.1 1.2 1.0 0.48 k11 1.3 4.1 10773 17 7.0
DB 181231 61.2 175 1.33 0.77 0.44 78 d.3 5.2 103 18 7.7
03 211:z81 6G.2 125 1.04 1.6 0.51 41 1.9 3.8 107? 14 6.5
05 221281 | 48.2 | 163 1.2(a) 1,08 0.43 63 1.7 5.3 10-3| 22 34
16 221381 37.7 110 0.%3(®) 1.98 Q.45 36 3.3 4.3 1073
06 231281 38.3 136 1.33 g.58 0.40 64 1.2 3.7 10-3 26 1.3
28 231281 75.3 161 1.06 1.17 0.52 49 1.7 4.3 10=3 21 3.8
11 231281 8.3 146 0.53 1.37 .34 16 1.3 3.3 1073 20 3.2
13 231281 79.7 148 0.93 1.16 0.33 44 1.8 41073 23 2.2
15 231281 11.5 154 1.54 1.57 8.46 12 3.2 6.7 10-1
16 2331281 67.3 162 1.2 1. 16 0.50 47 2.4 5.6 1073 23 2.9
L]
fa) Coazed with 1.2 um Polystyrene

(1)

Coated with 1.3 um Polystyrene
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4.4.3 Core density

The absence of hard X-ray emission from high 7 seed gases in the
core meant that the only method of density determination was from X-ray
pinhole pictures. A core diameter was estimated by taking large
magnification (x 8) pinhole pictures such as those shown in Fig. 4.10
and simply measuring the diameter of the central dark spot. The
approximate core densities indicated are in the range 2 to 7 g cm™ 3,

It is possible that this measurement, which assumes no glass is in the

emitting region, is an underestimate of the density.

4.5 Discussion

4.5.1 Preheat

The pusher densities presented in Table VI are consistent with
preheat-induced decompression of the shell during the acceleration
phase. Comparison of the compressed shell densities observed with
those seen in the simulations of Table IV leads to the conclusion that
preheat powers of the order of 1073 J ng~! psec~! would be sufficient
to produce the decompression. The argument in section 4.2.4 has
shown that radiation preheat powers of this magnitude are possible.
The fast electron preheat predicted in section 4.2.4 is ﬁrobably an
overestimate due to the assumption of the conversion fraction Mo
being the same as for short pulse experiments(“‘lg). However the
radiative preheat alomne is sufficient to provide a deposition of the
order of 10> J ng~! psec~! for the irradiation conditions of the
experiment.

The estimate of the radiative preheat presented in section 4.2.4

is approximate and would greatly benefit from direct measurements of
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Fig. 4.10. Selection of pinhole images of X240 magnification.
Pictures marked A and B refer to filters of Fig. 4.4.
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soft X-ray spectra emitted from the targets used in the experiment.

The Z scaling of soft X-ray intensity can be approximated from
examination of comparisons of 1.06 um irradiation of Parylene (CgHg)
and Tungsten Glass (W,0/P,0s5) targets(“'lu). Also 0.53 um irradiation
of Beryllium and Titanium targets presents some indication of Z scaling
(4.15)  For the same laser irradiance the difference in soft X-ray
conversion is of the order of a factor of 3 in going from Glass (Si0;)
to Plastic targets, The reduction in X-ray intensity for plastic-
coated glass targets will be offset slightly by the greater range of
X-rays in the low density (v 1 g cm™3) low Z material(“'lz), allowing
X-rays to penetrate to the underlying glass and preheat it. Hence in
Table VI the higher compressed shell density observed for Shot 16 221281
which was overcoated with a layer of plastic is not necessarily due to

the low Z ablation plasma reducing radiative preheat.

4.5.2 Drive uniformity

Figures 4.10 and 4.11 are a selection of pinhole images showing
the bright central cores and surrounding opaque regions characteristic
of these implosions. Some of the images shown provide evidence that
the ablative acceleration is not uniform for the whole shell. For
example, Fig. 4.11a (Shot 05 021281} has an opaque regioh which is
square in cross-section as well as a central bright core that has two
components. The shape of the opaque region is consistent with
enhanced drive pressure at the points where three neighbouring beams
overlap. The initial intensity distribution on the target surface
will have maxima at these three-beam-overlap points, under the focusing
conditions used. Subsequently as the target is ablated, refraction in

the low density plasma produced, coupled with thermal smoothing between



116

A osomam B 521

A 18 011281 B

Fig. 4.11, A further selection of X-ray pinhole images.
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critical density and the target surface(*-23) will create a more
uniform ablation pressure distribution. However it is possible that
the initial period of non-uniform irradiation can greatly affecf the
subsequent behaviour of the shell. For instance the initial pressure
non-uniformity could alter the mass distribution in the shell, pushing
mass sideways away from regions of higher ablation pressure (and hence
stronger shock waves). The acceleration of the shell after the re-
distribution of its mass will then not be uniform even if the ablation
pressure becomes uniform.

The non-uniformity in the ablation pressure can be estimated from
pinhole images such as Fig. 4.1la as of the order pf 20%. This is not
typical of the pinhole images produced. In general images such as
Figs. 4.10a, 4.10b, 4.10c and 4.10d showed a much better uniformity.

Images such as Fig. 4.7_and Fig. 4.11b, which are of plastic and
gold-coated targets,also allow a worst casé estimate of pressure
uniformity, using equation (4.08). The 30% difference in distance
travelled by the shell before the Silicon starts emitting in Fig. 4.7
indicates imbalance in the acceleration of about 30% for this shot.
Fig. 4.7 shows a minimum distance between gold and silicon emission at
point X. The nearby region of Silicon emission is extended inwards
indicating a longer period of glass ablation than elsewhére on the
target. The opaque region representing the compressed glass is dis-
placed away from point X indicating the effect of the higher pressure
at that point. Gross non-uniformities in pressure due to faulty
setting of relative beam energies produce pinhole images of this type.
For example, Figs. 4.11c, 4.11d and 4.10c show opaque regions displaced
relative to the centre of the balloon due to uneven illumination.

Non-uniformity in the pressure (or acceleration) will produce a
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poor spherical convergence and possibly account for the low core
temperatures shown in Table V and indicated by neutron yields. The
temperatures measured are much lower than those of the one-dimensional
simulations shown in Table IV which included the effects of preheat.
Therefore preheat, in reducing the pv? of the pusher, will not reduce
the core temperature to the values observed, but defects in the radial
convergence could. The radial convergence will not have too great an
effect on the compressed glass densities detailed in Table VI.  The
compression ratio of the shell material was typically less than three
radially (e.g. a 150 um diameter shell was compressed to fill a volume
50 um in diameter). For the compression of the shell to be limited by
pressure non-uniformity to a factor of three, the pressure would have
to vary by greater than 50%. The worst cases observed showed pressure
non-uniformity of 30% and these were due to irregularity in the relative
incident beam energies. In general the drive pressure uniformity was

better than 20% as demonstrated by the evident symmetry in Fig. 4.10d.

4.6 Conclusion

Results of the first ever experiments using 0.53 um laser light to
implode ablatively microshells have been presented, The low tempera-
ture of the cores produced precluded the use of X-ray seed gas density
diagnosis. However the density of the compressed glass pusher was
diagnosed as & 2g cm~3, from pinhole pictures. Comparison with one-
dimensional simulations suggests that a preheat mechanism is causing
the pusher to decompress during the implosion. The importance of
radiative preheat was assessed and shown to be capable of providing
sufficient energy deposition in the pusher to produce significant

decompression.
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Although observations were made of non-uniformity in the drive
pressure (or acceleration non-uniformity due to re-distribution of the
shell mass) it is not sufficient to explain the low pusher densities
observed. However the drive non-uniformity can explain the low core
temperatures observed,as an efficient conversion of pusher kinetic
energy to compressed matter thermal energy would not then be achieved.
The compressed core gas density was not diagnosable beyond estimates
based on pinhole pictures. The non-uniformity in drive would also
affect this density.

In order to obtain better uniformity in drive pressure a higher
irradiance can be used so as to benefit from enhanced thermal smoothing
(%.23) . However for a particular IA2 the degree of smoothing of
illumination irregularities is a function of implosion time. The
separation between critical density and the ablation front takes time
to be set up. If the shell takes a long time to implode then the
smoothing has a longer time to take effect. It can be shown(#-31)
that for a particular target and laser wavelength the degree of smooth-
ing is almost independent of irradiance.  This fact arises due to the
almost linear dependence of ablation pressure on irradiance(*-09J,

The implosion time is then approximately proportional to I_%. The
smoothing efficiency has been measured to scale as approgimately 10.67
(4.23) jndicating that the product of smoothing effectiveness with
implosion time is almost constant with irradiance.

The possibility exists that planar measurements of thermal
smoothing may not be applicable to spherical implosions due to the
initial non-uniformity in illumination producing an irreversible
distortion of the converging shell. Fig. 4.11f shows a microballoon

imploded using six beams defocused only 2.25 target radii beyond the
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centre of each beam. The figure shows an opaque region with three
spikes corresponding to concentrations of shell mass. The line density
along these spikes (only two are easily visible in the figure) could be
significantly greater than at other points in the opaque region if the
density is assumed to be reasonably constant. The re-distribution of
shell mass evidenced in this picture could happen on a smaller scale
for the non-uniformities associated with the six-beam geometry. Such
an effect would not occur so readily in the planar geometry experiments
due to the lack of curvature of the target.

