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ABSTRACT

The irformation presented in this report is 8 summary of the status of the Inertial Confinement Fusion
(ICF) program at the Los Alamos National Laboratory as of February 1985. This report contains
material on the existing high-power CO, laser driver (Antares), the program to determine the potential of
KrF as an ICF driver, heavy-ion accelerators as drivers for ICF, target fabrication for ICF, and a
summery cf our understanding of laser-plasma interactions. A classified companion report contains
material on our current understanding of capsule physics and lists the contributions to the Laboratory’s
weapons programs made by the ICF program. The information collected in these two volumes is meant to
serve as a report on the status of some of the technclogn.dd components of the Los Ala'nos ICF program
rather than a detailed review of specific technical issues.



Inertial Confinement Fusion
Overview

by David C. Cartwright

fusion in laboratory experiments will require the
solution of a number of interesting, although very
complex, scientific and technological problems. Both the
Inertial Confinement Fusion (ICF) and Magnetic Fusion
Energy (MFE) programs have bcen somewhat overly
optimistic in their initial evaluations of the difficulties
involved in controlling nuclear fusion. In both programs,
most of the major problems were identified only after the
construction and operation of a new and usually more
powerful experimental facility. Researchers in both the
ICF and MFE programs are now trying to build solid
technical foundations for their programs in order to be
able to predict results under different experimental condi-
tions. Los Alamos completed construction of the Antares
CO, laser facility in December 1983 and placed it on
operational status for experiments in ICF. Antares, the
world's largest operational laser, is the first in a series of
new. higher intensity ICF drivers and is the successor to
the smaller (< 10-kJ) Helios eight-beam CO, laser facility
at Los Alamos. The two others in the US are Nova, at
Lawrence Livermore National Laboratory (LLNL), to be
operational in the spring of 1985. and PBFA-II at Sandia
National Laboratories (SNL). to begin operation in the
fall of 1987. These three new facilities will permit ex-
perimentation with ICF targets under conditions of tem-
perature and pressure that more closely simulate those
required for an energy gain target.
The ICF mission statement for the Los Alamos Na-
tional Laboratory is as follows:
The Las Alamas ICF program is one of the main efforts
by the Department of Energy (DOE) to evaluate the
scientific feasibility of inertially confined fusion, using
intense lasers or particle beams to compress and heat

T he accomplishment of energy gain through nuclear

small masses of deuierium-tritium fuel to thermonuclear
burn conditions. The guals of the national program are:
® (0 support nuclear weapons physics research, and

@ (0 do research on the potential of inertial fusion for

energy production.
Key technical elements within the ICF program are:

@ the design and confirmation of performance of fuel-

filled targets requiring minimum input energy, and

o the development of a laboratory driver suitable jor

driving such targets (at an acceptable cosi).

Whether addressing weapons applications or possibie
long-term potential as an energy source, there is no
significant difference in the short-term program. In the
longer term, important scientific and engineering prob-
lems would have to be addressed before ICF could be
considered for commercial electricai ~cwer generation.
Since the primary source of the funding is the DOE
defense programs, the weapon physics goals will continue
to receive emphasis throughout this decade.

Since Antares has been in operation ior more than a
year, and Helios was operational for 5 years before
Antares, it is appropriate to review our present under-
standing of ICF physics based on CO, laser drivers. The
purpose of this technical review is to present our level of
knowledge of the coupling of CO, laser energy to the
target, acquired by experiments with both the Helios and
Antares laser facilities. In the subsequent chapters, 15
scientific and technological progress that has been made
in the fields of plasma physics, capsule physics, materials
fabrication, CO, and KrF laser systems, and heavy-ion
fusicn (in support of the ICF program at Los Alainos)
will be reviewed. A review of the L.os Alamos program to
study the physics of laser fusion at short wavelength (that
is 1/4 um) will be presented in a future publication.



GENERAL REQUIREMENTS FOR ICF

Inertial confinement fusion attempts to mimic on a

miniature scale the physics of a Lhennonuclear weapons
dewce. A fuel of deutenum and trmum (DT) is: heated_

reactions in the fuel, and at the same time, the fuel is
compressed to densities large enough to facilitate reaction
of a large “fraction of the fuel before cooling by
hydrodynamic expansion. However, the efficient use of
the DT fuel in ICF is much more difficult than in a
nuclear weapon.

The difficulty arises from the requirement to contain
(in the laboratory) the energy released by the fusion
reaction. This can be accomplished only if the yield is
sufficiently low, which implies a small mass of fuel. For
small fuel masses to support thermonuclear burn. in
which the energy produced by fusion reaction is used to
sustain the burn, the fuel must be condensed to high
density. Specifically, to trap the energy of the a-particles
produced in the DT fusion reaction, the areal density
{pR) must be equal to or gieater than a certain constant
C. That is. a fundamental scaling parameter for all ICF is
the product of fuel density p and the radius R of the
volume containing the fuel. It can be shown that if the
product pR is equal to a constant, then the density to
which the fuel must be compressed increases as the
reciprocal of the square root of the fuel mass, that is. p =
1/y/M. Achieving the required compression without
expending excessive energy from the driver is the basic
requirement of ICF.

Figure | shows schematically the various steps re-
quired to convert the incident laser energy into
hydrodynamic compression of the fuel. Information on
steps (a) and (b) is being obtained using laboratory
drivers such as Helios and Antares, but data concerning
steps (c) and (d) will require new and more powerful
drivers. Keep in mind that the objective is to achieve net
energy gain from the fusion reaction. Thus, it is important
to achieve as large an energy conversion efficiency as
possible at each step in the sequence. Because we know
that ICF will work at some larg: drive energy, it is
important to determine energy conversion efficiencies
and energy requirements for each individual step as the
figure of merit for judging the potential for success for
laboratory drivers such as CO,. The remainder of this
introduction summarizes the scientific processes govern-
ing each step shown in the linkage of laser energy to fuel

compression in Fig. 1. What is treated as an assertion at
this level is explained, and qualified, in the articles that
follow.

CHARACTERISTICS
TARGETS

OF COQ,-IRRADIATED.

When high-intensity laser radiation (<10'* W/cm?)
strikes a solid surface, a plasma is formed. The infrared
radiation (10.6 pm) produced by the CO, laser is ab-
sorbed by the plasma through a collective process known
as resonant absorption. This process. which we have
come to understand primarily through theoretical work.
converts almost all of the absorbed laser energy into
energetic electrons. The measured absorption for flat
surfaces is about 40%, and refraction of the incident light
in the plasma reduces the absorption to about 30% for
curved surfaces. The energetic electrons produced during
the resonant absorption process approach temperatures
of 80 keV. This distribution of so-called “hot electrons™
can exist superimposed on a second “cold” distribution
because there are very few collisions in the low-density
corona formed around the target. Experiments show that
hot-electron temperature increases with laser intensity as
lO.J'

Because all of the energy absorbed from the laser beam
initially resides in the hot electrons, it is mandatory to
understand the subsequent transport of the electrons in
order to predict how energy can be delivered to other
portions of the target. Very large electric and magnetic
fields develop, for conditions characteristic of CO,-laser-
driven targets, as a result of the large spatial gradients in
temperature and density present in the plasma. The
magnetic fields are confined to within a few hundred
micrometers of the surface and may exceed a megagauss.
Consequently, the magnetic forces dominate the motion
of most electrons, and their transport is not described by
mathematical solutions of the diffusion equations. The
self-consistent theoretical treatment of plasma motion
under the influence of an intense laser radiation field has
been a major acéomplishment of the theorists in this
program.

For CO, laser intensities exceeding 2 x 10" W/em?*
the self-generated magnetic fields become large enough to
prevent hot electrons from returning to their origirs on
the surface defined by the critical plasma density (10"

=3 for 10.6-pm radiation). As a consequence of this
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Fig. 1. Steps in the conversion of incident laser energy into hydrodynamic work compression on the fuel. Source is Ref. 1.



magnetically enforced charge separation, ions are ac-
celerated away from the target surface. This ion “blow-
off” is not efficient in driving an implosion of the fuel
because the momentum per unit energy of the ions is low

and represents an energy loss for targets Elaborate target

geometries have been’ desngned that attempt to efficiently
recover the energy carried by the fast ions.

For good hydrodynamic coupllng of momentum to the
fuel, the ablation of a large mass at the (low) velocity set
by the thermal energy content of the ablator material is
required. To minimize the energy needed to compress the
fuel, it is necessary to ininimize preheat to an energy level
that places the fuel on an adiabat that does not greatly
exceed T = 5 keV at the time of maximum compression.
Further refinements are possible only if the central
portion of the fuel is elevated to ignition temperatures by
properly timed shock collisions. This central portion of
the fuel can then trigger heating of the remainder of the
fuel by local deposition of the a-particles released in the
DT reaction.

In the Los Alamos program, we have attemnpted to
capitalize on the great operational advantages of the CO,
laser, the most efficient and inexpensive high-power laser
available. To develop the next generation driver will
require several hundred million dollars of investment. For
this reason, all conceivable ways of using the absorbed
energy in whatever form it might appear in the target
(electrons, ions, x rays, and so forth) are being carefully
and systematically explored. These efforts were reviewed
by external panels of experts in 1982 and 1983. In the
most recent review, the possible use of the large internal
magnetic fields to provide insulation from preheat by hot
electrons was suggested. Work in this regard has
progressed to the development and computational testing
of a novel target that combines advantages of both ICF
and MFE by inclusion of magnetic fields for inhibition of
electron thermal conduction. This target concept is now
being tested using the Antares laser.

CONTRIBUTIONS BY ICF TO THE
WEAPONS PROGRAMS

Almost since its inception, the ICF program has been
viewed as a potentially significant contributor to the
understanding of the physics of nuclear weapons design.
Numerous studies over the years have attempted to
define a role for ICF in weapons physics, identifying the
potential for equation-of-state measurements, opacity
measurements, thermonuclear burn studies once ignition
was achievable, and large-scale x-ray vulnerability facili-
ties once yields approaching 200 MJ were obtaineu.
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The contributions from the ICF program to the weap-.
ons program are summarized below. ‘
® One of the greatest contributions from ICF isits -
unique computer code capability. =
) The nanonal ICF* pregram would be critical ho the’
Us defense program in the event ofa comprehensr
test ‘ban’ “treaty (CTBT) or a lowered thres
(LTBT) on nuclear testing. New drivers such’ as lght
ions (PBFA-II), lasers (for example, KrF), or HE-
driven concepts ‘could provide a means of exercrsmg'
and miaintaining design capability under a CTBT as
well as a means of addressing the feasibility of fusron i
itself.

@ Improvements in material fabrication developed: ™’
within ICF program have been important ingre- -
dients in testing certain x-ray concepts for the
Strategic Defense Initiatives (SDI) program.

& The Antares laser facility is a un.que source of x-ray
and microwave radiation and can be of direct use in
studying the response of materials to this intense™ -
radiation. A future laboratory fusion facility could -

indoed study vulnerability, lethality, and weapons

effects, particularly in the event of a CTBT.

® The physics of rare-gas halide lasers studied in:the -
ICF program is highly beneficial to SDI consider-
ations of laser weapons and their effects.

In addition to the early-identified results cited above,
both the weapons and ICF programs have benefited from
sharing and exchanging personnel. During its 12 ycars at
Los Alamos, the ICF program has attracted many
outstanding technical people to the Laboratory who
might not otherwise have come and helped them develop

in technical areas of direct interest to the weapons -

program. Now the Laboratory benefits from their con-
tributions to other Laboratory activities.

THE FUTURE

Over 10 years of research have taught us a great deal
about ICF on a laboratory scale, and it is certainly more
difficult than originally envisioned. The inevitable ineffi-
ciencizs in all the steps between providing incident energy
and igniting a fuel have plagued the program. However,
there still exists the certainty that ICF works well on
some energy scale, and in our quest to provide unlimited
energy by control of fusion, the workability of ICF
should not be overlooked. We are still far from ary
practical use, but the promise warrants a sustained
national effort. For at least the remainder of this decade,



we should fully utilize the potential of the research
facilities and the technology base we have already estab-
lished.

Should our attempts to devise a CO, laser target that
will achieve high energy gain fail, technology develop-
ment programs for both a new laser system (KrF) as well
as an alternative to all lasers, a heavy ion-beam ac-
celerator, are in progress at Los Alamos. The purpose of
the KrF program at Los Alamos is to understand the
science and technology required to develop an efficient,
rep-ratable, low-cost, short-wavelength source of intense
radiation that can be scaled to meet future ICF driver
needs. In the case of the heavy-ion program, the purpose
is to work with the other participants to identify and
begin resolution of the key technical issues associated

with a heavy-ion ICF driver. These programs are not so
much intended to provide a large target-shooting capabil-
ity as to establish the cost scaling of these particular
systems for potential megajoule-level systems. The re-
search activities on these two advanced ICF drivers are
described in this review.

REFERENCE

l. H. G Ahlstrom. Physics of Laser Fusion, Vol II,
Diagnostics of Experiments on Laser Fusion Targets
at LLNL, Lawrence Livermore National Laboratory,
January 1982, p 5.



High-Energy-Density Plasma
Physics With Lasers

by David W. Forslund and Philip D. Goldstone

for publication in Los Alamos Science. It is

meant primarily as an introduction to the complex
plasma processes which occur in the process of laser
fusion.

To successfully fulfill the promise of inertial fusion, an
extremely wide variety of physical phenomens involved
with the flow of matter and energy must be controlled
with considerable precision. Experimental and theoretical
studies of the deposition of laser light and transfer of that
energy to particles have uncovered many new
phenomena that have altered many simple models for use
in fusion and that have greatly enhanced our understand-
ing of extremely high-energy-density plasmas such as
most probably exist in the atmospheres of white dwarfs
or in galactic nuclei. albeit on a much shorter time and
space scale. We must understand the physics of matter
from 107°-10%g/cm’ over distances of 107°~10° cm and
times of 107'*-107%s with particle energies ranging from
0.1 eV to 10° eV and magnetic fields ranging from none
at all to 10° T. The physics involved is nearly collisionless
plasma physics including the effects of spontaneously
generated magnetic fields, high-density collisional phys-
ics. the atomic physics of weakly to highly ionized
materials, and their effects on transport of photons of all
energies as well as particles. Frequently the processes are
far from equilibrium and require elaborate rate equations
to reasonably accurately describe the effects.

The biggest problem for inertial fusion in general, and
laser fusion in particular, has been the mechanism of
deposition of laser light energy into the target and
subsequent transport of that energy to the ablation
surface. The very properties of lasers that allow them to
produce extremely high power and intensity (which is
necessary for fusion) can work against a desirable form
of energy deposition. In particular. the wave nature of the
light, the high coherence. and narrow bandwidth all
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T his section is a preliminary draft being prepared

contribute to peculiar collective effects in the deposition
that reduce the efficiency of several of the above steps. In
other words, these highly organized properties of the laser
tend to drive the hot plasma in the target far from
thermodynamic equilibrium with potentially serious con-
sequences. Although these processes are not favorable
for laser fusion, they enable one to achieve extremely
high-enegy-density plasmas with very high specific
energy per particle. In particular, laser fusior with CO,
lasers at 10 um is dominated by such effects and allows
the physicist to view such exotica in all their complexity.

In this section, we discuss a number of these unusual
collective processes as found in high-power CO, laser-
target physics and briefly discuss some of the possible
relationships with processes taking place in other physi-
cal systems far removed in scale from ICF research. The
reader should note that shorter wavelength laser-plasma
interactions tend to be more collisional, and the collective
processes discussed here are generally less dominant.

The collective mechanisms we discuss initially result in
the production of energetic electrons by the absorption of
laser radiation in the target corona. The hot-electron
energy then “cascades” into a number of energy flow
channels (magnetic fields, acceleration of energetic ions,
bremsstrahlung emission, heating of a dense “thermal”
plasma, and microwave emission). Whereas much of our
understanding of absorption processes has been theoreti-
cal because of the limited number of unambiguous
experimental signatures of these processes at
10 um, our understanding of energy flow through this
hierarchy has largely been empirical, with theory provid-
ing explanation of our cobservations and a basis for
predicting scaling of these phenomena.! In many cases,
these theoretical explanations have provided new
hypotheses to test experimentally as well as new insights
into how the energy flow might be altered.