In summary it is felt that, although X-ray preheat of the pusher
has been shown to be capable of reducing the compressed glass density,
the final temperature and density achieved in the core of these

implosions is probably a strong function of illumination uniformity.
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CHAPTER 5

HIGH INTENSITY IMPLOSIONS

5.0 Abstract

Experiments using short pulse (v 100 psec} X = .53 um
irradiation to implode microshells are described. Density and
temperature diagnosis of the core is achieved using Argon seed gas
spectroscopy. A comparison experiment using 1.054 pym radiation is
described. The use of Chlorine-doped plastic microshells in high
density implosions 1s proposed and demonstrated in low density

exploding pusher implosioms.

5.1 Introduction

As an extension to the work described in the previous chapter it
was attempted to perform high intensity 0.53 um implosions. These
implosions were of sufficient spherical uniformity that core tempera-
tures over 500 eV were obtained, enabling core density diagnosis using
Argon-doped fill gases. The experiment was performed at KMS Fusion
Inc. using their spherically symmetric TBIS illumination system.
Unfortunately due to limitations caused by damage thresholds in the
laser system, it was not possible to do a long pulse (v !} nsec)
experiment at the intensities required for implosion. Therefore the
experiment was done using a short pulse of 100 picoseconds duration at
incident irradiances of about 10!5 W cm~2. These implosions were

therefore dominated by fast electrons and were hence 'quasi-exploding-

pusher' implosicns.
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The second experiment described was performed at Rutherford
Appleton Laboratory using similar incident irradiances as in the first
experiment. However these implosions had a higher IAZ due to the use
of 1.054 pym light. A comparison is possible between the results of
this experiment and some of the results of the KMS experiment.

The final part of this chapter will deal with the use of plastic
microballoons in high density implosions. For the line densities of
the compressed pusher expected in truly ablative implosions a glass
shell will be attenuating to K shell emission from an Argon seed gas.
A plastic shell will have much lower attenuation to emission from a
high Z dopant such as Argon (Z = 18) or Chlorine (Z = 17). High
intensity » = 1.054 um implosions were carried out with polystyrene
shells (CgHs CH CHp) filled with Freon 12, dichlorodifluoromethane
(CC1l, Fy). The Chlorine in the Freon gas fill produced X-ray spectra

enabling temperature and density determination.

5.2 High Intensity * = 0.53 pym Implosions (KMS Fusion Inc.)

Glass microshells of 70 - 150 um diameter were irradiated with up
to 101% W em=2 in 100 - 200 picoseconds. The experiment was carried
out at KMS Fusion Inc. using the Triple Bounce Illumination System
(TBIS) to provide spherically symmetric irradiation. Fig. 5.1 shows
the geometry of the TBIS system, two hemispheric mirrors focus light
onto the target after it has experienced three reflections.  The
illumination is then incident on the target from almost 4n steradians.
A narrow equatorial gap between the mirrors allows diagnostic access
to the target, the absence of illumination in this equatorial region is
prevented by defocusing the mirrors slightly so that rays overlap on

the equator.
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Fig. 5.1. Plan of the KMS Triple Bounce
Illumination System (TBIS). Reprinted from
the 1980 XMS Fusion Inc. Annual Report.

5.2.1 Targets imploded

Three different classes of target were imploded and found to emit
seed gas spectra.
(1) Small (70 um diameter), thin-walled (0.9 um) glass
microballoons filled with 0.4 atmospheres of Argon.
(ii) Larger (v 110 um diameter) glass microballoons with
wall thicknesses between 0.9 um and 1.5 um filled
with 2 atmospheres of Argon.
(iii) Microballoons as in (ii) but with an extra fill of

Deuterium gas (D;) of the order of 100 atmospheres.
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5.2.2 Diagnostics

X-ray diagnostics employed in this experiment included time-
resolved and time-integrated spectroscopy. Time-resolved spectra were
recorded using a flat RbAP crystal (Rubidium acid phthalate, 2d =
26.12 R) to diffract X-rays onto the photo-cathode of an X-ray streak
camera (on loan from Rutherford Appleton Laboratory). A flat crystal
was used, as a curved crystal (described in Chapter 3) was not available.
The spectra observed were therefore limited in time resolution due to
the low sensitivity of the flat crystal/streak camera combination.

Fig. 5.2 is a typical streaked Argon spectrum. The time resolution is
40 picoseconds, sufficient to show the delay between the bright con-
tinuum, corresponding to the laser ablating the shell, and the
appearance of Argon lines. The Argon 1s? 1Sy - 1s2p 1Py (Hea) and
Lyo are seen on this streak.

Time-integrated s;ectra were observed using a minispectrometer(5-01)
containing a PET crystal (Pentaerythritel, 2d = 8.74 R). The spec-
trometer was positioned with its entrance slit 6 cm from the target
instead of its usual position 5 mm from the target. The large
separation between spectrometer and target (necessary due to the TBIS
geometry) meant that space-resolved spectroscopy was not possible.
However the larger separation meant higher dispersion spectra, at the

expense of reduced spectral range. A typical Argon spectrum is shown

in Fig. 5.3.

5.2.3 Electron density determination

The electron number density n, in the compressed core was calcu-
lated from the Stark-broadened line profiles of Argon Hef and Hey.

The profiles were taken from time-integrated spectra such as that of
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Fig. 5.3 and digitised. The line profiles were then fitted in n,
ni4 parameter space to the optically-thin Helium-1like profiles of

R. W. Lee with LTE opacity broadening(s'OZ). Here nj2% is the line
density of Helium-like Argon ions (Ar XVII) in the ground state con-
tributing to the opacity broadening of the line. Electron densities
were found to be in the range 1023 cm™3 to 3 1023 cm~3, equivalent to

mass densities between 0.3 and 1 g cm~3.

5.2.4 Electron temperature determination

The ratio of Helium-like to Hydrogen-like Argon lines served as
a diagnostic of electron temperature in the compressed core. The
relative intensities of the different lines were calculated using the
population calculations of R. W. Lee. The collisional and radiative
rate equations are solved for a homogeneous plasma and the optically
thin line ratios calculated. The collisional excitation rates were
updated to agree with the calculations of Pradhan et al.(5-03)(s.04)
The results of the calculations are summarised in Fig. 5.4 where various
line ratios are plotted as a function of electron temperature for two
different electron number densities. The ratic used for temperature
diagnosis in this experiment was that of the Lya to Hevy. The ratio is
seen in Fig. 5.4 to be rapidly varying with temperature in the range

500 eV - 900 eV and insensitive to electron density changes.

§.2.5 Results

The electron densities and electron temperatures observed are
summarised in Table I. The specific absorbed energy quoted is obtained
by dividing the absorbed energy, as measured by an array of four plasma

calorimeters, by the initial mass of the target. The error quoted for
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Fig. 5.4. Ratios of the intensities of the main
X-ray lines of Hydrogen-like and Helium-like Argon,
as a function of electron temperature for two
different electron densities. The intercombination
line 1s2 185 - 1s2p 3P is referred to as 'I'.



TABLE 1

Glass Argon Dy Specific Compressed Compressed Brightness
Initial Shell Gas Fill | Gas Fill | Absorbed Absorbed Argon Electron | Argon Electron | of Spectrum
Shot | Diameter | Thickness | Pressure | Pressure | Irradiance| Energy Density Temperature {(Arbitrary
(um) (um) (Atm) (Atm) (W cm2) (J/ng) (em~3) (eV) Units)
-5507 70 0.9 0.4 None 6.8 1014 0.29 (5+2) 1023 800 + 15 7.0
5508 | 106 0.9 2.0 None 4.5 101% 0.18 (2.4%.3) 1023 730 + 15 7.1
5509 | 103 1.2 2.0 None 3.7 1014 0.12 (3.0%.5) 1023 730 £ 15 2.4
5518 | 115 1.0 2.0 115 3.3 101% 0.13 < }023 640 * 20 8.3
5519 | 117 1.2 2.0 115 2.9 101% 0.09 (2.4%.5) 1023 640 t 20 3.8
5520° | 148 1.0 2.0 125 1.6 10t% 0.12 (1.0£.2) 1023 610 * 20 8.9
5521 | 141 1.2 2.0 136 2.5 1014 0.08 Weak lines ~ 550 3.5
5522 | 102 1.1 2.0 None 4.0 101 0.14 (2.8+.6) 1023 660 * 20 2.6
5523 | 107 1.4 2.0 88 2.9 1014 0.08 Weak lines 600 * 100 1.0

200 picosecond laser pulse duration.
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the electron temperature is from the uncertainty in measuring the

line ratios. The final column in Table I gives a qualitative measure
of the brightness of the time-integrated spectra oQtained. The
brightness quoted is proportional to the intensity of the group of
lines near the Argon Hea that includes the 1s¢ 1S5 - 1s2p 1P,
resonance line and 1s2 1S; - 1s2p 3P intercombination line,

The brightness of the spectra is a function of the shell thickness.
The electron temperature is also a function of the shell thickness but
varying the shell thickness also affects the specific absorbed energy.
The final temperature in these quasi-exploding pusher implosions should
be linearly dependent on the absorbed specific energy(5-05). Fig. 5.5
shows the electron temperatures plotted as a function of specific
absorbed energy for the shots in Table I. The target type in the key
of Fig. 5.5 refers to the description in section 5.2.1.

There is an obvious correlation between temperature and specific
absorbed energy. Comparing shot 5508 with 5509 (in Table I) which
have similar electron temperatures and densities, the brightness is
seen to be lower by a factor of three in the latter shot. The target
diameter and Argon fill density was similar for these two shots but the
shell thickness was greater for 5509. A possible explanation for the
reduced brightness in the spectrum of shot 5509 is that the higher com-
pressed shell pR, expected due to the greater initial shell thickness,
is attenuating the Argon emission. The transmission of glass (Si05)
as a function of pusher oR and temperature(5:96) is plotted in Fig. 5.6
for an X-ray wavelength of 3.96 R {Argon Hea). The possibly lower
pusher temperature associated with the thicker shell of 5509 coupled
with a higher expected pR, indicates that the glass transmission could

be significantly different between shot 5508 and 5509. The region of
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Fig. 5.5. Measured core electron temperatures from Table I

plotted against specific absorbed energy. The target types
are described in section 5.2.1.

rapid variation of shell transmission with pR begins near-a oR of
2 1073 g cm2. Hence in the ablative implosions described in Chapter 4,
any Argon lines excited in the core would be severely attenuated by the
high line density of the pusher (3 - 6 10-3 g cm~2).

Shot 5523, which was of similar diameter to 5508 and 5509 but had
a wall thickness of 1.4 um, produced very weak spectra (see Table I).
The core temperature in this implosion was possibly lower but the
weakness of the Argon lines observed meant that the electron

temperature determination was less accurate.
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The electron temperatures observed with Dp-filled targets (Type
(iii) as described in section 5.2.1) were lower than for the pure Argon-
filled targets but the specific absorbed energies were also lower

(see Fig. 5.5).

5.3 High Intensity A = 1.054 um Implosions (Rutherford Appleton Lab.)

Following on from the experiment described in section 5.2 similar

microballoons were imploded at Rutherford Appleton Laboratory using six-
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beam illumination of wavelength 1.054 pum. Pulses of 50 J (summed over
six beams) of 100 picoseconds duration irradiated two types of target,.
(i) Low pressure Argon-filled glass microballoons of
A 70 ym diameter and shell thickness between 0.5 and
0.8 um.
(ii) High pressure Argon-filled glass microballoons of ~ 100 um
diameter and shell thickness between 1.3 and 1.7 um.
The two types of target are very similar to types (i) and (ii)

defined in section 5.2.1 for the KMS experiment.

5.3.1 Electron temperature and density determination

The determination of the conditions in the compressed Argon was
achieved using the methods described in section 5.2. Electron tempera-
tures deduced from the ratio of Ar Lya to Ar Hey were about 840 eV for
the type (i) targets and about 660 eV for the type (ii) targets.
Electron number densities calculated from matching Stark-broadened line
profiles were about 1023 cm~? for all targets.

Fig. 5.7 is a spectrum produced by a type (i) (small, thin-walled)
target. The absolute wavelength of the Argon X-ray lines has been
determined by using the K absorption edges of Potassium (3.437 R) and
Chlorine (4,397 R) as fiducials. A thin (1.5 um) layer‘of Potassium
Chloride (KC1) wassplaced over the spectrometer slit in order to produce
the absorption edges seen in Fig. 5.7. The proximity of the Potassium
edge to the Ar HeB line (3.366 R) allowed a measurement of any shift of
the line due to density effects. For the shot illustrated (11 160682)
the HeB was found to have shifted by 2 = 0.7 mR towards lower energy

(i.e. the line was red shifted).
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5.3.2 Results

The results of the temperature and density determinations are
tabulated in Table II. The small (~ 70 um diameter) targets all had
electron temperatures of about 840 eV. The irradiances and specific
absorbed energies for the small type (i) targets did not vary much
resulting in little Spréad in temperature or density.

The larger (type (ii)) targets, described in the last three rows
of Table II, showed much the same densities as the other targets but
the temperatures were much lower. The lower temperature is
associated with the reduced specific absorbed energy. The brightness
of the spectrum is defined as in section 5.2 and the units are
normalised to be the same as in Table I. The effect of increased
glass opacity for thicker shells is possibly an explanation for the
reduced brightness of shots 09 090682 and 09 180682 (with shells 1.7
um thick) compared with shot 03 170682 (which had a 1.3 um thick shell)

despite having similar densities and temperatures.

5.3.3 Comparison with KMS experiment

The type (ii)} target shots can be compared directly with some of
the KMS experiment results shown in Table I.  For example, shot 5522
is of similar size to shot 03 170682 and has a similar sﬁecific-absorbed
energy and compressed electron temperature. However shot 5522 produced
a higher density than the shots shown in Table II,

The type (i) target shots of Table II can be compared with shot
5507 from the KMS experiment. Again higher densities were produced in
the KMS experiment for the same target type and irradiance conditions
but different laser wavelength.

The higher Ix? of the 1.054 um experiment would lead to a higher



TABLE 11

Glass Argon Specific | Compressed ﬁ(;mgiessed Brightness

Initial Shell Gas Fill | Absorbed Absorbed | Argon & of Spectrum

Shot . . . . Electron :
Diameter | Thickness Pressure Irradiance | Energy Electron Density Temperature (Arbitrary
(um) (um) (Atm) (W cm-2) (J/ng) (em™3) o Units)

05 110682 70 0.6 0.25 8.3 101*% 0.53 (1.1 + .2) 1023 850 + 20 -

07 110682 71 0.5 0.25 7.9 101" 0.61 (0.8 + 0.3)1023 840 * 20 -

03 150682 69 0.8 0.25 7.4 101" 0.36 (1.0 + .15)1023 840 + 20 -

11 160682 73 0.8 0.25 6.7 1014 0.32 (1.1 = .2) 1023 840 % 20 -

09 090682 | 102 1.7 2.0 3.2 101 0.07 (1.1 £ .2) 1023 630 t 20 4.0

03 170682 99 1.3 2.0 3.3 1014 0.10 (1.3 + .2) 1023 680 * 20 8.0

09 180682 89 1.7 2.0 4.0 101" 0.09 (1.8 £+ .6) 1023 685 + 20 2.9

9¢T
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fast electron temperature and hence a greater preheating of the fill
gas. The reduced density observed in the Rutherford Laboratory
experiment is consistent with increased preheat compared with the KMS

experiment.

5.4 Implosion of Polystyrene Microshells

The attenuation of Argon lines by the increased opacity of thick
glass shells has been mentioned in previous sections as a possible
explanation for the observation of reduced Argon core emission from
thick-walled balloons. For high pR implosions (i.e. above 6 103 g
cm™2) plastic-walled microballoons will have lower opacity than glass,
at photon energies above the Silicon K edge due to the low Z of Carbon
compared with the Silicon in glass microballoons.

Polystyrene shells (Cg Hg CH CH;) are available in a variety of
sizes and wall thicknesses. The most massive element in the shell is
Carbon which will be K ionised by quite modest temperatures (v 100 eV).
The X-ray emission of a high Z material such as Argon (Z = 18) would be
transmitted even by large line densities of pusher. For an unheated
polystyrene shell the transmission for X-rays of 4.19 R wavelength is
42%, for a pR of 1072 g cm~2. Figure 5.6 which graphs the trans-
mission of $i0, at a wavelength of 3.96 R, shows that evén at a tempera-
ture of 320 eV, glass only transmits 3% for a pR of 10-2 g cm-2. Once
the carbon in the polystyrene shell becomes K ionised the transmission
will be much higher than for the unheated case.

Choice of a suitable gas for filling the plastic balloons is
restricted by the high permeability of the shell to small molecule gases
such as Argon. Freon 12 (C Cl, F,) was chosen as a fill gas as it

could be diffused into the targets over a period of a few hours and
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would be retained by the balloon for a similar length of time. The
Chlorine (2 = 17) in the Freon was a suitable diagnostic element due
to the high photon energy of its characteristic X-rays, only slightly
longer wavelength than Argon lines.

Freon-filled plastic shells were imploded as part of the experi-

ment described in section 5. 3.

>.4.1 Experiment

Three plastic microshells were imploded with absorbed specific
energies of the order of 0.1 J/ng. The targets had plastic wall
thicknesses of the order of 3 um, and diameters of the order of 110 um,
Although the wall thicknesses were greater than for glass micro-
balloons, the density of plastic is 1.06 g cm™3 compared with Si0,
which has a density of 2.6 g ecm~3. Hence a 2.6 um plastic shell will
accelerate at a similar rate to a 1 um glass shell.

The targets contained one atmosphere of Freon 12 which contains a
number density of Chlorine equivalent to two atmospheres if the Freon
molecules were broken up. Hence the label on Fig. 5.8 refers to 2 bar
of Chlorine. Fig. 5.8 shows two X-ray pinhole image pairs, one set
for an Argon-filled glass microballoon, the other for a Freon-filled
plastic shell. The image for the Freon-filled target ié dominated by
the central core emission since the Chlorine in the fill gas is the
highest Z element in the target, (Fluorine has Z = 9). The dominance
of the core emission means that the noise level, due to emission from
the ablation plasma, is low in the X-ray spectra produced.