THEORETICAL TOOLS

We will begin by describing the methods we have used
to study these processes and a li*le about how they have
developed and improved over the years. The inertial
fusion program has had a well-balanced program with
considerable strength in both the theoretical and ex-
perimental areas. Because of the extreme complexity of
the physics, it has been at the forefront in developing new
theoretical tools as well as experimental techniques. The
phenomena of interest change over time scales of
picoseconds with the entire experiment occurring in
about a nanosecond. Spatial resolution required to study
the physics of targets measured in hundreds of micro-
meters to millimewers typically approaches 10 um (the
wavelength of the CO, light). Since much of the truly
microscopic {submicrometer, subpicosecond) phenomena
cannot be readily measured. but strongly influence the
macroscopic behavior, computer simulation is relied on
heavily to couple the microscopic phenomena to macro-
scopic observables. The WAVE code is a 2D particle
simulation code that solves Maxwell’s equations and the
relativistic Newton's laws for the particles in the self-
consistent three-component electric and magnetic fields.
It typically advances 10° particles on a grid of 10° cells
for 10* time steps to determine the processes that absorb
the laser light and transport the energy from the low-
density. hot-plasma regions to the denser regions. Only a
portion of the physical problem can be modeled because
one must limit the time step to a small fraction of the laser
period and the grid size to the distance light travels in one
time step. Consequently, the time that can be covered is
only a few picoseconds and the distance is only about 10
wavelengths of light. Because of the limited time and
space scale, the boundary conditions and initial condi-
tions for fields and particles are unknown and must be
estimated. Much of the skill in using the code involves
guessing the right boundary and initial conditions that
appear to be consistent with themselves, with
hydrodynamic calculations, and with experirnent.

An implicit form of the code, called VENUS,? has
enabled one to greatly increase the time step and grid size
{at the expense of some high-frequency phenomena) to
consider realistic spatial scales. which allows the study of
the central role of self-generated magnetic fields in elec-
tron transport and fast-ion emission. After their develop-
ment by the ICF program, these new-generation codes
rapidly spread to the magnetic fusion and space physics
communities. Although quantum mechanical and atomic
physics process are not included in these codes, they can

accurately describe the fully developed strong turbulence
that can occur in laser-plasma interactions, limited only
by the computer resources. To better utilize the results of
these codes, we test and evaluate various models to
obtain scaling laws that can be reliably extrapolated into
new regimes. For example, simplified models of the
propagation and absorption of light in the plasmas have
been verified as to their accuracy and range of validity
with the WAVE code. In the last decade, the improve-
ment in scale of problems accessible has increased by a
couple of orders of magnitude because of improvements
in computer hardware speed and in numerical algorithms
(VENUS). This has greatly increased our understanding
of the physical processes as discussed below.

EXPERIMENTAL TOOLS

In addition to the theoretical tools that have greatly
aided our insight inio the complex processes in these
plasmas, a wide variety of experimental tools and tech-
niques have provided the basic empirical information
against which the theoretical models must be compared
in an iterative process. Overall energy balance can be
obtained by measuring the nonabsurbed light directly or
by calorimetrically measuring all of the ion and x-
radiation energy emitted from the target. Some hot
electrons escape the target and can be detected with
electron spectrometers: however, the bulk of the electron
energy is observable primarily by measurement of the
bremsstrahlung radiation from several kiloelectron volts
to large fractions of a megaelectron volt, where possible
with subnanosecond time resolution. Typically. electron
temperatures of hundreds of kiloelectron voits are ob-
served.’ A variety of instruments can be used to deter-
mine the spectra of accelerated ions.

The heated target material emits soft x rays that are
detected by multichannel soft x-ray spectrometers utiliz-
ing filtered vacuum x-ray (photo) diodes, along with
ultrafast oscilloscopes developed in the nuclear weapons
program, to provid- time resolution of about 200 ps.
Spatially restricting the area viewed by the soft x-ray
diodes enables measurement of the brightness tempera-
ture as well as the color temperature of a specific part of
the target surface. This is provided by multichannel x-ray
collimators. The small targets used in the IC™ program
require that these collimators be made of precisely ma-
chined pinholes of approximately 150 um diameter.
aligned with respect to each other and the target to an
accuracy of 25 um using optical techniques.



Optical and x-ray emission can be spectrally resolved.
or imaged using simple optical cameras or pinhole
cameras, and either images or spectra can be time
resolved to tens of picoseconds using image-converter
streak camerss. The detailed atomic physics of the
plasma corona. often far out of local thermodynamic
equilibrium, can be examined using high-resolution x-ray
and xuv spectrometers to observe the spectra from the
corona. Details of the spectra such as line broadening and
line shapes can be used together with detailed atomic
physics models as a probe of the plasma conditions
surrounding the ions of interest; this can be particularly
useful in spectroscopically examining the conditions of
the imploded fuel. The pinhole cameras, soft x-ray col-
iimators, and x-ray spectrometers must be close to the
target and must survive the intense x-ray and particle
debris *blast™ from each shot.

Imaging or the target plasma in x-rays characteristic of
some transition of intcrest in the target or corona, for
example a K-line resulting from a hot-electron-caused
inner shell vacancy. enables the experimenter to track the
flow of electron energy.

Detailed microfabrication technology is used to pro-
duce complex targets, with specific materials placed at
strategic locations, so that their x-ray emission can be
used as a “‘tracer’ to determine the amount, or the time.
of energy flow to these locations, as well as allowing
detailed examination of plasma conditions from a well-
defined region. without having to average over all densi-
ties and temperatures achieved in the plasma.

The availability of such a wide range of measurement
technologies. together with the detailed ability to design
experiments by microscopic modification of the targets.
has allowed us to develop a detailed empirical base
against which the theoretical picture of the processes
involved can be compared.

COMPARISON WITH EXPERIMENT

. The insight gained from WAVE/VENUS simulations
and verification of various models has led to the improve-
ment in various physics packages in the 2D radiation
flow/hydrodyna nics code LASNEX and to a better
choice of input ¢ ynditions to the code, LASNEX then is
used to model the hydrodynamics, electron transport,
and radiation flow and possible thermonuclear burn in
the target. Sometimes it can be used to evaluate models
by observation of their effect on the macroscopic target
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behavior. LASNEX has postprocessing packages such as
TDG which allow it to generate directly outputs from
various diagnostic instruments such as pinhole photo-
graphs, streak camera images, bremsstrahlung spectra,
ion emission, and soft x-ray emission. Since the code also
calculates the source spectra, it can be used to assist in
the deconvolution of, for example, the electron tempera-
ture from the hard x-ray bremsstrahlung spectrum or the
compressed-fuel properties from the x-ray pinhole images
and x-ray spectra. By simultaneous modeling of a variety
of phenomena on a given target shot, the use of the code
greatly enhances one’s confidence in understanding the
target behavior, Frequently there has to be an iteration in
LASNEX input conditions to match the experimental
data. In other cases suggestions can be made to modify
existing diagnostics or develop new ones to search for
specific predicted signatures of physical phenomena.
From this iteration process, new target concepts have
been developed in an attempt to better utilize the energy
flow.

LASER LIGHT TRANSPORT AND ABSORPTION

In large laser systems, the light must travel from the
last large optical surface a long distance through a near-
vacuum to the target. The intensity at the target is
controlled to a large extent by the focal properties of the
final optical element and is adjusted for direct-drive laser
fusion to achieve nearly uniform illumination at the
target. The initial illumination uniformity is not main-
tained. however, because as the target heats up, hot
plasma is blown off. Because the index of refraction. ofa
plasma depends on density as n = | - o}/’ where o =
4 n ne*/m is the square of the local plasma frequency, o is
the laser frequency, and n is the electron density, the
propagation of light in this plasma is altered from what it
is in a vacuum. Linearly, the light may refract and not
strike the target where it was Originally. Nonlinearly, the
light may break up irto filaments because of localized
heating of the plasma or the finite pressure of the light
itself. This may cause local regions of light to be much
more intease than others, which may degrade the sym-
metry of the implosion or increase the energetic electron
generation.

A important first step in the overall energetics of laser
fusion is the determination of how much of the incident
light is absorbed in the target. Absorption is measured in
variety of ways including measuring the scattered light



from the target and measuring the integrated ion blowoff
kinetic energy from the target. Figure 1 shows the
absorption on spheres of various sizes as a function of
intensity as measured by ion calorimetry.* Typically, at
the lower imtensities shown at the left, the absorption is
about 30%, whereas at high intensities it can exceed 60%.
* What are the mechanisms of abserption and how can
we identify which ones are actually operative in laser
target experiments? Although inferences can be made
from a variety of experimental data, most of the informa-
tion 6n absorption processes have come from computer
simulations and analytic theory, which have been iterated
to reproduce the experimental data base. The simplest
form of absorption of laser light resuits from collisions of
electrons oscillating in the laser electric field with the
background ions. This process, known as inverse brems-
strahlung, works by randomiy scattcring the oscillating
electrons off the iors. Thus, coherent osciliation energy is
converted into random energy. By equating the
dissipated light energy, vE*/8r, to the heating rate,
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Vg nmv?/2, where v = eE/mo, we find that the brems-
strahlung absorption frequency is v = v, n/n_, where n, is
the density at which w, = w. The absorption length for
light then is ¢/v. Since the electron-ion collision frequency
v varies as v, inverse bremsstrahlung preferentiaily
heats low-velocity electrons and thus.keeps the. plasma
close to thermodynamic equilibrium. If L is the density
scale height, then significant absorption occurs for wL/c
= . If we balance the absorbed energy with the electron
heat flux, we see that significant absorption only occurs
for

I <5x10"ZL{cm)/A*,

where Z is the ic™ charge state, L is the plasma scale
length in cm and A is the laser wavelength in micrometers.
Thus, for L =~ 1 mm and Z = 79, inverse bremsstrahlung
is negligible for the CO, wavelength of 10 um at in-
tensities above 10'? W/cm. Therefore, some form of
collective ubsorption that is somewhat less desirable than

Absorption (%)

2.0 mm
0 ] L 13 a0l 11 0 1t
10" 10 106

intensity (W/cm?)

Fig. 1. Absorption as measured by ion calorimetry of the expanding plasma for spheres of

varying size.

11



inverse bremsstrahiung must be relied on. At wavelengths
less than 1 pm (for example, the 0.25-um light of KrF
lasers), inverse bremsstrahlung is very important and
appears exoenrnentally to dominate the absorption pro-
cess, - although ‘some undwrable forms of- collecnve
absorpuon are snll present 0a modest extent

An_important - quantity that - -affects : the collective
absorption processes -is the' pressure of- the incident
light wave, the so-called ponderomotive force.
F = o,/0* V|E|% It is a low-frequency force propor-
tional to the iight intensity and the ratio of the plasma
density to the critical density of the incident light. For
example. at 10'® W/cm?, the pressure of the light at its
reflection point is about 5 Mbars! This large force is able
to distort the flow of expanding plasma at low densities
and is responsible for most of the instabilities induced by
the incident radiation in the underdense plasma.

Because of this strong ponderomotive force, two basic
mechanisms of collective absorption have been identified
as important in all laser-plasma interactions and
particularly important for CO, lasers.

The first is called resonant absorption,*® in which the
electric field of an obliquely incident laser beam can
linearly couple to a longitudinal plasma wave in the low-
density expanding plasma. For a wave with an incident
angle 0. the electromagnetic wave is reflected from the
region n = n.cos’ but may still tunnel to the resonant

‘gplasma "waves ‘and’ extracts energy from ,
. electromagnetlc wave. The converslon efﬁcrency dependsf

matching point as shown in Flg 2. At the resonant pomt.‘
the'component of the electric vector along the densrty
‘gradient induces tnme-dependent density fluctuations at
the local plasma frequency ‘This acts ‘as a source of .

sensitively on. the : incident “angle - and the scale length.
between’ these two points. For angles- ‘of incidence of the:
order of 20°, the scale’ length . must ‘be less than a:
wavelength of light to obtain an absorptlon of greater‘E
than -20%. In fact, the large. ponderomotive pressure’
gradient ‘of ‘the - reflecting light wave and the locally
generated plasma wave produce a sharp densrty gradient
in that region, which allows resonant abso-ptron be an
effectivé process. In Fig. 3; we show" the sharp’ densrty
gradlent from =z WAVE srmulatron’ that- extends to
experimental identification of resonant absorptron at high
laser intensities is from the large second harmenic emis- :
sion of light produced. The nonhnear couphng of the.
denzity fluctuations of the plasma wave - to-the incident
light produces thie second harmonic through the current
j(2w) = v & n. Its intensity is proportional to the incident
light wave intensity and the plasma wave intensity. The
scaling of the second harmonic emission is a strong
function of incident laser intensity. At low intensity the
20 emission is proportional to I, At high intensity, where

Resonant
Electrostatic
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Field

Fig. 2. The resonance absorption process
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Fig. 3. Density gradients obtained from the WAVE code.

dn saturates because of nonlinearities. the 2w emission is
proportional to L

WAVE BREAKING

Once the enzrgy is piaced into the plasma wave, it is
quickly dissipated into the plasma by a number of
mechanisms. Because of the extremely high intensity of
the laser, the primary way in which it is absorbed is by a
process known as wave breaking. In this process a few
electrons can gain energies of hundreds of kiloelectron
volts in less than one laser cycle (about 107'* s) over
distances of less than a micrometer as they are ac-
celerated by the plasma wave. The energy they gain is
proportional to the electric field of the plasma wave and
its width, Since the width is narrower because of the

15 n,

{b)

steepened profile. the electron energy is reduced over the
one that would occur in some gentle profile.® Although
the acceleration process is quite coherent, it is observed in
computer modeling to have a small random change from
cycle to cycle, which injects stochasticity into the dis-
tribution, resulting in a near-Maxwellian hot-electron
distribution.’ Although nearly all of the electrons at the
critical density can be heated by this process. only a small
fraction of electrons above the critical-density surface is
hot. Thus, we typically see a two-component electran
plasma consisting of a large num: = :r of “cooler” electrons
with a small number of energetic electrons over a broad
energy spectrum that carry most of the heat. Because the
equilibration time between the two components is quite
long, this situation persists as long as the laser is at high
power. An example of the distribution of electrons at high
density is shown in Fig. 4. A major uncertainty in the
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Fig. 4. The heated-electron distribution from a WAVE simulation.

simulations is what the cool background temperature is.
Since it depends on the radiative cooling processes, the
expansion of the solid material, ionization rates. and so
forth, it cannot be determined self-consistently with the
WAVE code but must be modeled with LASNEX.
Nevertheless, this relatively simple theory has resulted in
areasonable match between theory and experiment® as to
the magnitude of the hot-electron temperature and the
nearly constant absorption of 20-30% that is observed
from 10"-10" W/cm®. The most spectacular confirma-
tion of this process is the observation in experiment and
simulations of high harmonics of the incident laser light.’
In fact, experiments as illustrated in Fig. 5 have shown
more than 35 harmonics of the incident light in the
scattered-light spectrum. confirming the extreme

noniinearity of the interaction in the steepened density
gradient. These high harmonics are a signature of the
extremely anharmonic character of the acceleration seen
by the electrons in the intense coherent resonant absorp-
tion plasma wave!® as shown in Fig. 6. The plasma wave
in the steep gradient sees a strongly spatially varying
restoring force proportional to mf,. The maximum har-
monic content theoretically expected is up to the plasma
frequency of the upper density shelf. The experiment then
implies that the plasma wave is secing densities up to
1000 times the critical density, or essentially solid den-
sity.

In recent years. howsver, experiments at higher in-
tensity and more extensive calculations have indicated
that this very steep gradient may not last for a long time.

Intensity

Fig. 5. Harmonics of the incident 10-um light produced by
nonlinear coupling mechanisms in the steep plasma gradient.
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When the high harmonics are time resolved using wlira-
fast optical streak cameras. they are observed to last only
during the rise time of the laser puise. about 200 ps. This
is in part due to the expansion of the plasma outward
from solid density so that the plasma wave no longer sees
the strong acceleration at those high densities. In addi-
tion. the nearly constant absorption coefficient observed
at low intensity is observed to increase dramatically
above about 10'* W/cm? as shown in Fig. 1. This
suggests that an additional absorption process occurs at
high intensity, which we attribute to a second mechanism
discussed next.

PARAMETRIC INSTABILITIES

A second mechanism of collective absorption involves
parametric instabilities. which are the nonlinear coupling
of the light through the ponderomotive force o various
plasma modes.'"!? In these processes the ponderomotive
force couples the harmonic oscillator equations for

Fig. 6. The anharmonic restoring force on oscillating electrons
near the density jump.

plasma waves with those for light waves at a different
frequency from the laser. Typically, the conditions for
instability are met most readily when the three natural
frequ.encies. w,, w,, and w, and the three wave vectors, k,,
k,. and k satisfy conservation of energy and momentum:

W, =0y - 0
and
k, = kg - k.

where the subscript O represents the pump laser, |
represents the scattered (light) wave, and no subscript
represents the plasma wave. The most important modes
appea} to involve coupling of light waves to electron
plasma waves and ion sound waves. The coupling to
electron plasma waves. known as stimulated Raman
scattering, occurs at low densities, @} < %4, and
excites a broad spectrum of electron plasma waves that
accelerate electrons to high energy over a long (typically
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Fig. 7. Hot-¢lectron temperatures and absorption in a long-scale-length plasma from WAVE.
The solid curves correspond to a single pass of the laser light through the plastaa. Dashed
curves correspond to a reflection of the {aser light at the plasma boundary and two passes

through the plasma.