A typical spectrum is shown in Fig. 5.9. The line profiles were
compared with theoretical profiles as before and the electron density

determined. Fig. 5.10 shows the digitised experimental profile of
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TABLE ITI

Compressed Chlorine

Plastic Specific Electron Density Compressed
Initial Shell Absorbed Absorbed Chlorine
Shot Diameter | Thicmness Irradiance | Energy Electron
From Lya From Line Temperature
Satellite Ratio | Broadening
Units um um W cm? J/ng cm™3 cm™3 eV
18 100682 | 112 2.3 3.4 10 0.14 (1.2£0.15)1043 (1.5%0.1)1023 810 = 20
13 110682 { 110 3.7 3.7 101 0.10 (2.520.4)1023 (2.120.2)1023 740 t 20
12 170682 | 119 2.9 2.8 1014 0.09 (0.6%0.5)1023 (1.7+0.2)1023 540 * 40

A
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Cl Hey fitted to the theoretical profile of a Stark and opacity-
broadened Hey.

The electron temperatures were determined by comparing the Lya
to Hey intensity ratio with a calculation similar to that of Fig. 5.4

but rerun for Chlorine.

5.4.2 Results

The characteristics of the three implosions are summarised in
Table III. A further calculation of electren density was possible
from the ratio of the Lya satellites. The ratio of the 2p? 1p, -
1s2p 1P; transition to the 2s2p 3P - 1s2s 3S and 2p2 3P - 1s2p 3P
transitions has been shown to be an electron number density diagnostic
(5.07), The results of comparing the ratios of these satellites of
Cl Lya are given in Table III alongside the line-broadening results.
Fig. 5.11 shows C1 Lya and its satellites for one of the implosions.

Comparison of the results of Table ITII with the Argon-filled target
implosions of Table IT indicates that slightly higher densities are
achieved with the thicker walled targets listed in each Table. The 3.7 um
thick shell of shot 13 110682 1is equivalent in areal density to a |
glass thicknesg of 1.5 um and so can be compared with shot 09 180682
(Table II) which had a 1.7 um thick shell and produced an only slightly
lower density. It is difficult to see a strong correlation between
the use of plastic shells and an increase in compressed density from
the data available.

The Helium-like recombination edge of Chlorine has been calculated
and observed to lie at a wavelength of 3.39 A(5:08).  The spectrum of
Fig. 5.9 shows continuum emission up to a wavelength of 3.51 K. The

'edge' position, corresponding to the energy required to ionise from
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the K shell of Helium-1like Chlorine, has been shifted due to the
effect of the plasma surrounding the ioms.

Two effects can shift the apparent position of the edge. The
first is Debye depression (mentioned in Chapter 4), where the potential
an electron 'sees' due to the ion extends only one Debye length from
the ion. The electron will be screened from the ion when it is
further than one Debye length from the atom. The depression of the

Helium-like ionisation potential Ep is then:

_ (z-1)%
Ex = -~ ey 3 (5.01)

where AD is the Debye length and Z is the nuclear charge on the ion.

It is possible that for high densities the Debye length is smaller than

the ion sphere radius R, defined by

4 3 _

? Ile Rl = Zl (502)
where Z, is the net charge on the ion. A sphere with radius Ry
contains enough electrons to neutralise the ion's charge. In the

limit of Ap smaller than R, there are not enough electrons in a sphere
of radius Ap to shield an electron which has been moved a distance Ap

from the ion. Therefore in this limit equation (5.01) is not valid.

A reasonable approximation is to replace AD by Ri in equation (5.01).

The model of Stewart and Pyatt(s-og) handles the limit of Ap < R.l and

tends to equation (5.01) in the limit of A, > R;. The potential

depression from their model is:

1-Cg) ) -Cg) (5.03)
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The results of calculating the shift in Helium recombination continuum
edge from equation (5.03)} are plotted in Fig. 5.12.

The édge shifts observed in the three implosions all moved the
edge to 3.5 * 0.1 K (e.g. Fig. 5.9). The Stewart-Pyatt model gives
an electron density in excess of 3 1023 cm~3 for shifts of the magni-
tude observed.

The effect of merging of the upper energy levels with the con-
tinuum due to Stark broadening is neglected in Fig. 5.12. This effect
is the second process that can shift the edge position. Higher order
Helium-1like resonance lines such as Hed, Hee, etc., can be Stark
broadened sufficiently that they become part of the continuum. The
limit, where the separation between lines is less than twice their
Stark width, is called the Inglis-Teller 1imit(5-19).  An examination
of the shape of the recombination continuum edge (e.g. Fig. 5.9)
reveals 'bumps' to the short wavelength side of the edge, corresponding
to the positions of Hee and Hez. These 'bumps' are either evidence
that the Inglis-Teller limit must be applied, in order to determine an
electron density from the edge position, or an effect due to time
integration. It is possible that the 'bumps' were lines emitted when
the plasma was at low density before the edge was shifted. However
the fact that the Stewart-Pyatt model has overestimated the electron
density compared with the results in Table III indicates that analysis

of the edge position must include the Inglis-Teller limit.

5.5 Conclusions

High intensity implosions using both 0.53 ym and 1.054 um radia-
tion have been described and compared. The observed electron

densities, in the compressed core, are higher for 0.53 um irradiation



148

by a factor of two, for similar targets and laser energies.

The effect of glass shell opacity in attenuating Argon lines has
been inferred from the two experiments and the use of low opacity
plastic targets proposed. The use of plastic targets containing a
Freon 12 fill gas has been demonstrated, temperature and density diag-
nosis being from Chlorine emission. The density diagnosis was
possible using both line shape fitting and measurement of Lya satellite
Tatios. A further diagnostic using the shifted recombination edge

position may be useful if sufficient analysis is carried out.
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CHAPTER 6

COMPUTATIONAL STMULATION OF ABLATION

6.0 Abstract

The one-dimensional Lagrangian hydrodynamic simulation code
MEDUSA has been extended and used to model the ablation of material
from spherical targets. Comparison of simulated mass ablation rates
with experimental results at A = 0.53 ym and X = 1.054 um has led to
the conclusion that heat fluxes in excess of 10% of free streaming
are present in the ablation region of laser-irradiated spherical

targets.

6.1 MEDUSA

The one-dimensional program MEDUSA was written by J. P,
Christiansen et al. at UKAEA Culham Laboratory(6.01) in order to study
the hydrodynamic behaviour of a plasma subjected to the large power
fluxes found in a laser-irradiated material. The program uses an
implicit method of solving the thermodynamic equations on a Lagrangian

mesh with explicit hydrodynamics.

6.1.1 Summary of MEDUSA

The program treats the plasma as 'two temperature' in that the
electron and ion gases are handled separately although able to exchange
energy by ion-electron collisions. In the original version transport
of energy was by classical Spitzer conductivity (8:92) cut off at some

empirically chosen fraction of the free-streaming limit. Absorption
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of laser energy was by collisional absorption (inverse bremsstrahlung)
in the underdense plasma, coupled with a dump of energy at critical
density. The equations of state used were a perfect gas equation for
the ions and either a perfect gas or a Fermi degenerate gas for the
electrons. The initial form of MEDUSA assumed a fully ionised plasma
with only Hydrogen and Helium isotopes present. The action of shock-
waves and fluid motion during pellet compression were modelled
together with nuclear reaction rates and self heating (ignition) of
the fuel.

Subsequently MEDUSA has been modified to allow the inclusion of
high Z elements in simulationsté-97), The ¢ and 8, parameters have been
included in the Spitzer conductivity which was previously correct only
for Z = 1. The ionisation balance for up to five different elements
is now caliculated using a modified form of the Saha equation(6'03).

The modification to the Saha equation avoids an unphysically high
ionisation at low densities and instead approximates to a coronal
equilibrium,

The electron gas equation of state now includes the effects of
partial degeneracy, ionisation and binding energies through the Thomas-
Fermi model(6-9%).  The model has had optional quantum corrections
added(6.05) to handle binding energy in the cold demse solid phase.
The equation of state produces essentially zero pressure in the cold
solid and tends asymptotically towards an ideal gas equation of state
at high temperature and low density. The equation of state has been
compared with tabulated data(6:06) and is in good agreement for all
regimes found in laser driven targets(6'07).

Fast electron production due to resonance absorption has been

-

included in the code but since a fluid model does not contain enough
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information to calculate the hot electron temperature TH an empirical
formula is used. The formula is that of Giovanelli et al.(6-08}(6.09)
where the fast electron temperature is found to be a function of IAOZ,
where I is the laser intensity reaching the neighbourhood of critical
density and Ay is the free space wavelength of the laser. The
transport of the fast electrons is performed by dividing the distri-
bution function into ten groups and calculating the rate of energy loss
as the groups travel through the target, using standard formulae for
fast test particles in a plasma(6-10).  The total energy put into fast
electrons is set empirically at 10% of that reaching critical demnsity.
Some justification for a 10% conversion into fast electrons comes from
experiments(s'lz)(6‘13)(6'1“) and also from matching simulations to
exploding pusher implosions where the behaviour of the target is

dominated by fast electrons(6-15)(6.16)

.6.1.2 Modifications to MEDUSA (made by the author)

6.1.2.1 Saturated heat flow. In its original form MEDUSA imposed a

limit on the permissible heat flow by calculating the harmonic mean of
the Spitzer conductivity and some adjustable fraction f of the free

streaming limit or saturation flux Qgat

kpTy VT,
qsat = - ng kB Te mg EIe (6.01)

Some early work had shown little dependence of target behaviour on the
value of £ chosen (8+34). This result was found to be due to large numeri-
cal errors in the original formulation of the free-streaming flux. On

correcting the errors many simulation observables became dependent on
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the fraction f of the free streaming limit chosen as the upper limit
on the heat flow(8:17).  The method of implementing the limit on the
heat flow was altered to be an abrupt cut-off of the Spitzer value at

f.q The algorithm for calculating the saturation flux was taken

sat’
from the paper of Max et al,(6-18) (Appendix D), which details an
analytic model for laser ablation from spherical targets.

The analytic theory of reference 6.18 was used as a comparison
with MEDUSA in order to check the hydrodynamics and energy transport.
The theory of reference 6.18 is steady state and assumes that all
energy from the laser is dumped at critical density. A simulation was
run using a flux limit of £ = 0.03 and a laser wavelength of 1.054 um;
Lagrangian zoning of 3 107° g cm~2 was used. An absorbed intensity of
8.33 1012 W cm~% was dumped as electron thermal energy at critical
density. The simulation was run for 4 nanosec at constant laser power
in order to achieve the steady state required for comparison with the
theory. A comparison between observables from the simulation (column
B) and the results of Max et al. {column A) is made in Table I below,.

Agreement between the analytic theory and the simulation using
zones of 3 10-% g cm-2 is good, the worst discrepancy being a 15% over-
estimate‘of the total mass ablation rate by MEDUSA. The isothermal
flow Mach number is plotted in Figure 6.1 as a function of radius
normalised to the ablation radius. The solid curve representing
analytic theory shows a sharp discontinuity at critical density. The
finite mesh resolution given by the 3 1076 g ¢m~2 simulation partially
smooths out the discontinuity as shown by the points in Fig. 6.1 but
the saturation of the Mach number at M, = 0.6 (corresponding to flux

limit f = 0.03) is evident in the region inside critical density. For

a flux limit of 10% the flow is supersonic inside critical and there is



TABLE 1
Column A Column B Column C
. . Simulation Simulation

Observable Units Analytic Theory 3 10-6 g cm-3 0.75 1076 g cm-2
Temperature at Kelvin 5.4 108 (4.9 + 0.1) 10° (5.26 + 0.07) 106
Critical Density
Radius at Ablation Radius 1.21 1.26 + 0.02 1.20 = 0.01
Critical Density
Ablation Pressure Mbars 1.72 1.71 + 0.0Q 1.73 £ 0.015
Total Mass g s 1 81 93 85

Ablation Rate

$S1
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no discontinuity at critical density making mesh resolution less
important. Column C of Table I will be referred to in a later

section.

6.1.2.2 Absorption. MEDUSA had previously been used mainly for

long wavelength, high intensity simulations where inverse bremsstrah-
lung absorption was unimportant, however for comparison with A = 0.53
um experiments inverse bremsstrahlung has become more significant.
The previously incorrect Z scaling of the absorption coefficient was

modified to agree with the formula of Johnston and Dawson(8.19),

6.1.2.3 Absorption for six-beam irradiation. In order to simulate

A = 0.53 ym ablation experiments performed using the 6-beam facility
at Rutherford Appleton Laboratory it is necessary to model laser
absorption in the underdense plasma taking account of refraction of the
beams due to incidence at an angle to the density gradient. In order
to obtain almost uniform illumination of a sphere by six f/1 beams they
must be defocused to three or four target radii beyond the centre of
the target. Hence the beams overlap producing illumination uniformity
to within * 10% (as observed from X-ray pinhole pictures) at the expense
of low absorption and beam refraction. As most parts of the laser
beams are incident at an angle to the density gradient they are refrac-
ted around the target being reflected at densities below critical.
Therefore the absorption takes place at lower density than for beams
focused at the target centre, producing lower ablation rates for the
same absorbed intensity.

In order to model illumination by six beams MEDUSA was altered to

do a two-dimensional raytrace for a cross-section of half of one beam.
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The raytrace was two dimensional as, due to the spherical symmetry of
the density gradient, rays refracted around the target have trajec-
tories which remain in a plane, in a manner analogous to particles
being deflected by a central field, e.g. gravity. The cylindrical
symmetry of the beams meant that a cross-section of half one beam
could be split into rays, their paths calculated and the total
absorption calculated from the result.

The trajectories of the individual rays were calculated by using

Snell's Law:

n sin 8 = constant {6.02)

The refractive index u is simply:

TR 1- = (6.03)

where n, is electron number density and ne critical electron number
density.

The rays were refracted through a subsidiary mesh of finer spacing
than the Lagrangian mesh for the hydrodynamics. The condition of
equation (6.02) was applied at each zone interface and the ray's
direction of travel changed. Absorption along the ray'§ path was
calculated using the formula of reference 6.19. Altering-the resolu-
tion of the subsidiary mesh from typically three times .that of the
hydrodynamics mesh to thirty times did not affect the absorption U(r,8)
in the two-dimensional raytrace noticeably. Therefore it was deduced
that the method of calculating ray trajectories was sufficiently
accurate for the calculation required.

The beam was treated as Gaussian in spatial profile with a fill
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factor of 0.5 incident at f/1, defocused by typically four target
radii. After calculating the absorption for one beam the absorption
due to the other five beams followed from simple transformations. An
example of the results of this calculation is shown in Fig. 6.2 where
the absorption U(r,8,¢) in watts/kg is plotted as a function of radius
for 3 positions on the target. For comparison, the absorption profile
for light incident normal to the surface of the sphere is also plotted
where the total specific absorbed energy has been chosen to be the same
as in the other three cases. Although the variation in the shape of
the absorption profile is noticeable for the three cases shown, the
total absorbed energy as a function of & and ¢ on the target was found
to be constant to within 10%, in agreement with X-ray pinhole pictures
of targets using the same illumination conditions. The uniformity of
the refracted illumination enabled the use of a spherically averaged

power deposition U{r).

= Zmm sin ¢
ufry = [ [ U(r,s,4) 7 do do watts/kg (6.04)
0 0

This one-dimensional deposition profile was then imput to MEDUSA
producing more absorption at low density than for illumination normal
te the target surface. Simulations were run using U(r)'taken as the
absorption profile at one particular point (8,¢) on the sphere, i.e.
one of the particular cases shown in Fig. 6.2. The observables
(i.e. ablation rate, pressure, ion velocity and absorption) were found
to vary by at most 10% compared with the spherically averaged U(r)
defined in equation (6.04}. Although a 10% wvariation in ablation
pressure would be detrimental to achieving high density in an ablative

implosion the 10% difference in ablation rate does not greatly affect
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Fig. 6.2. Absorption profiles predicted at different points around a
spherical target due to six-beam laser irradiation. The beams are in-
cident with cubical symmetry along the Cartesian axes; the absorption
is plotted for three points on the sphere. (a) The centre of one of the
beams. In spherical polar coordinates, 9=0, 6=0. (b) The point where
two neighbouring beams overlap, e.g. 9=45, ¢=0. éc) The point where

b=
three neighbouring beams overlap, e.g. 9=450, =457, (d) For comparison,

=

the absorption profile for spherically symmetric illumination is plotted.

L3
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comparisons with experimental mass ablation rate results, Therefore
it seems justifiable to use the spherically averaged U(r}) to model
mass ablation rate experiments.

A comparison of simulations performed with and without refraction
effects included is shown in Table II below for a 100 um diameter
target irradiated with a 1 nanosec pulse of A = 0.53 uym light. The

absorbed irradiance was 3.1 10!3 W em~2; a flux limit of f = 0.03 was

used.

TABLE II

Specific Mass

RUN Illumination Conditions Ablation Rate
g cm~2 s-1

A Normal Incidence Illumination 1.42  10°
{Standard MEDUSA)

B Six f/1 Beams 1.06  10°
Refraction Included

C Six f/1 Beams Focused at 1.30 10°
Target Centre. (Hence no
refraction.)

Run A using the standard MEDUSA prescription for absorption shows
a much larger ablation rate than Run B which includes the refraction
effects. Run C uses the ray-tracing modification but for normal
incidence illumination. This last case should agree with the first,
standard MEDUSA run, however the ablation rate is slightly lower as the

standard MEDUSA uses an approximation for anomalous absorption whereby
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20% of light reaching critical density is absorbed. The ray-trace

modification uses a better treatment of anomalous absorption which will

be described in the next section.

6.1.2.4 Resonance absorption in the two-dimensiona.. ray trace.

Resonance absorption from the refracted rays was handled by adapting
the results of Forslund et al.(8:20) .  They used a two-dimensional
Particle-in-Cell code to model the interaction of a _aser with a linear
density gradient from a plane target, They considered a p polarised
beam incident at an angle 6y to the density gradient. From equations
(6.02) and (6.03) the beam is reflected at a density:

n,2 = T, cos? 8p (6.05)

The analytic theory of Ginzburg(6-11) has shown that the energy
absorbed by resonance absorption is a function of (k(L)%% sinzeo,
where ky is the free space wave number of the laser send L is the scale
length of the density gradient. The planar results of Forslund et al.
are applicable to the case of Iight incident at an argle to the density
gradient from a spherical target provided that the radius of the
critical density surface is large compared with the separation of the
reflection point of a light ray and critical density. This condition
is necessary so that at the point‘where the ray turns round and its E
field contributes to absorption, it sees an effectively planar density
gradient leading up to critical density. Fig. 6.3 summarises the
results of reference 6.20 as used in the ray trace where absorption
for sin 8y = 0 has been set at 20% in order to give better agreement with
short pulse experiments(5-33). For long pulse simulations most

resonance absorption will take place at large values of (koL)%% sin28yp.
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Note that the results in Fig. 6.3 are parameterised by sinZ6g which

in the planar case gives the density at reflection (equation (6.05)).