1-mm) distance. (The production of extremely energetic
particles is being harnessed in the beat wave acceleration
process. In this process, two lasers with a frequency
difference equal to the plasma frequency are used to
enhance the plasma wave amplitude over that generated
by Raman scattering itself.) This acceleration over re-
latively large distances contrasts to the resonant absorp-
tion process described above. In addition, right at the
quarter-critical density. the incident light can directly
decay into two plasmons. The nonlinear state of these
instabilities depends strongly on the density scale length
and temperature of the underdense plasma. Un-
fortunately, plasma simulations are not able to self-
consistently calculate the large-scale underdense plasma
blowofY, and the experiments at 10 um have been unable
to measure it. Therefore, only representative calculations
can be made in which one estimates the plasma initial
conditions. These suggest that, as the plasma scale
lengths approach a millimeter, this process may begin to
dominate. The hot-electron temperature and absorption
scaling from simuiations are shown in Fig. 7. The hot-
electron temperature is much higher at moderate in-
tensities than it is from resonant absorption.

An additionai coupling path of light to ion sound
waves in underdense plasmas (known as stimulated
Brillouin scattering)'® results in less plasma heating be-
cause of the greater mass of the ions, although it has the
potential of reducing the absorbed laser intensity. Calcu-
lations suggest that the ion waves become nonlinear so
rapidly that the light is not scattered away but merely
adds to the plasma heating rate. This heating rate,
however, is lower than that from electron plasma waves.
This process may be much more important at short laser
wavelengths, where the ion sound waves do not become
as nonlinear.
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In addition to backscattering, there are also self-
focusing and filamentation instabilities of the incident
light.!* Ponderomotive force-driven filamentation has a
similar gain length to Brillouin scattering when the ions
are very warm, T, = T,. At low intensities there is a
thermal self-focasing instability resulting from brems-
strahlung heating that can reduce the density in a chan-
nel, refracting the light within the channel, which raises
the intensity and further heats the plasma. This latter
process may be particularly troublesome at short wave-
lengths. This instability can be viewed as arising from the
strong anisotropy in the pressure of the incident light
wave.

A number of parametric instabilities at the critical
surface have been identified theoretically.!* However, the
steep density gradients induced by the ponderomotive
force severely rcduce these instabilities.

If fusion with CO, lasers is to work, one must stay at
intensities and plasma conditions that do not allow
parametric instabilities to develop and that rely on reso-
nant absorption in a steepened density gradient to main-
tain the lowest hot-electron temperature. These condi-
tions appear difficult to achieve at best. As mentioned
earlier, some additional absorption process appears to be
occurring above 10" W/cm? Recent simulations at an
intensity of 2.5 x 10'* W/cm? run for tens of picoseconds
instead of only a few picoseconds* (made possible by the
substantial increase in size of the Los Alamos computer
facility) show a similar phenomenon. Figure 8 shows a
contour plot of the density surface late in time. Note that
the originally smooth, sharp density gradient has begun
to break up and become rough. Associated with this
roughness is a substantial increase in the absorption
coefficient from about 25 to 60%. At the same time, the
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hot-electron temperature incieases by a factor of 2 or 3
over that calculated for resonance absorption on the
initially smooth surface. At 10'® W/cm?, the surface is
observed to become even more turbulent. Basically, the
parametric instabilities at the critical density that were
suppressed by the sharp gradient appear to become
dominant at high intensity. This process may explain the
increased hot-electron temperatures (hundreds of kilo-
electron volts) observed on Helios at high intensities. '’
We see then that the large amplitude of the laser
radiation results in a highly nonequilibrium state of the
plasma. It is so far from equilibrium that, for example,
classical shock waves are altered. The region where
resonant absorption occurs corresponds to a phase tran-
sition between a hot plasma in the presence of the laser
light to a colder plasma without the laser light present. In
this region rarefaction shocks'®!® are generated, which
have very different properties from conventional shock
waves. Matter is put into an extremely unusuai state that
is probably only reproduced in exotic astrophysical
situations. The fact that most of the absorbed laser

energy is placed into a few energetic particles signifi-
cantly reduces the impiosion efficiency of fusion targets
and makes the task very difficult.

FAST-ION GENERATION

Just as there are collective effects that control the
absorption of laser light. collective plasma effects can
also dominate the transport of electrons into targets. The
hot-electron pressure in the corona can collectively ac-
celerate the coronal ions to extremely high energies by
collisionless processes. In the simplest model, a small
number of electrons leave the target, but the nonzero
impedance and inductance of the target support stalk
allow electrostatic potentials of hundreds of kilovolts to
develop at the target, confining the remainder. The
confined electrons accelerate ions by working against the
coronal plasma as they try to escape. Experimental
measurement of the fast-ion energy shows that a substan-
tial fraction of the absorbed laser light goes into fast ions.
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particularly at high intensity (Fig. 9). For targets that are
thick to hot electrons, so that an electron has oniy a single
chance to bounce ofF the electrostatic sheath surrounding
the target and work against the coronal ions, theoretical
calculations (ignoring albedo effects) indicate that the
fraction of energy in fast ions cannot exceed 5-10%,
which is the fraction of electron energy lcst in reflecting
from the expanding plasma. Thus, we infer from these
data that a mechanism exists to trap the electrons in the
corona, allowing them to lose more of their energy to fast
ions. This process is generically known as flux-limited
transport. That is. there is some process that reduces the
mean penetration velocity to less than it would be from a
simple diffusion model. One process that can cause this
phenomenon involves the generation of intense magnetic
fields by the high-energy electrons themselves.

For a laser spot of finite size on a target surface or for
not completely uniform illumination of a target, there is a
temperature gradient along the surface over the laser
spot. a strong density gradient along the surface over the

gradients, which are perpendicular to each other, cause a/ -f

magnetic field to be generated by the curl of the am-
biopolar electric field: i
i
o B/ot=-UxE=YnxVT/n.

|

The generation rate is extraordinarily high with a ﬁeld;of ‘

1 MG reached in 1 ps with a density gradient of 10 un;, a
spot size of 100 um, and a temperature T of 50 keV] In
the time it takes an electron to cross the laser spot‘,' the
field is strong enough to reduce the gyroradius of an
electron to less than the density scale height, The Zlec-
trons can no longer free-stream into the target buj are
confined by the magnetic field. In VENUS simulatijns'®
the electrons ExB drift along the target surface to sreat
distances from the initial laser spot.2’ This reduces the
transport inward under the laser spot and enhancs the
electron energy carried far from the laser spot. One Hf the
consequences of the self-genzrated fields is that meny of
the ions are accelerated in an intense ion jet or WIume

laser spot, and a strong density gradient normal to the normal to the target surface. i
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Fig. 9. Fast-ion production efficiency as a function of hot-electron temperature (from the
APACHE hard x-ray spectrometer) and intensity.
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Figure 10 shows the angular distribution of ions
leaving a disk target as measured by calorimeters with
three different thresholds provided by filtering. The plume
has half-width at half maximum of about 10°, in excellent
agreement with particle simulations using VENUS. For
targets smaller than about 1 mm. including small spheres,
the effect is “washed out,” and the ion angular distrubi-
tion becomes more isotrapic. The effect is also washed
out in thin targets, where electrons can travel from the
laser spot by reflexing through the shell and disrupting
the current flow that creates the magnetic fields. This
acceleration process is quite equivalent to the one that
occurs in intense ion diode experiments except that it is
much higher intensity than any conventional diode. The
accelerated ions could be used to drive a fusion target
except that the collimation is not of sufficient quality to
allow a large separation beween the diode and the ion
target to prevent electron preheat. Experiments also
suggest that ion emission may remain large at high
intensity when the illumination is more uniform. At this
point there is no conclusive theory that would reproduce

this effect. Measurements of the ion velocity distributions
with magnetic analyzer spectrometers ([so-called
Thomson parabolas, which are ion spectrometers with
parallel E and B fields and which produce velocity
spectra N(v) along parabolic tracks in the detector plane
with different parabolas for each Z/A] indicate that much
of the ion energy is carried by hydrocarbons independent
of the target material. These hydrocarbons are surface
contaminants on the target that are accelerated to the
highest velocities in part because the lowest Z ions are
accelerated most rapidly in the complex multispe.i2s ion
expansion. Although the ion spectrum from such a
multispecies expansion is remarkably complex™ and
difficuli to caiculate theoretically, its gross properties are
deceptively simple. As the ion mean energy is not far
above that required to penetrate a 0.5-pm nickel filter, we
can determine the ion “spectrum”™ by a set of trans-
mission measurements in an array of differently filtered
calorimeters. Figure 1! shows examples of such ion
spectra for high- and low-intensity cases. Not only are
these tranismission curves well behaved, they can readily
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Fig. 10. Fast-ion angular distribution: e all ion energies, o E > 100

keV/amu, A E > 500 keV/amu.
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Fig. 11. [on transmission spectra.

be fit to an isothermal expansion model taking the hot-
electron temperature T directly from the bromsstrahlung
measurements if we assume Z/A =~ 1/2. Transmission
data as in Fig. 11 are useful in evaluating target design
concepts. For example, the mass required to stop one half
of the ion energy is an important parameter that can be
used to determine whether this ion energy is exploitable in
target design.

Whereas ion stopping powers are a weak function of Z,
very heavy ions (such as tantalum and gold) have an
appreciably shorter range than protons or carbon. Based
on an analysis of the multispecies ion expansion, we
conjectured that if low-Z surface contaminants could be
removed, atoms of high-Z target material could be
accelerated to similar velocities (the fastest proton in a
typical expansion. measured with time-of-flight scin-
titlator detectors. typically has a velocity of about 2 x 10°
cm/s). In an experiment in which tantalum targets were
heated with electron bombardment to white heat to drive
off hydrocarbon, we observed energetic tantalum ions.
The fastest ion observed corresponded to an energy of
500 MeV for tantalum, and Thomson .pectrometer data

confirmed the absence of protons in the expansion while
indicating that the tantalum ions were as much as 60
times ionized.

For targets with thickness less than the hot-electron
range, electrons can pass through the target many times.
reflecting off the expanding plasma sheath each time.
This can greatly increase the absorbed energy placed into
fast ions.

ASTROPHYSICAL IMPLICATIONS

Despite that fact that conditions produced in a target
by a CO, laser are not favorable for producing fusion,
they result in some of the highest energy density plasmas
yet produced in the laboratory. For example, the hot-
electron source produced by the laser is equivalent to a
high-current, low-impedance electron beam source with a
current in excess of i0® A and voltagas of hundreds of
kiloelectron volts. This results in a source impedance of
about 0.001 €, much Jower than can be produced by any
conventional pulsed-power source. At the same time, this



intense “thermal” electron beam produces a reasonably
collimated jet of space-charge-neutralized plasma travel-
ing at speeds of 10%-10* cm/s and maintaining its
collimation aver distances of at least 4 m. Although the
distance scales and time scales are perhaps 25 orders of
magnitude smaller, these jets are reminiscent of the
galactic jets that have been so clearly identified from
high-resolution radio wave photographs. This similarity
extends even to the microwave emission of these objects,
as we will discuss shortly. We argue here that the ability
to measure not only the optical emission of these objects
but also the jon motion directly makes study of these
phenomena particularly attractive in the laboratory and
highly complementary of the elegant astrophysical
measurements, The intense magnetic fields that are in-
timately related to the generation of these ion jets are also
known to be important in the accretion of matter in white
dwarfs. Although we cannot. of course. study this accre-
tion process directly, the detailed study of the
mechanisms of acceleration and the verification of theo-
retical models could have a profound impact on
astrophysical models.

An important means of knowing of the existence of
galactic jets comes from their radio emissions. However,
there remains considerable debate as to the processes that
dominate in the production of microwaves from these
extended objects. Similarly. in experiments done on
Helios and Antares. we are able to observe these plasmas
in the microwave region of the electromagnetic spectrum.
Quite remarkably, these plasmas appear to be incredibly
bright in the radio spectrum. In the range of 0.1-5 GHz.
over a gigawatt of power is observed. Likewise. in
measurements of emission in the 26- to 40-GHz band.
nearly | GW has been observed. This is 0.01-0.1% of the
incident laser light converted to microwaves. At the same
time. the source is nearly a point source and has a pulse
shape that nearly follows the laser pulse shape. with a rise
time ot 0.2 ns. The surprising efficiency of emission may
be coupled to an enhanced level of plasma waves in the
expanding corona. which couple efficiently 1 microwave
emission. This is one of the important candidates for
emission from galactic jets as well as from solar flares. A
more detailed investiition of these processes in the
laboratory could allow a significant discrimination be-
tween various theories of emission (such as synchrotron
radiation or plasma wave emission} in astruphysical
plasmas. Besides just measuring properties of the unique
piasma produced by intense CO, laser light. the op-
purtunity also exists for studying the propagation of the

plasma plume through other ambient plasmas that could
be imposed in the target chamber. This could shed light
on the propagation of energetic ion jets through ionized
plasmas. Do they maintain their physical integrity as they
expand through the plasma? Is microwave emission
altered ac they strike another plasma? What is the
emission in the submillimeter part of the spectrum?
Theory suggests that it is much higher than at longer
wavelengths. If one compares a normalized spectrum
from a typical Antares target with that of the Crab
nebula, for example, there is a striking similarity. s this a
coincidence or is there something in common between
some of the emission processes? The uncovering of a
wealth of exotic plasma behavior at extremely high laser
intensity raises the possibility of new and important
experiments that could not have been imagined a decade
ago. The understanding of such processes already ob-
tained from our theoretical and experimental efforts may
provide insights valuable to our understanding of
astrophysical processes.
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The KrF Laser:
The Advance Toward Shorter
Wavelengths

by Reed J. Jensen

by using wavelengths comparable to the dimensions

of the pool, water quickly peaks and sloshes over the
edge. If. however, shorter wavelengths are used, the
water, though rippling with motion, remains in the pool.
There is an analogous problem when one uses laser
energy to drive the implosion of a small fusion pellet. If
longer wavelengths, say in the infrared, are used, then a
portion of the energy “sloshes over” into undesirable
modes (such as a few very hot electrons) that dissipate
rather than drive the implosion. As our understanding of
the physics of laser fusion has increased, awareness of the
importance of fusion drivers with shorter wavelengths
has likewise increa==d.

However. buildin, an efficient. high-intensity laser that
emits short-wavelength photons is a difficult balancing
act for a number of reasons. The balancing becomes
obvious when we look at the expression for laser gain. In
a simple two-level laser, the gain coefficient (g) obeys the
relationship

If energy is added to water in a swimming pool

g x< A'Z/tﬂ!f"\l M

in which t,,., is the lifetime of the excited state against
spontaneous emission and A is the wavelength of the
emitted photon. The gain itself is proportional to the
factor <&

As we go to the high excitation levels needed for
shorter wavelengths, tne lifetimes of excited states tend, in
general, to become short. This means the gain coefficient
increases—an apparent advantage (although transition
strengths can reverse this trend). But a short lifetime also
means the excited atoms spontaneously emit their energy
quickly. This latter fact is a disadvantage because the
emitted photons stimulate further emissions, resulting in a

phenomenon called amplified spontaneous emission
(ASE). In large-volume systems, such emission is
parasitic, draining energy away too quickly and reducing
system efficiency. In other words, it becomes difficult to
store large amounts of energy in the lasing medium.

If this trend is resisted by the use of a system that emits
short-wavelength photons from an excited state with a
moderate lifetime, then the gain coefficient drops because
of the factor A% For example, a system with about the
same upper-level lifetime as that of the CO, laser but
emitting at a wavelength of 0.1 micrometer (um) rather
than 10 um will have an inherent decrease in the gain
coefficient of a factor of 10,000. This would make the
gain, proportional to e#, negligible. However, UV system=
almost always have a much shorter lifetime that can
result in a high gain.

There are exceptions to these trends that provide
promising laser systems in the mid-ultraviolet, but ia this
region technical difficulties with optics and windows add
to the difficulty of the balancing act. For exampl,
common optical materials absorb strongly at these wave-
lengths. In essence, conventional optics will not suffice
for wavelengths shorter than about 4 pum, and truly
novel techniques must be used.

THE KRYPTON FLUORIDE LASER

We are currently developing a.*_os Alamos the kryp-
ton fluoride (KrF) laser—a system that balances these
facets to yield a highly efficient laser able to emit intense
bursts of short-wavelength photons. For example, the
KrF laser operates at 4 pm, close to the short-
wavelength limit for optics but, fortunately, just on the
conventional-optics side. The excited-state lifetime of the
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system is short—due both to spontancous emission and
to deactivation from collisions—making it impossible to
store sngml‘ cant energy in the lasing medlum Counter-

balancmg thls d:sadvantage is the laser_ high gain, whxch -

yields a system able to amplify efﬁmently a rapid series of
short pulses. As'a result, considerable energy’ ‘can be
stored outside the laser .during the beam S ﬂxght to the
target. Such storage is accomplished by using a novel
multiplexing scheme in which time-of-flight dxﬂ'erences
cause the series of pulses to meat simultaneously at the
target. Thus we are developing a system that will be able
to generate short, intense pulses of {-um light highly
desirabie for the study of the physics of laser fusion at
short wavelengths.

'AnOvmiewoftheLaser

In early 1975 J. E. Velazco and D. W. Setzer at
Kansas State University suggested using krypton and
fluorine gas as a lasing medium,’ and in June 1975 J. J.
Ewing and C. A. Brau at AVCO Everett Research
Laboratory reported the first laser oscillation for the
highly efficient KrF system.? The potential energy curves
shown in Fig. 1 illustrate the major reason for the high
efficiency. The ground state is repulsive, and the
“molecule” readily dissociates into neutral krypton and
fluorine atoms. As a result, there is no accumulation of
molecules in the lower laser level, and a significant
population inversion can be achieved. The main laser
transition nccurs between the B zZ% excited state, made
up of an attractive Kr*F~ ion pair. and the X ’Zl
ground state. This transition can be pictured as the ion
pair reverting back to the dissociating molecule by
transferral of an electron from F~ to Kr* and emission of
a photon with a wavelength of } um

Gnin. Measured gain coefficients for the KrF laser are
in excess of 10 per cent per centimeter, so that a 1-meter
amplifier would have a gain of €'°, or about 20,000, per
pass through the amplifier. As pointed out above, such
huge gains will not allow storage of large amounts of
energy in the lasing medium as a population inversion;
the excessive gains cause a loss of upper-level population
by amplified spontaneous emission. By using the multi-
plexing scheme, however, we are able to extract the
energy as a series of short pulses while the laser is being
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n
pumped. This extraction suppresses the gain by redl_lcinaf
the gain coefficient according to the equation '
g = — 8o, ,

1+ L
I

where g, is the gain coefficient at low intensities (tht
small-signal gain), I is the laser intensity in the medium
and L, is the so-called saturation intensity (an intensity
based on photon energy, the stimulated emission cros:
section, and the upper-state lifetime of the lasing me
dium).

It is apparent that if energy is extracted from the
amplifiers while the laser is running at an intensity thre
times I, there will be a fourfold decrease in the actua
gain coefficient. This reduction will bring the system gair
down from about twenty thousand to a few hundred.

12 ,
Attractive
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Fig. 1. The potential energy diagram for the KrF laser. The upper

. state of the lasing ‘ransition (B 2‘.,}) is one of the states

for the Kr*F~ ion pair. The lower state (X‘E}u)
is one of two covalent states that are repuisive and so dissociate,
eliminating KrF molecules from the Jower level and ensuring a large
population inversion. [(Adapted from P. J. Hay and T. H. Dunning,
Jr., Jovrnal of Chemical Physies 66, 1306 (1977)].




Gas Kinetics

In a practical sense, the efficiency possible in the
system is determined by how atoms are pumped into the
-upper laser level. Typically, the energy is added by
mmzmg ‘2" gaseous mixture that includes argon. The
argon atoms play an active role by forming intérmediate
suecies, as shown in Fig. 2, a slmphﬁed flow chart for the
gas kinetics of the Ar-Kr-F, system. Initially, all three
types of -atoms are ionized (here using an electron bearn),
but the path (1) that produces the largest population of
KrF ion pairs (KrF*) in the upper laser level involves
Ar*. The second most important path (2) involves the
ArF ion pair (ArF®). Once the KrF ion pair is reached,
the desired exit channel is, of course, dissociation to Kr
and F and emission of a photon.

Electron Beam

The efficiency for conversion of pump energy to upper-
state population could conceivably be increased by using
more direct cr lower energy channels to the KrF ion pair.
In fact, immediate gains in efficiency can be realized by
increas.ng the amount of krypton in the mixture, al-
though this gas is more costly. Such an approach would
emphasize the path (3) in which krypton is ionized
directly—a more efficient route because of krypton’s
lower ionization energy.

Undesirable Absorption
Many of the species pictured in Fig. 2 absorb light of

KrF frequency. What constraint does this place on the
design of the KrF laser? Generally, for any absorbing

Products

Praducts he + Kr + F
Products
he + Ar + F
ArzF'
Fy.e” .7 :Fz AN
b+ 2Ar + F hi+ 2Kr + F X ' LN
Products
Praducts Products

Fig. 2. Kinetic pathways for the KrF laser. Initially. ali three atoms in the Ar-Kr- -F, gas mix are ionized. but the most important
path (1) to the KrF ion pair (KrF*)passes through Ar* and Ar intermediates before a krypton atom is ionized, The Kr* ion then
combines with a previously ionized fluorine atom. The second most important path (2) also starts with Ar* but then forms on ArF

ion pair (ArF*) before exchanging with a krypton atom. Path (3) is energetically favorable because krypton ionizes easily, but the
path only becomes important as the amount of krypton gas in the mix is increased.
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species there is an intensity at which the absorption

saturates—that is, the Light overpowers the ahsorption

process and starts to pass frecly thmugh tne system The
uence for this condxtlon is gwen by

¢ﬂ! = w0 »

where 1 is the relaxation time and o is the absorption
cross section for the absorbing species.

Unfortunately, some of the absorbing species in the
KrF laser gas have low values of to and do not saturate
at fiuences used for the design of this laser. The system,
therefore, has a practical upper iimit on the growth of
fluence :n the lasing medium. In other words, we have
another balancing task; as intensity or fluence increases,
the gain saturates but absorption by other species does
not. It is believed that the limiting fluence for the KrF
system is about 10 to 100 megawatts per square cen-
timeter. Greater intensities can only be reached by using
optical focusing and other techniques that are applied
beyond the last amplifier.

Electron Beam

lonization of the laser gas mix also has its difficulties.
The gas contains fluorine, a halogen, which is an efficient
electron scavenger. In fact, the formation of F~ by
electron attachment plays a key role in the pumping
scheme of Fig. 2. However, standard gas-discharge tech-
niques used with many gas iasers generate electrons with
energies of a few tenths of an electron volit (eV). Because
attachment energies are also of this order, such a dis-
charge has trouble sustaining itself if electron scavengers
are present.

Further, in a standard ionization-stabilized discharge
system, therz is a tendency for the discharge to constrict
into a few very hot arcs. This phenomenon leaves most of
the gas unpumped, whereas the gas in the vicinity of the
arcs is far overpumped and overheated. Even though a
preionization device may help generate more homogene-
ous current flow, the discharge still tends to constrict into
hot arcs because of the temperature dependence of the
coefficient B in the electron replenishment equation,

e +M—> M+ fe .

In other words, the number of secondary electrons
generated when a primary electron collides with atoms in
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the medium increases rapidly with temperature, 2ad. an) :
area of enhanced conduction quickly forms an arc.

The  solution to these .problems, .- whick:-would- be .

" especiaily- severe “at the higher, intensities .required. in
"~ampl|ﬁers. is to ionize the. gas du'ectly by .pumping- with

an electron beam ln tlus case, the electrons .enter- the g
laser volume wnth energles of several hundred klloelectron
volts, and any. dnﬂ' culties wnth electron attachment are
overpowered \ - : i

Likewise, an. electron b-am devnce avmds runaway
arcs by m,]ecung electrons directly ‘into the gas thrOugh
thin foil. wmdows (Fig. 3): ‘Electron: homogeneity is
established by field emission and propagation physics-in’
the vacuum region around the. cathode. The’ resulting’
even distribution of the primary electron c,urrent'fr’otﬂ the.
electron beam dominates all physics in thie laser volume.
Thus, the primary current in any particular volume of gas.
does not depend upon the conductivity of that gas. i

Typically, electrons enter the laser volume-at energiesi
of 400 to 800 keV. In primary collisions gas ionization’
generates secondary electrons with an energy loss to the.
primary electron of about 30 eV per ionization. Thus;
each primary electron requires thousands of collisions to
deposit its energy in the gas. Both primury and secondary
electrons participate in the various pumping and attach-
ment processes shown in Fig. 2.

With this pumping technique we find that for Ar-Kr-F,
mixes about 24 per cent of the energy of the beam
appears as population of the upper laser level. Once
again, we see that the KrF laser has high intrinsic
efficiency. The exact value of the efficiency depends, of
course, on the conditions of the gas and the pumping
circuit (for example, use of more krypton in the gas
mixture should increase this value). So far, an overall
efficiency from wall plug to laser beam of 4 per cent has
been achieved. Such efficiency is still a little less than is
achieved for the CO, laser, but by using improved gas
mixtures and electrical delivery systems, we should
achieve efficiencies greater thun 10%.

High Repetition

Because KrF is a gas laser with relatively high effi-
ciency, it can be pulsed at high repetition frequencies. To
prepare for a subsequent pulse, the gas needs time for all
intermediate fluorides to revert back to the elements and
for electron beam-induced shock waves to damp out.
This is achieved by exchanging the gas between pulses
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using modestly sized pumps. Also. spurious impurities,
formed by fluorine attack on surrounding materials, are
removed during the exchange with filters and “getters”
tmetals. such as soditm or calcium that react with the
impurities). Using these techniques. KrF iasers have been
operated at repetition frequancies greater than a kilo-
hertz.

THE LOS ALAMGS PROGRAM

Los Alamos has beer heavily involved in the devzlop-
rient and use of KrF and other rare-gas-halide lasers
since 1976. The work was done originally for the laser
isotope separaton program. and. in the first year. KrF
lasers were used to generate macroscopic sampies of
rhotolytic UF, from UF,. At that point we were develop-
ing high beam quality. multjoule gas-discharge (rather
t1an electron-beam) lasers. In the late 1970s. Los Alamos
rioneered gas cleanup schemes that paved the way to the
long-lived rare-gas-halide lasers. These efforts culminated
in a KrF laser that raii at | joule per pulse and 500 puises
ner second. We also developed. jointly with Rockexdyne.
another KrF laser that dounles this repetition rate.

At present we are constructing a protctype Krf laser
system tha uses electron-beam pumping in the amplifiers
and that wul demonstrate the production and extraction
of laser energyv and the optical techniques needed for a

Fig. 3. A scehmatic of the diode for generating the electron beum.
When the switch trigger s act.vated, high voltage surges frcm ngh to
lef* . the cathode. where =lectrons are gjected toward the anode
screen. These electrons also flow through a screen that eliminstes
siray secondarv electrons and then through 2-mil titanium foil into the
volume of the laser cavity. The electrons are emitted at energies of
several hundred kiloelect.on volts, and about 95 per cent are trans-
mitted througn the foil where they uniformly excite ths laser gas.
Critical to the desipn is the cylindrical high-voltage bushing (insulators
and SF.) that is between the switch and the cathode and which
pre~ents undesirable arcing back toward the switch. To give an idea of
the size of these electron-beam devices. the emutting surface of one of
the cathodes in our recent large KrF amplifier (the Aurora system)
measures | by 2 meters.

KrF fusion laser. The system is called Auro-a, and its
various components—f{rom the KrF oscillator through
four stages of amplification—are shown scte-
matically in Figs. 4 and 5. The gas-discharge oscillator
will emit a single beam consisting of a 3-nanosecond.
1-joule pulse. To achieve optical muitiplexing. the cr-
iginal beam will be split into 96 beams before being sent
through the various stages of amplification. The final
amplifier. called the Large Aperture Module (LAM). will
have a lasing volume that i1s 1 meter by | meter by 2
meters long and an output totaling about 15 kilojoules ir,
the 96 beams.

Multiplexing

A prime motive for optical multiplexing is cost. It has
been estimated that a cost minimum can be achieved for
KrF laser fusion if there are from 50 to 100 beams. each
less than 5 nanoseconds in duration. derived from a single
elecirical pulse. Rather than build 100 systems, we intend
10 use a single optically multiplexed system—a key
concept to be demonstrated by the Aurora laser.

Muldplexing starts with the time and angie encoders
{Fig. 5). which will take the original 5-nanosecond puise
and split it :nto 96 angularly separated beams. Each
beam travels a different distance so that each is dela:-:d
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Fig. 4. The power amplifier chain for the aurora KrF laser system starts with a single {-jcule beem and ends with about 1§
kilojoules divided among 96 beams.
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Fig 5. A conceptual layout for the Aurora laser system. The single beam with 5-nanosecond pulsewidth from the KrF oscillator
is diviaed by the time encoder into a train of 96 temporally separated beams. This splitting is accomplished with aperture dividing,
the use of partially reflective mirrors called beam splitters, and different path lengths for each beam. Preamplification also takes
place in the same apparatus. The angle encoder aims each beam so that it will pass through the central region of both intermediate
amplifiers. Final amplification to 15 kilojoules takes place in the larg2 aperture module. The oscillator is driven by gas-discharge
techniques. but the higher intensities 1n the amplifiers require pumping by electron beam. A cemultiplexing arrangement is needed
after the LAM if the 96 beams are to be brought to the target simultaneously (ses Fig. 6).
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differently: the resulting output consists of a train »f 5-
nan.. .cond pulses. Because the pulses are angularly
separated, each passes through the amplifiers from a
sligh.ly different direction. The amplifiers are pumped for
a relatively long time—about 600 nanoseconds—while
the train of short pulses traverses their volume.

The same time-delay concept can be applied in reverse
after the final amplification to cause ail the beams to
arrive at the target at once. A simplified version of this
part of the system is shown in Fig. 6, illustrating how the
time-of-flight for each beam would allow that all beams
beamns meet siniultaneously «t the target.

As noted earlier, the mult plexing technique allows us
to take advantage of the high gain and high efficiency of
the KrF gas laser to generate a short, high-energy pulse
on target. The energy of the electron beam discharge is
stored in the variously delayed flights of the 96 beams.
Mereover, low-cost laser ene-gy is provided by using one
system in which the amplifiers run for a relatively long
time rather than by using many short-pulse systems.

Figure 7 is a photograph of the final amplifier under
construction. The large oval-shaped features are magnets

Last Pulse
in Wave Train

Amplifier

From

Time Shortest

and Path to

Angle Target
Encoder Fi st Pulse

in Wave Train

that provide a 3-kilogauss guide field to direct the
electron beam straight into the laser chamber. The two
large cylindrical tubes are water dielectric transmission
lines that transmit the 1.3-megavolt electrical pulse to the
cathode. One of those cathodes is pictured in Fig. 8 lying
on a workbench with the carbon felt emitter surface
upright. Figure 9 shows the amplifier being discharged to
produce ultraviolet power.

The Aurora laser system will provide experience in
nearly all of the issues involved in building a very iarge
KrF laser fusion driver. We will gain experience not only
in large KrF amplifier constructior: and operation but
also in running a whole series of amplifiers with final flux
close to the limiting flux for the system. A major issue in
this, or any, large KrF laser system is damage to the
windows and mirrors. We must develop coatings with
good refiective or transmissive properties that also are
resistant to fluorine attack and optical damage. At
present, the size of apertures—and, therefore, the overall
system cost—depends very sensitively on the threshold
for optical damage. Work being performed at Los Ala-
mos and by optical component suppliers is providing
greatly improved damage performance.

Longest Path
to Target

Target

Fig. 6. A simp ified optical angular multiplexing device. The five beams from the decoder represent a
train of pulses that are separated in time. By adjusting path lengths so that the earliest pulse {crossing
from bottom lelt to upper nght) has the longest time-of-flight and the last pulse {crossing horizontally)
has the smalles: time-of-flight, the pulses can be brought together at the target simultaneously.
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Fig. 7. The KrF laser system’s final amplifier, thr LAM, under construction.
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Fig. 8. One of the electron-beam cathodes for the LAM with the emitting surface upright.
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Fig. 9. The

LAM being discharged to generate ultraviolet power at a wavelength { pm.
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Diagnosis

of Laser-Driven

Implosions

by Allun Hauer

“& only in verv highly compressed matter, a thorough
/ understanding of dense imploded plasmas and their
production is essential. In this section. a description is
given of work that has been done on the diagnosis and
modeling of dense plasmas and their creation by laser-
driven implosion. Six characteristics of these dense
plasmas are of particular interest:

|. Average (electron and ion) density and temperature
in the compressed core.
Spaual variation of density and
across the core.

T

tJ

temperatures

3. Temporal variation of core conditions.

4. Velocity history of the implosion. {This parameter
is highly coupled to the efficiency with which
energy is imparted to the dense compressed
plasma.)

3. The temporal history of neutron production and the
total vield for DT-filled targets.

6. Integrity (or break up) of the imploding "pusher™
shell and its effect on compressed core conditions.

LASER-DRIVEN IMPLOSION EXPERIMENTS AT
LCS ALAMOS

Dense plasma implosion experiments at Los Alamos
have been performed with CO, lasers as the drivers. Most
of the diaginostic and modeling techniques that have been
developed as part of these experiments are, however, of
general applicability to all of ICF irrespective of the
driver. Some aspects of this implosion/dense plasma
work have actually benefited from the hot-electron abla-
tion of characteristics of CO, laser drive.

The basic interactions involved in laser-driven im-
plosions are illustrated in Fig. 1. With CO, lasers, most of
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the absorbed energy is initially chanr:led into a hot-
electron distribution. The hot electrons are produced near
the critical electron density region for CO, (n, ~ 10"
cm ™), and the ablation occurs in denser reg'ons deeper
within the target. The distance between the critical and
ablation surfaces is larger for longer laser wavelengths.
Scattering of the hot electrons between the critical and
ablation surfaces tends to symmetrize and smocth any
initial nonuniformities in the laser illumination. The
greater distance between the critical to ablation surfaces
in CO, experiments tends to make symmetrization a
more prominent effect than in experiments with shorter
wavelength lasers.