In the spherical case the reflection density is a more complicated

function of the angle of incidence but Fig. 6.3 can be used by replacing
%’3 .2 %/3 13_ . . .

(koL) sin“8g by (kolL) ' (1 - = ) and inserting n, directly from MEDUSA

c
at the point of reflection. The density scale length L is calculated
by approximating the density gradient joining the reflection point to

critical density as linear.

% I 20
(I L3 sin28,
Fig. 6.3. Fraction of beam resonantly absorbed

as a function of angle of incidence 8y and density
scale length L. Adapted from ref. 6.20.

The calculations of reference 6.20 assume the laser is p
pelarised, i.e. that the E field of the laser lies in the plane of
motion of the refracted ray. For polarised light focused onto a
spherical target the E field has a p component which varies from zero

to t Eg where Eg = |EJ.
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As mentioned before, the trajectories of individual rays will
lie in planes and the laser E field will have a p polarised component
lying in that plane which will vary across the beam as Eg sin ¢. The
s polarised parts of the beam will not contribute significantly to
resonance absorption for long pulse simulations at intensities below
1018 w ecm2.  Therefore to calculate an average absorption for the
whole beam the p component of intensity must be averaged around the
cylindrical beam., The presence of a preferred direction of polari-

sation of the laser breaks the cylindrical symmetry that has been

assumed so far for each beam. The average p intensity is therefore:
2w Ly
g Eg? sin? ¢ d? I,
IP = I4 5 = 5 (6.06)
J Eo* dv
0

Anomalous absorption can therefore be calculated by assuming the
beam is all p polarised, relative to the plane through which it re-
fracts, and then taking half the Forslund value for zbsorption. This
calculation then produces an average absorption but «s described in the
preceding section, when the effect of six beams is included the

variations in total absorption are less than 10% around the sphere.

6.1.2.5 Optimisation of mesh resolution. The resclution of the

Lagrangian mesh near critical density is important for the correct
representation of heat flux saturation for flux limit of 3% or less.

A fine zoned mesh can be applied by starting the simulation with more
zones packed closely together, however this will increase the required
computer time for two reasons. The first is that tte more Lagrangian

cells there are the more calculations have to be performed per timestep.
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The second reason is that although the treatment of the temperature
equation in MEDUSA is implicit, imposing few constraints on the time-
step size, the Navier-Stokes equation is differenced explicitly. The

timestep is therefore limited by the C.F.L. condition

1,
Ar p 2
At < -v; = AT (-?_P_) (6.07)

where Vg is the sound speed in the plasma and Ar is the zone size at
that time. For zomes in the ablation region, that will not have moved

an appreciable distance since the start of the simulation:
P& = {6.08)
The C.F.L. condition can then be rewritten as

e
}

seov (55 (6.09)
Producing a finer mesh by globally reducing the zone sizes Ar,
reduces the permitted timestep and increases the required computer time.

The zones which impoée the greatest restriction on At, in a laser
plasma simulation, are on the high density side of the ablation front
where material is just about to be removed from the target surface.
Here Ar is small and the pressure P is large. Small zcnes can be .
used without limiting the timestep if they are created by splitting up
larger zones as they leave the target surface. A treadmill rezoner(5.21)
was incorporated in MEDUSA to perform this function. The rezoner splits
the zones as they are ablated from the target and by the time they flow

into the critical density region successive splits can have reduced the

zone mass by a factor of 8. To avoid having the number of cells
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increasing as the simulations progress, the zones are merged back
together on reaching the low density side of critical where scale
lengths are longer and a coarse mesh can be used.

Table I, Column C, shows the results of a simulation using a
treadmill rezoner compared with the analytic theory of reference 6.18
{Column A) and a coarser zoned simulation (Column B). The zoning at
critical density was finer by a factor of 4 in the simulation using
the treadmill rezoner and this is reflected in the better agreement
with the analytic results. However the finer zoned simulation used
less computer time by a factor of 3, resulting in a better simulation
plus a substantial saving in computer time. The simulation shown in
Column B required 80 minutes of CPU time in order to run for the 4
nanosecs of MEDUSA time required.

The minimum zone size that is usable with the rezoner is set when
the internal energy of a cell becomes comparable with the heat flowing
through it in one timestep. When this happens the timestep must be

reduced and the code slowed down as a result.

6.2 Simulation of Experiment

6.2.1 Introduction

At Rutherford Appleton Laboratory as well as otker laboratories,
much work has been done in order to measure the ablation pressure
produced by the action of a laser on a plane target(e'zz)(6'23)(6'2”).
In most experiments the quantity measured has been tle specific mass
ablation rate ms. Attempts to match up the measurec ablation rates
with one-dimensional planar simulations showed that reat fluxes in the

simulation had to be restricted to less than 3% of free streaming(5'23)
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(6.24) However experiments using plane targets and relatively small
focal spots are subject to edge effects which make simulation with a
one-dimensional code difficult. The lateral flow of energy away from
the focal spot (as described in Chapter 2} reduces the heat flow into
the target leading to a reduced mass ablation rate for a particular
absorbed energy. Hence when modelling the experiment using a one-
dimensional code without edge losses, the heat flux must be strongly
inhibited to produce agreement with the measured ablation rate.

Planar measurements of ablation rate also suffer from inter-
pretation difficulties. One method(6-35) of measurement is to observe
the delay between emission of characteristic X-rays from different
layers in the target as the laser burns through them. The laser focal
spot intensity distribution is approximately Gaussian and defining an
average intensity in the spot to relate to a uniform intensity
illumination in a one-dimensional simulation is difficult. At low
intensity when lateral smoothing is low the burn through rate will peak
at the peak intensity giving a high reading of ablation rate and at
high intensity when flux limiting is important edge losses will make
simulation difficult.

Experiments have been performed in spherical geometry using 6
synchronous laser beams to irradiate microballoon targeté(e'zs). The
Jlack of edge effects and the ability to provide illumination uniformity
to within * 10% by defocusing the beams means that these experiments

are more suitable for comparison with a one-dimensional code.

6.2.2. The Experiments

Microballoons of diameters 70 um to 120 um were illuminated with

laser irradiances in the range 3 1012 W em™2 - 7 10!3 W cm™? absorbed,
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in two separate experiments using wavelengths of 0.53 ym and 1.054 um.
Laser pulse durations of 1.1 nanosecs and 1.3 nanosecs were used.
The mass ablation rate was determined in two ways:

(i) Time-resolved X-ray spectroscopy.

(ii) Charge-collecting Faraday cups.

6.2.2.1 Time-resolved X-ray spectroscopy. Glass nicrcballoons were

coated with a layer of plastic of thickness 1 - 2 um. A thin layer
of Aluminium (0.1 um) was coated over the plastic. Time resolution

of X-ray line emission from the target enabled the delay 7, between the
first appearance of Aluminium emission and the appearance of Silicon
emission from the glass, to be measured. The speciZic mass ablation
rate was then:

P Ar
mx = _u g em 2 51 (6.10)

where‘pCH is the initial plastic density and Ar, the initial thickness
of the plastic. The specific mass ablation rate has been referenced

to the initial target surface.

6.2.2.2 Charge-collecting Faraday cups. An array of 5 Faraday cups

placed 38 cm from the microballoon collected ions flowing out from the
target. The current produced allowed a direct calculation of the
total charge on the icns ablated from the target. The delay on the
current pulse gave the flight time of the ions and hence their velocity.

The total kinetic energy of the ions is given by:

Eion = %M v2 (6.11)
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where M is the total mass ablated off the target and v is the mean ion
velocity deduced from the current delay. Note that only ions
travelling faster than 2 107 cm s-! were included in the calculation
of the mean ion velocity due to the fact that the Faraday cup measures
current, which is the rate of arrival of charge at the cup. Slow ions
tend to have a low charge state so the low velocity remnants of the
target are not detected by the Faraday cup and so are not included in
the ablation measurement.

The ion kinetic energy was measured by an array of differential

calorimeters that select out the absorbed energy Eabs contained in soft

X-rays and ion kinetic and thermal energy. The soft X-ray fraction fx
has been measured(G'ZS) to be 15% and 5% of Eabs for the target materials
considered, for A = 0.53 uym and 1.054 pm respectively. Correcting Eabs

for the X-ray component we obtain:

2 Eabs
M o= —225 (1 -f) (6.12)
V2 X

The specific mass ablation rate referenced to the initial target

radius R is then:

2 E
I abs
iy = T (- £

1
4mR2 T

E cm~2 571 ' (6.13)
L

where T is the full width at half height of the laser pulse. The

absorbed irradiance is:

Eabs
I = — W cm™2 (6.14)
abs 2
4nR TL

again referenced to the initial target surface. The resultant
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scaling of ms with absorbed irradiance is

=0
1]

9.35 104 12-72 g cm™2 s-1 (6.15a)
3

e
1}

8.9 104 1?586 g ecm™2 sl (6.15b)

for A = 0.53 ym and 1.054 um respectively(6:27)(6.28)  where 1,5 is
the absorbed irradiance expressed in units of 10!3 W cm-2.