DIAGNOSTICS FOR DENSE PLASMAS

Figure 2 illustrates a typical target used in high-
compression laser-implosion experiments. Although
many other target variations have been tested in the Los
Alamos laser fusion program, this configuration can be
used to illustrate many of the relevant aspects of im-
plosion diagnostics.

Within the target is a glass shell filled with a variety of
gases that is determined by the experiment of interest. DT
is used as the fuel for thermonuciear yield, and spec-
troscopic diagnosis of plasma temperature and density is
accomplished by seeding the DT fuel with a small amount
of higher-Z material. such as necn or argon. Analysis of
line emission from the higher | material is one of the
most direct diagnostics of comp:cssed density.

The thick fayer of plastic surrounding the glass shell
reduces the preheat of the fuel due to suprathermal
eiectrons and allows an ablative implosion of the shell. In
earlier work of this type' only the thin glass shell was
present. and long mean-free-path electrons tended to
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plastic shells might still allow for radiation diagnostics of
1 um Wall L.
Gloss Shell gg'ﬁ;g"““e the compression.

10-100 um

200 pm

Fig. 2. Tvpical target used for CO, implosion experiments

uniformlby heat the entire shell and cause 1t to explode,
The plastic outer coating slows the electrons and enables
a slower ablative implosion that produces verv dense
plasmas of a few g cm” density.”

In diagnosing much higher density implosions that will
be possible in the near future. it might be desirable to
construct the gas-containing shell completely out of low-
Z material. It 1s anticipated that these implosions will
reach very high pR’s in the pusher. and the low opactty of

The diagnostics of these very dense plasmas fall into

five major categories:
. X ray spectroscopy
2. X-ray imaging
3. Time-resolved x ray detection
4. Nuclear product measurements
3. Particle (ion) detection

By using information from such a wide variety of meas-
urement techniques. a comprehensive picture of the laser
implosion can be formed.

X-Ray Spectroscopy

Spectroscopic analysis of emission from the higher Z
material in the fill gas provides the most comprehensive
information on plasma densi- and temperature. The
general features of x-ray \‘pck' . from a laser-imploded
plasma when argon was used as the high-Z diagnostic
trace element are shown in Fig. 3. The three traces
represent a progression (top to bottom) to higher densi-
ties. Quaiitauvely, we see that the lines become kroader
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Fig. 3. X ray spectra observed from the implosion of various targets
producing different final densities.

as the density rises. The top trace was obtained from an
exploding pusker target irradiated with a 3.5-kJ (CO,)
laser energy ard represents a compressed electron den-
sty of about 9 x 10 em ', The rniddle trace was
obtained from a target with a coating of 25-um (CH,),
tand 4.5 kJ laser energy on target). The compressed
electron density here is about 4 » 10?* cm™’. The final
trace was produced by a target with 30-um (CH,),
coating and about 5.8 kJ of laser energy. The compressed
electron density 1s about 7 < 10 ¢m . In the experiment
represented by the top trace of the figure. the laser heats
the glass shell directlv. and lines due to calcium and
potassium (which are impurities in the glass) are excited.
When a layer of about 25 um of plastic is added. these
lines are suppressed.

Analvsis of the profiles of these lines is one of the
primary diagnostics of compressed density.* An impor-
tant part of this analysis i5 a comparison with theoretical
profiles. which are calculated as a function of density for

*See Ref. 3. In addition to the temperature dependence of line profiles.
this reference also discusses ather aspects of theoretical line profile
caleulatons relevant to plasma deasity diagnostics.

in

helium-lil.e and hydrogen-like emission. Some of the first
helium-like profile caiculations were performed as part of
the Laboratory’s implosicn diagnostics program.* i Fig.
4, we show the results of detailed fitting of theoretical
profiles to experimental points. Because the x-ray line
spectra are tume integrated. the value of compressed
density obtained by this profile fitting represents an
average value during the compressed phase.

Electron temperatures are measured by using both
“line ratios™ and “‘continuvm slopes.” The continuum
slope method is the most straightforward. although it is
someiimes complicated by hard x-ray background (due
to the fast electrons). When special precautions are taken.
temperature measurerments of +50-eV accuracy are
possible. Line ratio measurements are complicated by the
very dense plasma conditions as the high density causes
only a relatively small number of the members of a series
to be present while causing the low-quantum-number
transitions to be optically thick. This usually makes line
ratios between ionization stages of a given species the
best choice for determining the electron temperature.
This, of course. introduces a dependence on electron
density and the self-consistency between the density and
the temperature must be carefu'ly checked.

Time-integrated x-ray spectra (in this energy range) are
measured using crystal-dispersu.y spectrographs. For
example. the spectra in Fig. 3 were taken with a PET
crystal whose {002) reflection planes have a 2D spacing
of .74 A.

Spatial orthogonal to the dispersion
{provided by a slit) allows accurate determination of the
spatial distribution of emission. Careful characterizations
have been made of the instrument profiles and response
functions of such measurement systems as well as the
effects of the spatial distribution of the radiating sources.
Such information is carefully accounted for in comparing
the measurements with theoretical modeling.

resolution

n, Tean’!

Energy Deviation from Line Center
frycbernst

Fig. 4. Plasma density measurements are obtained from the fiting of
theoretical line profiles to experimental points.



In the period around peak compression, most of the
pusher is relatively cold (~300 eV) and dense. Con-
tinuum radiation from the core thus passes out through a
relatively long path in material that is considerably colder
than the fill gas, which produces absorption features in
the spectrum. Analysis of these features can be used to
determine the conditions in the pusher and can be
important in overall characterization of the implosion. In
Fig. 5, we show such an absorption spectrum produced
by silicon ions in the glass.

Absorption
" Spectrum

Retference Emission
Spectrum

Fig. 5. Silicon absorpuon spectrum.

In the sectiun below, on the stability of laser driven
implosions, we show how more detailed information can
be obtained from absorption spectra.

X-Ray Imaging

The primary auxiliary method for the measurement of
density is the determination of radiation source sizes by
x-ray imaging. As mentioned above, the emission from
the compressed core is usually spatially resolved by
placing a slit perpendicular to the plane of ircidence on
the crystal. This produces one-dimensicnal spatial resolu-
tion orthogonal to the dispersion direction. Unfolding
techniques’ have been developed that allow determina-
tion of the source distribution. These techniques account
for the integration along the line of sight and also take
into account the finite size of the slit. By spatially
resolving several opticaliy thin lines. we can obtain a
rough indication of the temperature variation within the
compressed core. Knowing the average diameter of the
compressed material and the initial fil! pressure, we may
determine a compressed density.

Original Pocition
of Laser-Heated
Glass Sheli

Compressed Ceore

Fig. 6. X-ray image of a laser-driven implosion.

Broadband two-dimensional x-ray imaging of the com-
pressed core can be performed with pinhole cameras or x-
ray microscopes. In Fig. 6, we show an example of such
an image. These images are primarily useful in diagnosing
the two-dimensional symmetry of the implosion. Im-
plosion symmetry by itself is an important implosion
characteristic that will need to be studied in great detail
the future.

By selective filtering of the images, gross indications of
the temperature and density gradients in the compressed
core can be obtained. These images do reveal one
interesting characteristic of CO, laser-driven implosions
That is, even with significant non-uniformily in the
illumination, the hot-electron sy mmetrization effect tends
to produce rather symmetric compressed cores.

Time-Resolved X-Ray Detection

Time resolution of broadband x-ray emission gives
useful information on the velocity characteristics of the
implosion. The subnanosecoad time resolution required
can be obtained with fast x-ray diodes or with an x-ray
streak camera. In Fig. 7, we show an x-ray streak photo
of an imploding target. In this particular case, the target
was a thin (unfilled) gold shell irradiated with about 5 kJ
of energy from the Helios CO, laser. The iong pulse of
soft radiation comes from the heating and ablation of the
shell. The short burst of somewhat harder radiation
comes from the impiosion when the shell collapses to a
compressed core.

Information such as this can be useful in characteriz-
ing the velocity time history of the implosion. Such
information is particularly important as very high com-
pressicas are reached and stability questiors become
especially important.
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Fig. 7. Steak measurement of the temporal profile of x-rays from a
laser-driven implosion.

Nuclear Product Measurements

Yield from thermonuclear reactions is, of course, the
end-product goal of ICF. When targets, such as that
shown in Fig. 2, are filled with DT, significant thermonu-
clear neutren yield can be achieved. For example, on the
Helios laser system with about 5 kJ on target, yields of
near 10° neutrons per shot were achieved.

Neutron yieild measurements can be used to provide an
estimate of compressed density. The yield can be written

Y =nl,{ov) VAL , (N
where

N,en = compressed ion density,
(ov) = velocity-averaged cross
section for DT reactions,
At = reaction or confinement time, and
V = reaction volume.

Unfortunately, in the temperature range in which we are
presently operating, {ov) varies roughly as TS, Inac-
curacy in the measurement of T, , thus (at present) makes
the density determinatior only an order-of-magnitude
estimation. It is, however, a very useful cross check to
compare with more accurate density estimates from
spectroscopy.
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Time-resolved measurements of neutron production
can provide important information on the characteristics
of the implosion. For example, the timing uf the peak of
neutron production with respect to the rise of the laser
can give an estimate of the implosion velocity. In Table 1,
we show measured laser rise-neutron delays as a function
of plastic thickness for targets like that illustrated in Fig.
2. Total energy on target was about 5.5 kJ. These
correspond to implosion velocities between 8 x 10° and
3 x 107 cm/s. The width of the time-resolved neutron
signal can also be used to estimate the ion temperature of
the compressed core.

TABLE !. Laser Rise-Meutron Delay vs
Plastic Thickness

Plastic Thickness Delay
(um) (nsec)
20 0.850

40 14

60 2.1

MODELING OF LASER-DRIVEN IMPLOSIONS

Numerical hydrodynamic codes are the primary meth-
ods used in analyzing these implosions. It is important to
use these codes to simulate experimental diagnostic out-
put. A strong interaction between theory and experiment
can thus be established, which is of benefit to both.

Most implosion simulation work has been done with
the Lagrangian hydrodynamic code LASNEX.® Non-
LTE (local-thermodynamic-equilibrium) ionization
dvnamics and radiation transport are handled in reai tinie
(that is, in line with hydrodynamic variations) with an
average ion model. Detailed radiation behavior, such as
transport of an individual line profile, is handled in a post-
processing mode. In other words, we assume that the
detailed radiation behavior does not affect the overall
dynamics of the problem. The output of temperature and
density data is then vsed to calculate particular radiation
information.

When we attempt very detailed comparisons bhetween
theory and experimer.t for laser plasmas, the question of
non-LTE behavior arises. Because x-ray diagnostics are a



primary source of information on implosion dynamics, it
is important to carefully rodel these radiation signatures.

The following simple considerations indicate the im-
portance of non-LTE analysis in predicting radiation
signatures. For a level to be in collision-dominated (CD]
equilibrium with higher levels, we ignore pressure ioniza-
tion effects and use the following criterion taken from
Griem:’

VA [
N, > 7x 10— ( :(Te ) cm™? (2)
(nF? \Z? E,

where N, is the electron density (cm*\ n is the principal
quantum number, Ey is the ionization energy of hydro-
gen. and T, is the eiectron tzmperature. For example, for
n=2and Z =18 N, > 4 « 10* cm™’, while for n = 3,
N, > L1 x 10% em™. The state n = 2 is not in local
thermodynamic zquilibrium (LTE) with higher levels in
past CO, laser implosion experiments (such as those
utilizing targets like that shown in Fig. 1), while n =3 is
usually close. The “elium- and hydrogen-like resonance
lines often have a large optical depth. which brings n = 2
much closer to LTE than it would otherwise be (through
absorption from the ground state). Clearly, to deai with
questions such zs the detailed transport of optically thick
lines (for exampie, Lyman a and 1s*-1s2p in Fig. 3), a
detailed non-LTE radiation model must be utilized.

In order to calculate the radiation from these laser-
driven implosions. an extensive collisional-radiative
mode! has been constructed.* The time- and space-
varying nature of the emutting region is included, al-
though the final comparison i with a time-integrated
spectrum. By calculating a large number of spectral
features (line intensities, profiles. etc.). we can obtain a
substantial confirmation of plasma conditions. The col-
lisional-radiative model incorporates overall plasma con-
ditions that are predicted by a one-dimensional version of
LASNEX. Experimental measurements provide a
substantial number of constraints on the choice of input
conditions to these calculations. These measurements
included (a) thermnnuclear vield measurements. (b) ion
temperature obtalmed from neutron temporal broadening.
{c) implosion times from time-resolved neutron signals.

*In collaboration with the Plasma Radiaton Group at the
Naval Research Laboratory.

(d) hot-electron temperature measurements, and (e} ab-
sorbed energy measurements. The calculational proce-
dure is thus composed of two steps. LASNEX calcula-
tion of the overall plasma conditions (where experimental
measurements affect the choice of LASNEX initial con-

ditions) constitutes tha first step. In the second step,

detailed radiation characteristics are calculated with the
coilisional-radiative (CR) model (using LASNEX-calcu-
lated input conditions). A flow diagram illustrating the
calculauonal procedure is given in Fig. 8.

An example of the results of such modeling is given in
Fig. 9 for a target quite sirnilar to that shown in Fig. 2
that was irradiated with about 4 kJ on the Helios laser
system. The final compressed electron density was about
3.5 % 10* cm™?. The neutron yield was about 2 x 108,

Detailed comparisons between theoretical modeling
and experimental measurements for a variety of
diagnostics such as imaging, spectroscopy. and nuclear
measurements can provide a comprehznsive picture of
laser-driven implosions.® In future experiments, it will be
vital to continue this pattern of detailed comparison and
feedback between theory and experiment.

STABILITY OF LASER-DRIVEN IMPL.OSIONS

One of the most crucial issues for the uliimate success
of ICF is the stability and uniformity of the imploding
pusher shell. The uniformity could be disrupted by
classical hvdrodynamic instabilities (such as Rayleigh-
Taylor) that occur at the interface between different
density materials. Disruption of the symmetry could also
be caused by other effects such as nonuniformities in the
ablation drive.

Several preliminary experiments have been performed
to develop diagnostics of shell stability. The experiments
can be divided into two general categories: acceleration
and deceleration phase experiments that siudy break up
and instability early in the implosion and near stagnation,
respectively.

Acceleration Phese Stability
The acceleration phase work has been done with
cvlindrical-shell targets that have been imploded with

relatively uniform eight-beam CO, laser illumination.
Typically. about 5 kJ was incident on target. Cylindrical
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Fig. 8 Flow diagram of the calculational procedure used in simulating x-ray signatures of laser imglosions.

configurations offer many advantages in stability experi-
ments. ‘The open geometry facilitates diagnosis while
testing the: eflects of implosion convergence. The cylin-
drical geometry is also convenient for comparison with
some types of theoretical modeling.

In the present work, the targets were cylindrical shells
of copper and aluminum with and without plastic coating.
The basic target configuration is illustrated in Fig. 10.
The targets were about 200 um in diameter with walls
about 2 um thick. The uncoated shells behaved much like
explosive pushers, whereas the plastic-coated targets
behaved similarly to the quasi-ablative targets used in the
implosion experiments described earlier.? The eight
beams were independently targeted (and defocused)
around the cylindrical surface of the targets.

In addition to the simple shells, some of the targets had
initially imposed perturbations, as shown in Fig. 11,
which were arranged tc maintain a constant wall thick-
ness. The, period of the perturbations was about 25 um
with an amplitude of 0.5 um. The axial perturbations
{(Fig. 11a) are compatible with the cylindrical symretry
in LASNEX, which permitted the results from LASNEX
calculations to be used for some preliminary scoping of
the types of growth expected.
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The implosions were diagnosed primarily with x
imaging of self-emission. Several pinhole cameras -
arranged to provide imaging along, and perpendicula
the cylindrical axis. In Fig. 12, we show a compar
between the implosions of coated and uncoated ¢
drical shells (viewing along the cylindrical axis). m
from images that were filtered for nbout 1.5-keV ra
tion. The comparison here is very similar to the explc
versus semiablative studies done in the high-density s¢
of spherical implosion experiments. Also shown in
12 is an image taken with a view perpendicular to
axis, which confirms that it is possible to obtai
relatively uniform implosion all alongy the cylindrical
(that is, the views in Fig. 12a and 12b are riot end effe

W2 now turn to the targets that contained prearrar
perturbations. Targets that contained perturbations +
always cnated with plastic so that perturbed ve:
unperturbed comparisons are only made for the st
ablative case. In Fig. 13, we show a cornparison of ¢
on pinhole camera views for unperturbed and pertur
cases. In all cases where perturbations were present,
compressed core is significantly larger (weaker ¢
pression) and is surrounded by a halo of radia
material that, in many cases, contain: a periodicity.
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X=RAY IMAGE OF ABLATIVE vs EXPLOSIVE
IMPLOSION OF CYLINDRICAL SHELLS

Thin Shell Plastic Coated Shetl
(Explosive) (Ablative)

View Along Axis View Along Axis

(a) (b)

View Perpendicular to Axis

(©)

Fig. 12. X ray images of the implosion of coaled and uncoated cylindrical shells.
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X-RAY IMAGES OF ABLATIVE CYLINDRICAL
IMPLOSIONS WITH AND WITHOUT

IMPOSED PERTURRATIONS

Without Perturbations

With Perturbations

Fig. 13. X-ray images of the implosion of coated and uncoated cylindrical shells.

print in Fig. 13 does not adequately show this periodicity.
The nature of this structure is being analyzed further.