The scaling of ms is almost linear with Iabs incicating that any
error in Eabs will not affect the results too greatly as it would affect
ms and the corresponding value of I,bhs in almost equel proportion.  The
error bar on Fig. 6.5 is thus plotted at 45° to the ¢xes to emphasise

the accuracy of this measurement. A more detailed zccount of these

experiments in given by T. J. Goldsack in reference ¢.28.

6.2.3 The Simulations

Simulations were performed using target parameters similar to the
actual experiments. Microballoons were a range of ciameters from
70 um to 120 um with glass shell thicknesses of 1 to 2 um coated with
&v 1 - 2 ym of plastic and ~ 0.1 um of Aluminium. Simulations were run
using flux limiters of 30%, 10%, 3% and 1% with the tulk of the work
concentrating on 3% and 10% flux limiters. Both X = 0.53 pm and A =
1.054 ym simulations were run. Lagrangian zones of 3 107% g cm™2 were
used in the ablation region in order to provide resclution of the steep
temperature gradients between critical density and the target surface,.
The zone size increased steadily towards the inside c¢f the glass shell
in order to reduce the total number of mesh points. The maximum
difference in mass of neighbouring zones was however kept below 10% in
order to provide smooth transit of the shock wave through the shell.

The ray trace was used with the six beams defocused 4 radii beyond
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the target. The laser pulse was trapezoidal in time with a full width
at half height of 1.1 nanosec and 1.3 nanosec for the X = 0.53 and A =
1.054 ym simulations respectively. The pulses were flat topped with
a rise and fall time of 100 picosecs, rise and fall times of 500 pico-
secs were also used but the full width of the pulse was kept constant.
The ablation rate was measured in three ways:
(i) Directly by measuring the total mass removed from the
target by the laser.
(ii1) Simulating a Faraday Cup signal.

(iii) Plotting the Lagrangian position of the Te = 300 eV

isothermal as it moved through the shell.

Method (ii) meant allowing the simulation to run for 3 nanosecs
after the laser had switched off, until the ion velocities and charge
states had become asymptotic. The coronal modification to the Saha
equation meant that the charge state in this low density plasma was a
good approximation to the experimental situation. The flow of charge
due to each Lagrangian zone could be extrapolated to give an arrival
rate at the Faraday cup and hence a simulated current. The detector
threshold when applied was found to cut off ions with velocities below
2.0 107 em s~! as in the experiment. The ion kinetic energy as
measured by a plasma calorimeter was also calculated and found to
contain ~ 90% of the total absorbed energy. The mass ablation rate
was then calculated using equation (6.13). The absorbed intensity was
calculated from equation (6.14).

Method (iii) was used in order to compare time-resolved X-ray
spectroscopic methods of experimentally measuring ms with the Faraday
cup method. The position of the Te = 300 eV isothermal is a measure
of the amount of the target that is emitting characteristic X-ray line

spectra. Hence the speed of motion of the isothermal through the
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0.6
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TIME ns

Fig. €.4. The ratio of the X-ray determinsd ablaticn
rate to the time-averaged, Faraday cup determined ablation

rate as a functien of time.
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target expressed in g cm™2 s-1 is the specific mass ablation rate.
For a burn through (as measured by X-ray streak camera) at time t,
the mass ablation rate will be:

t

. 1 , 1
m = T f m(t) dt
0

47R2

(6.16)

Following the 300 eV isothermal gives a measure of m: as a

function of time throughout the laser pulse.

6.2.3.1 Observations from the simulations. Method (i) of measuring

the mass ablation rate directly compared very well with the simulated
Faraday cup method. Agreement was usually better than 10%, improving
for longer pulse laser shots and higher intensity illumination. The
X-ray spectroscopic method produced a different value of ms depending
on what time during the laser pulse was chosen to measure it. Fig. 6.4
shows the X-ray determined m: as a function of time normalised to the

time-averaged Faraday cup calculation of ms, i.e,

e (t)

t

[ (e
- - (6.17)
Mg [ g (e) de

The X-ray determined ablation rate should be in reasonable agreement
with the ion value for burn throughs (i.e. m: measurements)} after times
greater than 400 picosecs.

Fig. 6.2 as described in an earlier section shows the absorption
profile at 3 peints on the target. The simulation from which the
profiles were taken was of a target which had been coated with a 0.1 um

layer of Aluminium. The Aluminium layer was to act as a time marker
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for time-resolved X-ray spectroscopy. However it is obvious from the
profiles (calculated at a time half way through the laser pulse) that
the Aluminium is absorbing a significant amount of the incident energy
due to its higher Z. The Aluminium layer is acting as a shield
preventing energy reaching higher density. Increasing the layer
thickness from 0.1 pym teo 0.2 um, as was used on some shots, led to a
17% reduction in ms for a 10% flux limit and a 30% reduction when a 3%
flux limit was used. Dispensing with the 0.1 uwm Aluminitm layer led
to a 15% and 20% increase in ms for a 10% and 3% flu» limit respectively.
Therefore although the mass contained in the thin layer is negligible,
its effect on the target behaviour is noticeable and should be allowed

for when simulating these kind of experiments.

6.2.4 Comparison of Experiment with Simulation

6.2.4.1 The form factor. The simulations were performed using a
trapezoidal pulse shape as described earlier. The rulse used in the
experiments was closer to a Gaussian in shape. Since from equations

(6.15) the scaling of m with intensity is not linear some correction
must be applied to allow for the pulse shape. A mean specific mass

ablation rate is required such that:

mi _ Total Mass Ablated (6.18)
T, 47R2
m

Where T is the full width at half height of the mass ablation

pulse

T. = F Ty (6.19)

where F is the form factor.
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From (6.18)
f m(r) dt
Woe = (6.20)
Frp 47R2
Equations (6.15) show that mi scales as <I>™ where x < 1. If the

assumption is made that the time-dependent total mass ablation rate

m(t) scales as I(t)x then the form factor F can be calculated.

‘The mean intensity <I» 1s

s = L [ 1(t) dt (6.21)
'L'L o

Tif 1%(t) dt
p o= kL =l - (6.22)
1
[q{ml(t) dt]

F = unity if x = 1 or I(t) = constant as is almost the case for the
pulse used in some of the simulations. A Gaussian-shaped pulse will
have a form factor greater than unity (for x < 1) implying that the
mass ablation pulse width is greater than the corresponding laser
intensity pulse width.  For the mi scalings of equations (6.15) the
form factors are 1.20 and 1.08 for A = 0.53 um and X = 1.054 um
respectively. The experimental-mi calculated using equation (6.13)

were corrected by dividing them by their form factor to get:

He
)

7.8 10% 10-72 g em™ 2 s71 (6.23a)
i3

e
I}

8.2 10% 12-86 g em™2 -1 (6.23b)
3

for A = 0.53 um and 1.054 pm respectively. The form factor for the

trapezoidal pulse used in the simulations was 1.015 and 1.006 for the
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Fig. 6.5. Specific mass ablation rate versus absorbed
irradiance for X = 0.53 um illumination. Similation
results are shown for flux limits of f = 0.01, 0.03 and 0.1.
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two wavelengths using the 100 picosec rise time pulse and 1.08 for the

500 picosec rise time pulses.

6.2.4.2 Results. Figures 6.5 and 6.6 show the ms results of

Goldsack et al.(6.27) compared with simulations using 10%, 3% and 1%
flux limiters. Figs. 6.7 and 6.8 compare the mean ion velocity
measured in the experiments with the simulation values.

It is evident from the comparison that a flux limit of 3% does not
produce results agreeing with the experiment. A flux limit of 10%
produces much better agreement for the two observables in both .53 um
and 1.054 um experiments. At higher irradiance agreement is poor
possibly because of some other energy transfer process such as
radiation transport. A flux limit of 10% or greater of the free
streaming limit is in disagreement with most but not al11(6-29)(6-30]
previous experiments measuring the flux limit, however the experiments
which disagree with this result were on planar targets dominated by
edge effects. Heat fluxes in excess of 10% of free streaming have
been predicted by two recent independent theories (6310 (6:32) for heat

conduction in non-turbulent plasmas,

6.2.5 Discussion of Errors

The simulations have been compared with the first experiments
measuring a heat flux dependent quantity that are uncomplicated by edge
losses or other factors. The spherical geometry of the experiments
meant that average quantities such as absorbed energy and ablation rate
could be calculated from a large number of separate detectors. The
relationship between absorbed energy and ablation rate meant that the

results are affected little by errors in the calibration of the plasma
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calorimeters,

The chief source of error in the measurement of the ablation rate
would therefore be in the determination of the ion velocity v used in
equation (6.13),. The flight time of the ions was determined to an
" accuracy of better than 5% contributing an error of 7% to the ablation
rate determination. The full width of the ion velocity spectrum for
any one shot was typically 17% of the mean value (6-28) making the mean
veiocity a reasonable quantity to use to calculate m.

Errors due to poor focusing of the laser beams can be discounted
as any irregularity in the illumination would show up as a local
enhancement of mass ablation rate or absorbed energy. Any shots where
an inconsistency of greater than 20% in the signals from the calori-
meters or Faraday cups was observed, were discarded. X-ray pinhole
pictures were also used as a check on illumination uniformity.