The basic conclusions from these preliminary experi-

ments are as follows:

e Strong, uniform cylindrical implosions can be
produced. The CO, laser is actually an advantage
here. giving added symmetrization.

@ Evidence of shell breakup was observed in the case
of initially perturbed cylindrical targets.

© Cylindrical configuration experiments offer a num-
ber of advantages in stability/shell breakup experi-
ments.

Comprzssion Phase Stability

The compression phase stability studies were
performed on targets that are quite similar to that shown
in Fig. 2.

This series of experiments was designed to be a first
test of diagnostic techniques appropriate for studying the
oreakup of imploding shells. Figure 14 shows the basic
target configuration used in these tests. Glass shells
(about 350 um in diameter) were filled with about 12 atm
of DT. In some of the targets, the DT was seeded with
about 0.1-0.2 atm of argon. Some of the shells were then
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KCl Layer Spherical
0.5 um Glass Shell
\

20 atm DT
+

0.2 atm Ar

~350 um

Polvethyiene Coasting
40 um

Fig. 14. ‘rarget configuration used in spherical shell break up experi-
ments.



coated with about 0 5 pm of potassium chioride. Other
targets contained no potassium chloride coating but were
fabricated from glass shells with a high content of
calcium and potassinm. Finally, the targets were coated
with about 40 pm of plastic, which made them similar to
the targets used in the high-density series described
earlier.

When such targets are laser imploded. there are typi-
cally large temperature gradients in the compressed
cores. These gradients can be utilized in the diagnosis of
shell stability.

Spectroscopic observation of potassium and chiorine
radiation served as the signature of shell breakup. These
species could only radiate if they penetrated into the
central high-temperature regions of the compressed core.
If the potassium chlonde remains in the outer portions of
the shell. previous experimental measurements and theo-
retical calculations show that it would be at a temperature
of about 250 =V. This is too low a temperature for
effizient excitation of hydrogen- or helium-like potassium
and chiorine lines. The argon lines are used to accurately
characterize the compressed core conditions. With
careful spectral analysis, this information will allow a
determination of the amount of shell material mixed into
the core.

The targets were chosen to be slightly larger than those
in the high-density series. and this produced a weaker
compression. Because in this senies we were primarily
interested in development of the measurement technique,
we wanted a larger compressed core that could be more
easilv diagnosed (for example. easier x-ray imaging}.

The eight beams of the laser were focused 300 um
bevond center. giving a T, (determined from x rays) of
about 100 keV. In Fig. 15 we show a tvpical spectrum

Cl Absorpuion
Features

\ ,\/.[‘\'b\

obtained in these experiments. The argon lines show an
implosion of modest density (n, ~ 2-3 x 10® cm ™) witk a
temperature of about 600 eV. This temperature would be
more than adequate to strongly excite chlorine lines. The
most striking feature of the spectrum in Fig. 1S is.
however, the strong chlorine and potassium absorption
features. These features indicate that most of the
pozassium chloride has remained in the cold outer regions
of the sheil: in other words. there is little evidence of shell
breakup. The spectra remained very similar to that in Fig.
15 throughout this experiment. In Table II. we sum-
marize the parameter variation present in this series of
experiments. Over the range of parameters in Table II. no
evidence of breakup was observed.

Some evidence of breakup was ohserved in the follow-
ing case:

e The target had no potassium chloride coating but
had a high conc=tration of potassium in the glass
shell itself.

e There was significant laser beam imbalance.

In Fig. 16 we show an example of this case. and a
definite potassium emission feature is noted. There is also
some evidence of weak absorption features to the left of
the potassium line. Potassium would thus have been seen
in both absorption and emission. which indicates partial
shell breakup. This is the type of information that we
hope to quantify in future experiments.

The initial aspect ratio (pusher thickness/diameter) in
these experiments was relatively low (~4). In future
experiments we should strive to increase this. This may
require replacing the plastic layer with a thin metal laver
(to increase the aspect ratio). This, in turn, may favor the
use of backlighting to diagnose the compressed core.

1s 132p

137 - 1330

At
AN 2p

K Absorpuian
Features

/,f" .

Fig. 5. Typuwal « ray spectrum obtained from the implosion of a target similar to that i Fig. (4.
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TABLE II
EXPERIMENTAL PARAMETERS

Inner (glass) shell 0.8 um <t < 1.8 um

wall (1)
No. laser beams (b) 6 <b « 8
DT gas fill pressure 8 < P < 15

P (atm)

The Use of Backlighting and Absorption Spectroscopy

In the diagnosis of very dense implosions, the
lemperatures may sometimes be inadequate for self-
emission to be a useful diagnostic. In such cases it may be
possible to use an external source of radiation (such as
another laser-irradiated target) to backlight the imploding
target). In a more sophisticated sense. it may also be
possible to use an external source of radiation to perform
absorption spectroscopy and obtain more detailed infor-
mation than could be obtained with a simple shadow-
graph. This possibility is in fact already demonstrated by
the spectrum shown in Fig. 15.

The absorption spectra represent “self-backlighting,”
with radiation from the core passing out through tne cold
absorbing layers. The information is, however, the same
as would be obtained if the probing radiation were from a
completely external source. As an example of the type of
information that can be obtained from spectra such as
that in Fig. 15. we consider a simple analysis to obtain the
average pR of the potassium chloride: layer.

For one of the absorption featr.ves (which corresponds
to a particular ionization state) we can write:

5

- ~e
JKdv=— Nf | &)
mc

where
K = absorption coefficient,
N = number of ions in the ground state, and
f = average oscillator strength for the transitions in-
volved.
We note that

L =1,e"

(4)

+6

Ar 152 - 1s3p

N,

N

Ar1s — 2n

K Emission
Feature
152 — 1s2p

|
~ A

Fig. 16. X -ray spectrum showing potassium emission feature.

where R is the path length through the absorbing me-
dium.

Combining Egs. (3) and (4), we can write approx-
imately

- I(v) ne?
Il g -~
’ n[l(v):|dv— mc”pR] ' 3)

Using Eq. (5) for the spectrum in Fig. 15, we obtain an
average value of pR of about 107 g/cm?. This is
consistent with values predicted by hydro simulation.

In the near future, absorption and backlighting tech-
niques should provide a wealth of implosion diagnostic
information.

SUMMARY

Techniques have been developed for measuring many
characteristics of the very dense plasmas produced in
laser-driven implosions. Measurements have been com-
pared with theoretical modeling to provide an accurate
picture of these implosions.

Methods are currently under development for address-
ing the crucial question of implosion stability. one issue
that is central to all of inertial confinement fusion.

Preliminary tests of some aspects of these ideas have been
successful.



In the future the density of these implosions will
increase and alterations and extensions of the diagnostic
methods discussed here will be required. One of these
extensions will involve the use of an auxiliary laser
plasma x-ray source to backlight and probe the com-
pressed plasma.
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by C. R. Mansfield and W. H. Reichelt

=3 he concept of using short-pulse, high-energy lasers
to drive fusion reactions dates back to the early

. 1960's, but {usion experiments became possible
only after the development of large, powerful glass and
gas laser systems proved feasible in the late 1960’s and
early 1970’s. A generic laser system (Fig. 1) {or fusion
experiments consists of five basic blocks: (1) a short-
pulse generator with amplifiers in which the short pulse of
0.5-10 ns and appropriate spectrai characteristics is
created: (2) the main power amplifier, which amplifies the
pulse energy to design points during its transit; (3) the
target chamber, which provides the necessary experimen-
tal vacuum environment where the optical energy is
brought 10 focus on the target: (4) the optical train: and
(5) the control systems that connect the short-pulse
generator. power amplifier, pulsed power, target systems,
and the optical train into an integrated unit.

PULSE GENERATOR

The main thrust of fusion laser development at Los
Alamos National Laboratory has, until recently, been
directed toward CO, laser systems. Carbon dioxide lasers
are usually operated at a wavelength of about 10.6 um,
although many other lasing wavelengths are possible. The
earliest work at Los Alamos concentrated on the produc-
tion of 1-ns pulses and the amplification of those pulses.
The largest uncertainties in the early program centered
around the design of large, energetic amplifiers. Two
general types of amplifiers arose out of the early work.
The difference in the type depends on the means of
development of a stable electrical discharge. The first
type of amplifier operates with a self-sustained electric
discharge. The second type is one in which the electrical
discharge is maintained by means of an external source of
electrons (electron gun). In the second type, the high-
encrgy electrons injected into the gas produce a stable

MULTI : -
7 HLOOULE 1 ARGET SYSTEM

i

POWER AMPLIFIER

Fig. I. The major components of a high-energy laser system. The fifth major component, the control system. is not shown.
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low-impedance region of ionization into which energy
can be deposited from a second electrical energy source.

The electron-beam (e-beam)-controlled discharge iaser,
a technological breakthrough, was invented in-
dependently at Los Alamos and at the AVCO Everett
Research Laboratory. It was scalable to large apertures
and was the most efficient system known. We recognized
from experiments and analyses that to scale to large
amplifiers. the e-beam-controlled devices were required:
hence, our development effort was directed primarily
toward electron-beam-sustained devices. Since the self-
sustained discharge lasers were efficient and relatively
zasy to build and maintain, commercial applications soon
hecame apparent and such lasers quickly became com-
mercially available. The need for amplifiers in the An-
.ares class of energy output (10-20 kI) has not found
zommercial application. so this type of laser continues to
e specially built for a particular use.

The hardware development effort was augmented by
in intensive analytical effort that led to a general under-
standing of the physical processes occurring in CO, laser
lischarges. This analytical effort has carried on through
he vears and has provided the foundation for each
uceessive laser system designed and built at Los Ala-
nos. The 15-vr Los Alamos effort has receatly cul
ninated in the completion of the Antares laser system.
‘urrently the world’s largest operational laser system.

- 202 kl’

.200-500kV
) PULSEOD
i SOURCE

IK
ST20kA

~.200-500 kY
PULSED
SOURCE

The elements of the electron-beam-sustained amplifier
are shown in Fig. 2. Electrons are generated in the gun
section either by thermionic emission from hot filaments
or by field emission from refractory metal blades. Elec-
trons are accelerated by high electric potentials (200-500
kV) and pass through vacuum-tight foil windows into the
gas lasing volume; the primary electrons create secon-
dary electrons in the CO, gas mixture. When the high
electric field from the main power source is applied to the
preionizcd gas region, the secondary electrons are ac-
celeraited and undergo inelastic collisions with the gas
molecules. Through these collisions the gas molecules are
raised to excited vibrational states (Fig. 3). As the pulse
passes through the discharge region, it stimulates the
emission of photons from the excited molecule. The
molecular transition energy is transferred to the pulse,
amplifying its energy. The amplification of the discharge
medium is characterized by the quantity e®", where g is
the net gain per unit length and L represents the length of
the gain region. In general. gL values are about 6-8 in
typical laser amplifiers.

The importance of the preionization of the laser gas is
emphasized by the fact that the electric field strength in
the discharge region required to create good secondary
electron excitation results in voltage differences of about
500 kV in regions of reasonable size. Without the
preionization of the gas. catastrophic high-voltage arcs
would form.

LASER

_ PRESSURAIZED
LASING GAS

LASING VOLUME

HIGH YACUUM

ELECTRON GUN

Fig. 2. Elements of an electron beam sustained gas discharge laser. The beam of electrons
from the electron gun ionizes the laser gas. Energy can then be uniformly deposited in the gas

by the main gas discharge.
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Fig. 3. Dynamics of the laser process: (a) deposition of electrical energy in the laser gas by
secondary electron collisions with gas molelcules: (b) extraction: of the optical energy from

the excited gas molelcules.

ANTARES AMPLIFIER DESIGN

The design of the Antares power amplifiers is the result
of evolution through the earlier designs and completed
systems. The first system fabricated was similar to the
one shown in Figs. 2 and 4a.

In this configuration, one electron gun served one
amplifier The final single-power amplifier had an optical
aperture of 25 cm. In the interest of design economy and
to reduce the number of pulsed-power systems required
to drive the electron guns, the next generation system
used one gun to serve two amplifiers as shown in Fig. 4b.
The Gemini (2-beam) and Helios (8-beam) laser systems
successfully used this design of dual optical beam mod-
ules. The optical aperture of these systems was scaled up
to 35-cm diameter. Figure 4c indicates a pate.ited but not
fabricated design in which one gun served four amplifiers.
The ultimate logical extension of thought then led us to
use one gun to serve an annular laser amphiier as shown
in Fig. 4d. This indeed represents schematically the
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Antares power amplifier configuration: it is a 12-sector
annular design with a 46-cm optical aperture. The evo-
lution of the design of power amplifiers at AVCO Everett
Research Laboratory followed a similar path and re-
sulted in the design of an annular system.

The original design goal of the Antares laser was to
reach scientific breakeven with laser fusion. To this end
Antares was designed as a six-amplifier system with an
output of 100 kJ in a 1-ns prvise. By 1980, sufficient
questions had arisen from the experience with Helios and
the advancement of computer models to give doubt as to
whether this goal could be reached. These questions
centered on the efficiency of the coupling of the 10-pym
laser light with the target. As a result the goal of Antares
was changed tu one of evaluation of CO, as a laser fusion
driver by extrapolation of the Helios data to higher
energy. With the new goal in mind, the Antares system
was redesigned as a two-amplifier system that would be
capable of delivering 40 kJ to a target in a 1-ns pulse.
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Fig. 4. Evolution of the design of high-energy gas discharge lasers. The sharing of one electron gun by several dis
charge regions creares a considerable savings in complexity and cost.

The analytical efforts resulted in computer modeling
codes that were refined as the early hardware systems
came on line and as data from experimental operations
became available. These refined codes provided the basis
for the engineering design of the Antares laser system.
These codes enabled us to predict the engineering
parameters for any system coufigurations and included
(1) selection of CO, gas mixtures: (2) specification of
discharge sizes. pressures, gas voltages, and currents: and
{3) prediction of electric and magnetic effects on the
discharge and gun current trajectories.

As shown in Fig. 4d. the general design of the Antares
power amplifiers consisted of 12 discharge regions
spaced in an annulus around a central electron gun. This
design was further refined to have four discharge regions
spaced uniformly along the length of the amplifier. The
final result was a system with 48 discharge regions of 33-
cm thickness, a 35.7-cm trapezoidal half-width, and a 75-
cm length. This annular design represented a compac
packaging concept and was a radical departure from the
configurations of previous laser systems.

Before the Antares design. the lasing mixes consisted
of CO,, N,. and He. One reason helium was used was
that 1t permits the desired electron energies to occur at

lower electric fields in the discharge, thereby reducing the
chance of high-voltage potential arcing. In a system as
large as Antares. helium recovery is botk necessary and
expensive. Calculations indicated that higher energy
could be stored in He-free mixtures, which would result in
higher energy extraction. The use of He-free gas mixtures
would result in a more efficient laser amplifier. However,
high-pressure, He-free electric discharges required higher
voltages (~ 500 kV) than had been used previcusly. It was
not known if high-voltage cables and terminations were
practical under these operaing conditions. Substantial
magnetic effects were predicted on the discharge unifor-
mity. Parasitic oscillations both linear and circumferen-
tial in the high-gain amplifiers were of major concern and
not amenable to sufficiently reliable calculations.

SYSTEM PROTOTYPES

The technical uncertainties prompted the construction
of a prototype amplifier that could reasonably duplicate
power amplifier sizes and problems. The prototype design
was full scale in diameter. The gain region was longer
(150 cm vs 73 cm) than the iength of each of the four gain
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subsections in the ampiifier design. The longer gain length
provided a rigid test of magnetic field effects in that they
were more severe than those in the actual amplifier
designs. Only 3 of the 12 prototype discharge channels
were electron-beam-sustained discharge channels. I the
other nine channels, the discharge was simulated by the
use of conductors.

The prototype amplifier answered many of ihe uncer-
tainties in the Antares design:

o A new design of an efficient electron gun was
demonstrated. This electron gun incorporated a self-
biasing grid for current regulation.

e High-voltage. Helium-free operation proved to be
successful.

e A prototype inductnce-capacitance energy storage
network worked well.

® Cables and cable terminations designed for 500-kV
operation performed as expected.

o Satisfactory gain distribution across the discharge as
well as gain shaping in the individual channels was
demonstrated.