Shortcomings in the simulations include the neglect of radiation
transfer and incomplete treatment of fast electron transport. Enhance-
ment of the mass ablation rate due to transport of energy to high
density by radiation or fast electrons could explain the relatively poor
agreement between simulation and experiment at high intensity. The
high Z fiducial Aluminium layer on the outside of the target will pro-
duce X-rays that will penetrate the low attenuation plasfic layer to
reach the underlying glass. Fig. 6.9 is an example of a time-resolved
X-ray spectrum showing a delay between the Aluminium and Silicon lines.
An interesting feature of this streak is that there is a precursor to
the main emission of the satellites of Si XIII 1s? 1S, - 1s2p lp,. A
possible explanation for the occurrence of the precursor is radiation
from the Aluminium heating the glass. The precursor emission is seen

to disappear after the Aluminium lines lose their intensity and hence
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Fig. 6.9. A time-resolved X-ray spectrum from an
Aluminium and Plastic coated glass microballoom.

The precursor emission of the satellite to the Silicon
rescnance line is visible 300 picoseconds from the
start of the pulse.
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cannot supply so much energy to the Silicon in the glass. The
precursor is not likely to be due to a defective target coating or
filamentation of the laser beam, as if that were the case the Silicon
emission would not switch off after the Aluminium has been removed as
is seen to happen.

Radiation transport will be of greater importance at high intensity
in the * = 0.53 um simulations where the disagreement is most marked,

The treatment of fast electron transport neglects the strong
electric fields which will retard the progress of the hot electrons
into the target, scattering of hot electrons is also neglected. Hence
the fast electron range is greater than it should be by a factor of two
or three. The highest IA? incident in the green experiment was 4 10%3
W cm? um?2 indicating(5'09) a hot electron temperature of 2 keV which is
comparable to the temperature at critical density. Therefore fast
electron transport will be negligible compared with thermal transport
for the A = 0.53 um experiment. The X = 1.054 experiment had a peak
IAZ of 2 10% W em™2 um? giving TH = 4 keV, Fast electron transport
will be more significant in the 1.054 um experiment and could be the
reason for the high values of ms compared with the simulations in
Fig. 6.6. However a complete neglect of fast electrons in the 1,054 um
simulations only affects the ablation rate by at most 20% implying that
improved modelling of suprathermal electron transport would affect the

results only by this amount.

6.2.6 Conclusion

Results of measurements of mass ablation rate and ablation velocity,
where the spherical geometry has for the first time eliminated the

possibility of lateral power loss, have been compared with the MEDUSA
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simulation code. It has been observed that a flux limit of £ = 0.03
does not describe the experiment. A higher flux limit of f = 0.1
gives better agreement although some extra energy transport process,
probably radiation transport, increases the ablation rate above that
predicted by simulation at higher intensity. Heat fluxes in excess
of 10% of free streaming in non-turbulent plasma have been predicted
by two recent theoretical treatments(6.31)(6.32},

The MEDUSA code has been extended to allow simulation of
irradiation of spherical targets where multibeam illumination makes
refraction of the laser an important process. The action of beam
refraction in depositing energy at lower density leads to a reduced

ablation rate compared with simulations neglecting refraction.
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CHAPTER 7

CONCLUSION

7.0 Abstract

The motivation for the work is explained and a brief summary
of the high energy lasers currently in use, or planned, is given.

The importance of the results of this thesis is stated.

7.1 Introduction: Motivation for this Work

Considerable effort is currently being directed towards the
study of laser driven compression. One reason for interest in laser
compression is the possibility of using it to generate thermonuclear
power in an inertial confinement fusion (ICF) reactor. The confine-
ment of a D-T plasma at thermonuclear ignition temperature could be
the basis of a power generation plant which would have several
advantages over fission power stations currently in use. Some of the
undesirable aspects of nuclear fission are:

(i) environmental hazards caused by transport and storage of
fissile materials and long-lived (v 10% years) rédioactive
waste products;

(ii) the possiBility of an accident at a nuclear plant contaminating
large areas and rendering them uninhabitable;

(iii) proliferation of nuclear weapons due to the possible production
of Plutonium as a by-product of any commercial reactor, or
through use of high grade Uranium fuel directly as weapons

material;
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(iv) the transport of fissile materials making their diversion
and use for criminal purposes a possible risk.

A nuclear fusion reactor would produce relatively short lived
waste products which would present few storage problems. The fuel
would consist of Deuterium and Tritium which could have few environ-
mental hazards if handled correctly. Deuterium, which could be refined
from sea water, is harmless (unless consumed in large quantities),
whilst Tritium could be manufactured in a closed cycle within the
fusion reactor, reducing the need for transporting the radioactive
isotope.

Proliferation of nuclear weapons would not be encouraged as much
as with fission reactors. Unless Plutonium is bred deliberately,
using neutrons from the fusion reactor, no suitable materials for bomb
manufacture will be at, or transﬁorted between, reactor sites,

Inertial confinement fusion also has beeﬁ proposed using alter-
natives to lasers as 'drivers'. The use of ion beams (both heavy and
light ions), X-rays and electron beams have all been considered. The
relative merits of the different types of driver for ICF are discussed
in a paper by Mead(7-01) | The state of research in only laser driven
ICF (which is more advanced than for alternative drivers) will now be

described.

7.2 High Power Lasers

The number of laboratories capable of doing laser driven
compression experiments is limited. Laboratories in the USA dominate
research in this field in terms of laser powers available.

The leading laboratory in the USA is Lawrence Livermore National

Laboratory (LLNL), which is currently building the largest Nd-doped
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glass laser in the world, This laser (Novette) will be a two-beam
system capable of supplying pulses of 20 kJ of 1 uym wavelength energy
and 14 kJ of frequency-doubled 0.53 pm radiation. Novette will be
completed in 1982 and will serve as a test bed for the next stage of
the USA's ICF programme, which is the 10-beam Nova laser. Nova will
(if it is built) provide energies of 100 - 200 kJ at 1 um, slightly

less when frequency doubled. Nova is planned to be completed in 1985.
The Shiva laser was put out of service last year after experiments
using up to 20 kJ of energy were performed. Currently LLNL has no
operating laser engaged in ICF research.

Los Alamos National Laboratory (LANL) in the USA has a CQ; laser
(A = 10.6 pm) called Helios which produces several kJ of energy in
eight beams. The problems caused by fast electron generation, due to
the very long wavelength of the laser, make the achievement of high
densities with this laser unlikely.

The Laboratory of Laser Energetics (LLE) at the University of
Rochester, USA, has a 24-beam Nd glass system which has produced 2 kJ
of 1.054 um radiation.  Ablative compression experiments have been
performed using this laser to implode thick-walled balloons. Com-
pressed densities up to 6 g cm~3 have been diagnosed spectroscopically
in radiatively-cooled exploding pusher experiments(7'°2). Plans have
been formulated to frequency triple the beams in order to use 0,35 um
radiation for implosion experiments. However preliminary work will
be performed using only six 0.35 pm beams possibly in combination with
1.054 um wavelength beams.

The two-beam Nd glass laser at KMS Fusion has been frequency-
doubled to allow 0.53 um compression experiments using their TBIS 4w

illumination system.
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Fig. 7.1. Photograph of the six-beam target area at
Rutherford Appleton Laboratory during the A = 0.53 um
implosion experiment described in Chapter 4. The k-

nanosecond pulse has been time-smeared by the camera.

Picture Steve Knight (Rutherford Appleton Laboratory)
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Outside the USA the major contributor the ICF effort is Japan.
The 'Kongoh' project at the University of Osaka has a 4-beam, 4 TW
laser operating at 1.054 um and 0.S3 pm. A 12-beaﬁ system able to
supply 30 kJ of energy is planned to be completed at the end of 1982.

In the United Kingdom, Rutherford Appleton Laboratory has a six-
beam 0.53 um facility (described in parts of this thesis) capable of
supplying 200J on target in a %-nanosecond pulse. The laser energy
will be doubled in February 1983 when further amplifiers will be added.
Fig. 7.1 is a photograph of the Rutherford Appleton Laboratory six-beam
target area, taken during the X = 0.53 um implosion experiment des-

cribed in Chapter 4.

7.3 Contribution of this Thesis

The work described in this thesis has been of direct relevance to
the ICF programme. The results in Chapter 2 have important conse-
quences for both the subject of fast electron behaviour and analysis of
model experiments performed in planar geometry. The implosion experi-
ments described were the first symmetric ablative compressions using
0.53 um irradiation. Further experiments in direct drive laser ICF
will be using short wavelength lasers (e.g. LLE Rochester) for ablative
compressions and so this work has been a preliminary exémination of the
problems involved. In particular, the use of polystyrene targets will
be of importance in future experiments.

The modelling of compressions in order to predict the behaviour of
different target/laser combinations must be done using good estimates
of the transport processes in the implosion. The conclusions regarding
the limits on the heat flux possible in laser-irradiated targets are

thus important for planning of experiments. The assumption of a flux
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limit of 3%, or less, of the free streaming flux has been shéwn to
disagree with ablation rate data cobtained in spherical geometry
experiments. A flux limit nearer 10% more accurately describes the
energy transport in these experiments. Therefore a flux limit of
10% should be used in simulations of future laser-driven compression
experiments.

Future experiments will be done at Rutherford Appleton Laboratory
using 0.53 um light to implode thick plastic shells. The implosion
uniformity can be improved by use of layered targets to investigate
irregularities in shell acceleration. It is possible that 12 beams
will eventually be used if the six-beam geometry in current use is not
conducive to uniform implosions.  The problem of radiative preheat
causing pusher decompression could be reduced if thicker shells are
used. A high Z element could be coated near the surface of the target

to act as a radiation screen.
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