® Parasitic oscillation thresholds were demonstrated
to be manageable.

The prototype program demonstrated that adequate
performance could be expected from the Antares power
amplifiers. The major physics and engineering uncertain-
ties in the design were rescived and the program coula
proceed on schedule.

There were other prototype programs in progress at
the same timc as the power amplifier prototype. These
prototypes included beam diagnostics and beam align-
ment. The beamn alignment prototype was a major under-
taking in itself. This prototype consisted of a layout of a
single sector of the optical train inciuding computer
control of all of the necessary clements. The later
prototyping proceeded in parallel with the fabrication of
the power amplifier. Careful planning of the experimental
programs was required to bring thesc later prototyping
efforts tc the hardware stage in time to fit into the
construction schedule.

In the prototype program, we developed antireflecting
surfaces, which were optically black at A = 10 ym, that
proved effective in parasitic suppression. These were
based on LiF, an excellent absorber of i0-um radiation.
Antireflecting surfaces were made by LiF plasma spray-
ing or bty the application of LiF-loaded paint. The
prototype itself yielded data that were used to further
refine the computer codes necessary to improve the
Laboratory's modeling capability.
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FINAL ANTARES CONFIGURATION

The present Antares laser system (Figs. 5 and 6) is
combined result of earlier experience with the ti
previous laser systems and the extensive prototype t
ing. .

In the Antares system, the front end must delive
100-1, I-ns pulse, to each of the main power amplif
with the proper combination of energy, CO, line cont
contrast ratio, and pulse shape. The front end is
oscillator-preamplifier chain as indicated in Fig. 1. 1
short-pulse generztors (Fig. 7) are currently in plac
the Antares system: one from the Gemini laser syst
which represents reliable, “old" te~hnology, and a sec
that is just becoming operational & 'd represents state
the-art development. The new short-pulse genera:or
permit long-pulse (to 10-ns) shaping currentty require
inertial confinrement fusion experiments. This oscill:
syster: is shown in Fig. 8. It consists of three indepe¢
ent, single-line cw oscillators that are grating tunec
operate on a specific wavelength. The amplitude
pulse length of each independent oscillator output p
can be selected. The independent pulses are combi
and amplified in the first preamplifier stage. An elec
optic switch (a Pockel ceil} is used to switch out the f
combined pulse length. The switch provides the
propriate energy contrast ratio.

The pulse is divided into two by a bearn splitter,
beam for each main power amplifier, before the f
stages of preamplification. The final preamplifier stag
called the driver amplifier. This amplifier (Fig. 9
patterned after the Helios amplifiers (Fig. 4b) with
exception that the driver amplifier electron guns are g
controlled devices. The driver amplifier electron g
produce two beams of 250-kV electrons with a cun
density of 50 mA/cm?. The amplifiers operate with a
mix of N,:CO, at a pressure of 1200 torr. The po
source for the discharge is a Marx generator. wt
develops a voltage pulse with a peak voltage of 300
The optical train in the driver amplifiers is configured
three-pass, on-axis, Cassegranian system. The 1-J in
to the driver amplifiers is amplified to 100 J and sen
the power amplifiers as an annular beam with an o
diameter of 15 cm and an inner diameter of 9 cm.

The power amplifiers must accept the 100-J out
from the driver amplifier and raise the pulse energy to
15- to 20-kJ design level at its exit, The final des
configuration is shown in Fig. S.



POWER AMPLIFIER

The general configuration of the power amplifiers is of
12 active sectors in an annular array around a central
¢lectron gun. The dimensions of the amplifier are in turn
controlled by the necessity of keeping the laser energy
fluences below the damage threshold for optical
materials. In the case of mirrors, absorbed energy from
the beam can cause surface melting if the incident energy
flux is too high. The high electric fields associated with
the short. powerful light pulses cause dielectric break-
down in transmissive elements when the light flux is
above damage threshold. The best transmitter of 10-um
radiation is NaCl. The only windows in the system are
needed to form the boundary between the target vacuum
and ambient air and between the target vacuum and the
lasing gas. The state of the art in fabrication of NaCl
along with the damage threshold and the required output
in turn determine. respectively, the total output area, the
size of the individual sectors, and ultimately, the number
of sectors. For polycrystalline NaCl, an 18-in. diameter
is the state of the art. Allowing for optical mounting,
1000 cm? is available in each sector then available with
12 sectors for beam passage. A reasonable average

energy flux is 1.7 J/cm?® Each of the 12 sectors can
deliver 1700 J or a total of 20.4 kJ for a power amplifier.
The copper-surfaced mirrors are designed for fluxes of 4
J/em?,

POWER AMPLIFIER ELECTRILZAL
PARAMETERS

The size of the optical windows determines the size of
the individual discharge regions. To keep within those
limits and provide a reasonable discharge region from the
standpoint of the electrical requirements, the discharge
regions were designed with a nearly trapezoidal cross
section as is shown in Fig. 10. From the data obtained
during work with the prototype amplifier and the results
of the computer modeling, the laser mix was cnosen as
4:1 N,;:CO,. At a pressure of 1800 torr and with four
gain regions of 75-cm length, iasing conditions with
sufficient energy storage is reached with a specific electric
field of 10 V/cm-torr and a current density of 7 A/cm?,
These requirements in turn demand that the anode
voltagss be nearly 550 kV and the discharge impedance
be around 2.5 ohms.
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Fig. 6. This photograph shows many of the details of an Antares power amplifier. The structure in the middle is the power amplifier and the input/output optic module. The main power feed lines
can be seen to enter the power amplifier in four regions. The electron gun Marx, the structure on the left, is the power supply for the electron gun.
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Fig. 7. The mcltiline oscillator (foreground) and the Gemini oscillator (background) are located in the oscillator room of the Antares {ront end
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ANTARES

Fig. 8. Optical schematic of the Antares fiont enc. The pulses that are amplified by the power amplifiers are formed in the front end. A short pulse is generated in the oscillator
and then amplified to be a 100-J. 1-ns pulse after two stages of amplification.
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Fig. 10. Cross section of a portion of the gain region in the Antares power amplifier. Twelve
independent gain regions are electrically and optically separated by dielectric (nonconductive)
dividers. Each group of 12 regions is electrically driven from onz anode. Six electrical feed

lines supply each anode.

The time constant of the relaxation of the upper CO,
laser level of 4.5 us makes short pump times more
efficient. A iaser pumping time to peak gain of 3 us was
selected as a compromise between desirable high pump-
ing efficiency (short pulse), low current density (long
pulse), and large circuit inductance (long pulse). Lower
current densities produce lower magnetic fields and,
thereby, less undesirable electron beam deflection. Large
circuit inductances aie easier and less costly to achieve.
The characteristics of the Marx generators. which power
the gas discharges and the electron gun, are shown in
Table 1. The design gain of he laser is 2.7 m™'; hence, the
amplifiers were designed to achieve a single-pass gain of
8.0. The physical size of the Antares power amplifiers

and their relationship in the laser hall can be secn ir. Fig.
11

POWER AMPLIFIER OPTICAL SYSTEM

The optical layout of the Antares system is shown in
Fig. 12. This figure gives the relationship between the
various segments of the optical system. The power
amplifier optical system is designed as a two-pass, ofl-
axis Cassegranian system. A single sector of the power
amplifier optical train is shown in Fig. 13. The input’
100-J, annular bzam is subdivided into 12 segments by a
machined polygonal copper mirrer. The input segments

TABLE 1. Key Parameters of the Energy Storage System®

VkV)  V,(kV) I(kA) Q(C) L(H) C(uF)
Power Amplifier 1000/12000 450/550 150/200 ~1.0 ~2.4  0.420
Electron Gun Marx 525/600 475/550 20/25 ~0.1 ~3.5 0.375

"V, = Open circuit voltage:
Y, = Peak load voltage;
I = Peak load current

Q = Charge transfer;
L = Marx inductance;
C = Marx capacitance.
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Fig. 11. The Antares Laser Hall. The room containing the two power amplifiers is nearly th - size of a football field.
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Fig. 12. The Antares optical system is laid out in four major segments. These segments are the front end. the front end alignment

station. the power amplifier, and the target system.

have an area of about 10 cm? Each of the 12 sector
beams is brought to a focus in a spatial filter fabricated
from LiF. The plasma generated at the focus lasts for
several microseconds and serves as an optical shutter to
prevent the return of back-running beams to the front end
where with further amplification they could do major
damage. The pulse is then introduced into the power
amplifier as a divergent beam. After its first pass through
the four gain regions. it is reflected and collimated by a
concave mirror for a second pass through the discharge
region. The 5-J input energy insures that as the pulse
makes its second pass through the discharge, virtually all
of the available energy stored in the amplifiers is ex-
tracted. As the 12 beams exit the power amplifier, they
are compressed i~to an annulus of 1-m? area and an outer
diameter of nearly 1.5 m.
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PARASITIC OSCILLATION SUPPRESSION

In a high-gain cavity, as exists in the Antares systen
the suppression of parasitic oscillations is of critics
importance. Nonreflecting, optically black surfaces (¢
10 um) are required. During the early stages of testing, a
of the exposed surfaces within 5 ¢cm of the beams wer
coated with a paint loaded with LiF. Even though th
paint had a very low reflectivity, oscillations were er
countered when the amplifier was pumped at a single
pass gain greater than about 2.7. A great number ¢
possible parasitic modes were identified, some of whic
were characteristic to the Antares mechanical desigr
One of these was a ring laser mode in which a ray fror
the amplifier collimating mirror could strike an off-axi
surface after passing through the four gain region:



i

2

3 IN MIRE
4 TURNING MIRROR
5 TROMBONE MIRRORS
& FOCUS MIRROR

7  SPATIAL FILTER

8  (NPUT WINDOW

9-12 RELAY MIRRORS

I3  ABSORBER WINDOW
14 BACK REFLECTOR

15 OUTRUT WINDOW
16-1T PERISCOPE MIRRORS

Fig. 13. One sector of the power amplifier optical train. The cross-sectional area of the optical beam increases in proportion to the
energy so that the energy density remains below the damage threshold for optical materials.

undergo a Fresnel reflection off the output window. and
return to the collimating mirror through the four gain
regions. It was necessary to design a set of baffles coated
with plasma-sprayed LiF. After installation of these
baffles. the stability threshold of the entire system rose to
a net gain of 6.0. The addition of saturable absorber to
raise the stability limit to a net gain of 8.0 provides a very
small foss in net amplifier output. As a result of the use of
plasma-sprayed LiF baffles, the Antares laser is one of
the. if not the most, stable high-power lasers ever built.

TARGET SYSTEM

The target system contains both the target vacuum
system and the target optical system.

Target Vacuum System

The beams from both of the power amplifiers travel
through a vacuum from the output of the power amplifier
to the target. The system (Fig. 14) is made of stainless
steel, enclosing a volume of about 1000 m?®, which can be
maintained at a pressure of 2 x 10~ torr. The pumping
time to reach this pressure, about 8 h, is limited by the
possibility of damaging target diagnostic equipment. The
power amplifiers are connected to the target chamber by
1.5-m-diam beam tubes. The target chamber is an 8-m-
diam cylinder closed on both ends with spherical caps to
produce a 7-m-long volume. The vacuum is maintained
with cryogenic pumps. Two pumps are mounted on the
target chamber and two pumps are mounted on each of
the beam tubes. Targets are inserted into the target
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Fig. 14. The target vacuum system includes the beam tubes and the target chamber. Only one of the beam tubes leading from the power amplifiers is visible in this photograph. The target
vacuum system encloses a volume of about 1000 m*.



chamber through an air lock and transported on an
inclined track to their central position. Final positioning
of a target is performed by the use of two large reference
telescopes with a resolution of 10 pm.

Target Optical System

The 12 bearns are compressed into an anrulus with a
1.5-m major diameter as they enter the target vacuum
system. The individual beams are set to be slightly
convergent as they leave the power amplifier. The beams
would be brought Lo a focus at a point about 800 ft from
the power amplifier if there were no further focusing. At
the turn chambers, the beams are grouped into three
clusters of four beams by directing them toward the fold
mirrors in the target chamber. The positioning of the fold
mirrors mn the target chamber can be seen in Fig. 1 5. The
three sets of fold mirrors direct the beams outward
toward the 24 focusing mirrors. The focusing mirrors are
diamond-machined, off-axis parabolas that operate at an
S-number of 6.3. The net result is that a target is
illuminated on six sides by six beam clusters of four
beams cach.

A pointing accuracy of 25 um is requirer at the target
position for each of the 24 beams. At the request of an
experimenter, the beams may be independently directed
to any point within a 1-cm volume. The focal spot size is
diffraction limited by the polyhedron mirror to 200 um.

ALIGNMENT SYSTEM

Seismic and thermally induced movement generated
by the impulse loading in the gas required an alignment
system to bring the 24 beams 10 the proper pointing and
centering on the optical beam paichs. The optical align-
ment systern was chosen after experimental consideration
of several approaches. The present “*see-thrcugh” system
was fully prototyped with actual hardware and computer
controls before the decision was made to implement it.
The alignment system is designed te automaticallv align
168 optical elemnents.

Alignment of the optical system is carried out in two
stages. First, the system is aligned with visible light.
Sccond. the fold and focus mirrors are adjusted with acw
CO, laser.

The visible alignment system relies on a video tracking
system to identify light sources. The error signal from the
tracker that characterizes the difference beiween the

measured and the expected positions of the light sources
is fed into a computer-controlled feedback loop that
generates the signals to control the stepper motors on the
appropriate mirrors. A typical feedback loop is shown in
Fig. 16. The light sources are fiber-optic elements, which
in some cases are imbedded in mirrors and in other cases
are placed into position by movable arms. Secondary
alignment is achieved by projecting a CO, laser beam
througn ihe entire optical irain and sensing its position at
the target. This correction eliminates dispersion errors
between visible and CQ, wavelengths that arise chiefly
from the wedged exit salt windows. The vystem has

demonstrated aligniment accuracies at the target of about
40 um.

BEAM DIAGNOSTICS

The large apertures and high energy densities of the
optical pulse required that new approaches be taken in
diagnosing the quality of the Antares optical beams. New
calorimetric techniques were developed to meet these
needs. The energy transmitted at several points in the
system is measured to provide an indication of the
operation of the system on each shot. The following data
are measured on each shot:

o total energy exiting the front end in each beam line,

© total energy entering the input salt window of the

power amplifier,

@ total energy entering each sector of the power

amplifier,

© total energy encering the target system on each beam

line, and

o wave shape of the total pulse entering the target

system from each beam line.

Since the measurements of amplifier energy must be
made on a noninterference basis, a means had to be
devised to sample a fraction of the beam energy. Tte
weasurement of the output of the power amplifiers
presented a particular problem in that the space required
to sample all of the sectors would have been prohibitive.
To overcome this difficulty, the decision was made to
sample the integrated output of the entire amplifier. This
was accomplished by designing the output salt windows
with a wedge angle between the surfaces and arranging
the positions of the windows so that the second Fresnel
reflection from each window produced a beamn that was
directed toward the center of the beam tube. The con-
figuration /s shown in Fig. 17. By proper choice of the
wedge angle of the windows, the 12 sector beams were
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Fig. 15. Thisis a view of the target chamber as seen fromn the turn chamber. The grouping of the beams into three groups of four beams can be seen in the antiparasatic baffle at the center of
the photograph. The targets are mounted within the structure a* the center of the scene.
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made 1o intersect at a point near the turn chambers. Since
only about 4% of the incident beam energy is reflected at
each surface, the energy in each sector beam was at-
tenuated by a factor of about 0.0016 when it arrived at
the turn chamber. This attenuation kept the total energy
{12 sectors) arriving at each calorimeter below the dam-
age threshold of the material used for the calorimeter.

A new type of calorimeter was developed to measure
the wide aperture beams found in Antares. These
calorimeters use 2 Kapton/copper laminate as the ab-
sorber material. Kapton is an excellent absorber at 10.6
um and has a relatively high laser damage threshold. The
temperature rise of the copper backing is directly related
10 the energy incident on the calorimeter to the degree
that the calorimeters may be treated as a tertiary stan-
dard. Calorimeters of this design were inserted into each
sector of the alignment system to characterize the output
of the alignment system and to calibrate the operating
calorimeters located at the turn chambers.

SYSTEM CONTRCOL AND DIAGNOSTICS

During the initial design of Antares, it was recognized
that manual operation of the system would be extremely
difficult because of the size and complexity of the system.
We considered the experience of the preceding laser
systems in the coniro! requirements for Antares. The
decision was made .0 tie all of the functions—charge and
fire, alignment, diagnostics, and so forth—into a common
integrated contrni network. Because of the complexity of
the system, the decision was also reached to have no
hard-wired logic within the system but to base all of the
system operation on software. The cortrol system is
based on a network (Fig. 18) of distributed computers.
The in.:grated control computer, a PDP 11/60, controls
the timing and firing of t'.- system. Data archival is
carried out by a PDP 11/70. Operation of each of the
main pulsed-power systems and of the optical alignment
and heam diagnostics are carried ou: by three PDP 11/60
minicomgnters. The minicomputers download software
end operating parameters to L3I-11 microcomputers
located throughout the system. Communicatior between
the LSI-11 microccmputers is handled by the minicom-
puters. .

The data are digitized and transmitted over fiber-optic
cabl~s throughout the computer network (a total of 40
km nf fibers). .All operation data are archived and are on
screens and available for future use. There are no tra-
ditional control panels. The interface between the oper-
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ator and the machine is established by means of touch-
sensitive display screens. The displays are created and
can be changed through software programming.

SYSTEM STATUS

All of the subsystems in Antares were essentially
complete in October 1983. At that time energy had been
delivered from both awaplifiers into the target vacuum
system at the 15 ‘J-level. The quality of the beams
produced by the power amplifiers can be judged by th~
burn pattern (Fig. 19) that was obtained at the turn
chamber of beamline-2. When diffraction at the edges of
the beams is taken into account, it can be seen that the
output energy density is very uniform. The spatial
coherence of the output cas be judged by the Fresnel
bright spot occurring in the shadow of the mirror that
injects the bearnt into the power amplifier (the notch in the
outer edge of each individual burn pattern). By the end of
December 1983, targets had been shot with all 24 beams.
The present record energy delivered to target is 27.5k]J in
a I-ns pulse.

In the 12 months following the commencement of the
target-shooting program, the operation of the Antares
system has continued to improve. The system passed
through a period of 6-8 months that can be classed as
adolescence, during which preblems with the system were
found and corrected and the confidence in the system was
gained. The Antares laser has now become an adult.
operational system. The present syster capabilities are
broad. The overall range of the capabilities of the system
include the following:

@ Delivery of 30-35 kJ to target tn a |-ns pulse

@ Variable pulse length from 1-10 ns

@ Independent alignment of the individual beams to 24

positions within a 1-cm® volume

® Alignment precision to 40 um

® Variable delay of pulse arrival at target

+ 1.5 ns within one power amplifier
+ 100 ns between power amplifiers

The times to align the system are dependent on the
alignment precision required by thc experimenter. If the
required tolerance is greater than 200 um. then the
system has been shot at 25-minute intervals. When the
best possible alignment has been required, then two 24-
beam shots and/or three 12-beam shots have been re
corded in a single day. The key machine parameters are
listed in Table 2, where a comparison is made between
the design parameters and the achieved operating results.
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Fig. 19. The laser output from one power amplifier was recorded by burning this pattern into a sheet of photographic paper. The total
energy required to produce this burn pattern was about 8 kJ and was delivered in a singie I-ns pulse. The uniformity of the laser output can
be judged from the uniformity of the burn pattern.




TARLE 11. Key Machine Parameters

Parameter Design Operational
e-Gun voltage 525 kV 510 kV
e-Gun current 25 kA 20 kA
e-Gun current density 50 mA/em? 40 mA/cm?
Anode voltage 550 kV 475 kV
Anode current 220 kA 190 kA
Discharge current density 7.0 A/em? 6.0 A/cm?
Average electric field 18.0 kV/em 185 kV/cm
Pressure 1800 torr 1704 torr
E/p 10.0 V/ecm-torr 9.1 V/cm.torr
Average gain length 8 7.5
Average output fluence 1.7 J/em? 1.3 J/em?
Energy 20 kJ 15 kJ

A vigorous target-shooting program is nc & under way.
A fueled target such as the one shown in Fig, 20 has been
shot in order to demonstrate the preduction of neutrons
and to verify the operation of the various target
diagnostic systems. Figure 21 is an open-snutter photo-
graph of a shot where about 20 kJ of energy was directed
ontc a target.

During the testing of the Antares subsystems and their
integration. most design goals have been attained. Not

enough expericnce has been obtained to verify advertised
or mean times between failures of .he equipment. Some
redesign was necessary, particula:ly to attain the voltage
hold-off of the electron gun and to eliminate gain-limiting
parasitic oscillations in the power amplifier. Based on
limited gain and energy measurements in the driver and
power amplifiers, we now bclieve that Antares will attain
its final goal. delivery of 35- to 40-TW pulses to inertial
fusion targets.
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Fig. 20. A 200-pm-diam glass microballoon like the ones that would be filled with a mixture of
deuteriun: and tritium for an energy extraction experiment. This particular microballoon (un-
filled) was shot with only one beamlet and only about 1 J from the front end to demonstrate the
size of a beamlet focused on the target. The hole drilled %y that shot can be seen on the right side
of the microballoon.



Fig. 21. Flash of light from a target shot with about 20 kJ of energy from Antares. The target inser-
tion mechanism (on the left) . covered with a plasma sheath. The plasma sheath results from the in-
teraction of the plasma and light from the 1arget with the surface of the target insertion mechanism.
The object at the upper right is an x-ray pinhole camcra. The circular pattern on the lower right is
the specular reflection off of the tool marks on the mounting plate located below the target.

71



Target Fabrication for Inertial

Confinement Fu

]

Research

by Richaid Mah, David V. Duchane, and
Ainslie T, Young

INTRODUCTION

usion targets, whe.re: for the laser program or the
particle beam ».ogram. are not difficult
to picture vecause they are simply a series of
concentric spherica! shells. Yet realization of thiz simple
design poses extraordinary difficuliies. The targets are
small, less than a millimeter in diameter overall. Each
shell must possess specific properties ranging from
strength at low densities to high atomic number and
density for improved compression. The tolerances are
exacting—10 times more so than those common in the
aerospace industry. No wonder we sometimes feel that
the target designers are asking us to fabricate the im-
possible from some imaginary material! Every effert
must be expended to meet the designers’ demands,
however, for their theories and computer codes can be
verified only by experiments with real targets.

We have had considerable success in target fabrica-
tion, developing new technologies, new materials, and
new tools. We will outline some of these developments
and then briefly indicate the value of our efforts to other
areas of technology.

FUSION TARGETS

Figure | shows the components of a typical fusion
target. An overall view of much of our programmatic
research and development can be gained by considering
the fabrication of each component. beginning with the
innermost.

Tamper

The sphericai shell known as the tamper transmits
implosive force to the deuterium-tritium fuel, thereby
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compressing it to the density at which fusion occ. . Liki
all the other shells, the tamper must be extremel
spherical, uniform in thickness, and smooth. (Thes
requirements follow from the goals of symmetric im
plosion and clean bura.) Impermeability to the gaseou
fuel, strength, and resistance to embrittlement by the fue
are vrimary considerations in selecting a tamper materia
Commonly used matzrials include glass and metals rang
ing from beryllium to gold. We focus here on mets
tampers since glass tampers are available simply b
selection from commercially available hollow glas
spheres.

We fabricate metal tampers by electroforming, whicl
involves electrochemical deposition. electroplating, o
autocatalysis of the desired metal on a sacrificic
spherical substrate. Electroplating, which is applicable t
conducting substrates of metal or metallized glass, is
well-developed technique made unusual in this applice
tion by the exacting tolerances on thickness uniformity
by the requirements oa both physical and mechanic:
properties, and by thtie necessarily small size of th
sutstrates. Figure 2 shows an apparatus we have ds
veloped for electroplating spherical substraies smalle
than 590 pym in diameter. Constant, random motion c
the spheres between two cathodes assures that all su
faces are uniformly plat=d.

Conducting substrates larger than 500 pm in diametc
are tlectroplated in a track-plating apparatus. Unifor:
plating is achieved in this apparatus by the randor
10lling of the spherical substrates, each within a restricte
area, over the surface of a flat cathode (the track). A
advantage of track plating is that the plated material
mechanically worked during plating (by contact of tt
spheres with the track) and thus has superior mechanic:
strength and fline grain structure.
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Fig. 1. Schematc of a 1ypical fusion target. Each component plays a specific role
in conversion of energy from the driver to the implosive energy necessary for fusion

of the fuet.

lampers can be deposited on

sthstrates by autocatalysis. or =

nonconducting
clectroless™ plating. In
this process the substrate catalvzes reduction of the metal
irom i metastable solution, Although finding a substrate
mittertal with appropriate catalyude action is difficult. the
process produces tampers of very uniform thickness and
with very smooth surfaces (Fig. 3). Electroless plating of
substrates smalle: than 500 um in diameter 1s performed
in an apparatus in which the spheres are kept in constant.
random mouon in a reaction chamber by alternating the
flow direction of the metastable solution.'”

Some recent target designs call for tampers of metals,
such as berylliun: and aluminum. that cannot be de-
posited from aqueous solution. We are. therefore, in-
vestigating electrodeposition from organic solvents and
possibly molien salts. The major obstacle in this research
is the hazardous nature of such deposition media. in the
meantime, other processes called physical vapor depo-
sition [PV D) and chenncal vapor deposition (CVD) are
used to provide tampers from a number of materials not
currently obtamable by electrochemical processes.

The term PVD includes electron-beam evaporation,
sputtering, and ton plating. To achieve uniform depo-
SAton on with line-of-sight
processes, wc have des.gned double-axis rotators that
orient all areas of the sphere equally {on the average)

spherical targets these

toward the vapor source.” We are also investigating the
possibility of levitating smaller targets during coating by
use of a vibrating “bouncer pan” or with a molecular
beam {(Fig. 4,% Nevertheless, the PVD process is
hampered by its iow deposition rate (<0.001 in./i1) and
the I'mitation of being able to process only 1-12 targets at
a time.

In the CVD process. a gaseous compound of the
material for the target (WF,, for example) undergoes
chemical reduction or thermai decomposition on the
surface of the target substrate. The desired metals are
depesited on small targets in a bed of substrates fluidized
by the reactive gas. This produces a fluidized bed, a
churning mass of particles that is formed by directing a
flow of gas upward tnrough a velume of particles of
appropriate size and density. The continuous, random
motion of the {luidized substrates ensures that all surfaces
are exposed {on average) to the same temperature and
gas flux, and very uniform coatings are deposited even on
substrates with complex geometry. In addition, the col-
lisions among the substrates provide a peening action that
helps to break up growth patterns in the deposit that
would normally produce large. columnar grains. As a
result, the coating usually consists of fine. equiaxed
grains and is thus strong an+! smooth.’
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Fig. 2. An apparatus for electroplating small (less than ~500 pm in diameter) conducting spheres. The spheres are forced against
one and then the other of two cathodes of fine-mesh screen by alternating the flow direction of the electroplating solution. The
congtant, random metion of the spheres assures uniform deposition of the plated material. The large polyethylene balls prevent
agglomeration of the small spheres.



Fig. 4. Magnifying videc display for monitoring physical
vapor deposition on spherical substrates levitated by flow of
gas through an arrey of fine capillary lubes. Shown on the
sureen falong with its shadow) is a levitated hollow glass
sphere. which is 300 umn in diameter.

Photomicrographs of 14-um-thick nickel tampers

ed by autocatalysis (electroless plating) on a
al glass substrate. The intact sphere (a) and the
ed sphere (b) show, respectively, the great smooth-
'd the thickness uniformity that can be obtained
is electrochemical process.
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Cushion

The cushion provides a stand-off distance between the
tamper and the ablator. This cushion, ideally a “struc-
tural void,” originally consisted of full-density low-Z
polymeric materials, but more recently has been made of
rigid plastic foam. When the cushion layer consisted of a
full-density polymer, two techniques were used. The first
technique involved micro- and ultraprecision machining
to produce hemishells that were later assembled around
the tampers. This technique will be described in more
detail in connection with fabrication of ablators. The
second technique (described here) involved two methods
for direct deposition of a polymer from the gas phase: the
low-pressure plasma (LPP) process and the vapor-phase
pyrolysis (VPP) process.

In the LPP process, a radiofrequency voltage between
two electrodes produces a low-pressure plasma of the
monomeric material, which then polymerizes on the
tamper surface. Small tampers (less than 500 um in
diameter) are levitated above vibrating shaped electrodes
during the coating process. Pnlsing in the monomeric
vapor and maintainance of the slectrode temperature
below ~10°C forms very smooth layers with thicknesses
between | and ~60 um from such monomers as p-
xylylene and cycloacetetraene (Fig. 5).%

In the VPP process, p-xylylene is pyrolytically de-
graded to the reactive diradical species, which then
polymerizes over the surface of the object to be coated.
We have adapted this well-known process to deposit
uniformly thick. smooth layers on stalk-mounted or
levitated tampers. The uniformity in thickness of a 600-
um-thick cushion layer prepared by the VPP process
varies by less than 3%, and its smoothness is marred only
by a few micrometer-zized “bumps.” Greater surface
smoothness of thinner layers can easily be obtained by
increasing the turbulence of the reactive gas. We have, for
example, prepared defect-free coatings up to 70 um thick
with surface irregularities of less than 0.1 um from peak
to valley.®

Both the surface smoothness and thickness uniformity
of these depe«ited cushion layers can be greatly enhanced
oy lapping techniques originally deveioped for metals and
since refined for polymers. These techniques will be
discussed below in connection with the fabrication of
ablators.

More recently, better hvdrodynamic performance has
been achizved by using plastic foams. These must have
very low density (.05 g/cm® or less) and smal! cell size
{less than 5.0 um in diameter). They must be free of
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impurities and amenable to fabrication to precise
tolerances. Such foams were unknown before their devel-
opment at Los Alamos.

We make foams of this type by cooling a homogeneous
polymer solution in such a manner as to induce an
inverse phase separation (that is, of solvent from solution)
at the temperature at which the polymer and solvent
become immiscibie (the spinodal point). The polymer
forms a foam matrix, and the solvent forms discrete,
uniform droplets in t+is matrix. Removal of the solvent
droplets from the matrix generally results in a porous,
open-cell plastic foam in which the voids are replicas of
the solvent droplets. The foam is rigid when made with
polymers that are inherently inflexible. The density of the
foam is determined by the concentration of the polymer
solution.

We have prepared small-cell, low-density, rigid foams
from such polymers as polystyrene, poly(4-methyl-1-
penetene), tradenamed TPX, and substituted celluloses
and starches. Hemishells of these foams can be made by
inducing the inverse phase separation in an appropriate
mold. In some cases, micromachining can be used to
improve the dimensional properties of the foam material.
Foams made from TPX have a very uniform structure,
but the low compression strength of such foams (about
10 Ib/in.?) makes them difficult to machine to exact
tolerances by normal techniques. To eliminate this dif-
ficulty, we have developed a polymer-solvent system in
which the solvent droplets are solid at room temperature.
The solid solvent reinforces the delicate cell walls and
thus protects them from damage during machining. The
solvent is then extracted with alcohol.

Ablator

The energy of the radiation from the driver is deposited
in the shell known as the ablator (see Fig. 1). The
absorbed energy causes material to be ejected outward
from the ablator, producing a “rocket” effect that trans-
fers inward momentum to the tamper, which results in
compression of the fuel. Ablators are fabricated from
various materials primarily by machining.

The small sizes and close dimensional tolerances typi-
cal of fusion targets dictate that ablators be machined
with ultraprecision tools. With such tools and single-
crystal diamond tool bits we can. for example, produce
surfaces with a peak-to-valley roughriess of 0.05 um.

An important aspect of precision turning is the con-
stancy of rotational speed and accurate rotational mo.ion



Fig. 5. Scanning electron micrograph of a 300-um-diam hollow glass sphere laser fusion target
coated by the low-pressure plasma process with a 5-um-thick layer of parylene. Note the surface

smoothness of the coating.

provided by air-bearing spindles. W= have available two
small lathes with air-bearing snindles and vibration-
isolating magnetically coupled drive motors. We also
have a larger ultraprecision lathe (Fig. 6}, built to Los
Alamos specifications by Pneumo Precision, Inc.. that
combines the features of air-bearing spindles and
slideways with those ol computer control. This lathe is
used for metal optics and other high-prec;sion fabrication
at Los Alamos. To increase our machining capability we
are now preparing specifications for another lathe with a
programmable rotary axis and the same accuracy as that
of the Pneumo lathe.

Although the surface finishes produced by ultra-
precision turning are excellent, they can be further im-
proved (except on many face-centered-cubic materials)
by lapping, or polishing with fine abrasive particles. By
using submicrometer-sized grit and air balancing to
check the progress of the lapping, we can obtain surfaces
that are smoothed to about 0.003 um peak to valley.
These are the smoothest surfaces attainable with a
mechanical technique. Shapes other than spheres or
hemispheres can be lapped with special equipment.®
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Fig. 6. Ulwraprecision lathe built to Los Alamos specifications by Pneumo Precision, Inc. The position feedback systein of this
machine, which is based on laser interferometry, has a resolution of 0.025 um. Its low-iriction air-hearing slideways allow precise
contouring, and any surface of revolution can be generated by simp’. programming. The slideways are mounted on a massive
granite block, which in tum is supported on three air-bag vibration isolators. With this lathe we use single-crystal diamond tool
bits for machining most plastics and some nonferrous metals. We use cubic boron nitride and conventional carbide tool bits for
machining materials (such as beryllium) that are incompatible with diamond tool bits.

OTHER APPLICATIONS

It is not surprising that our efforts on the multifaceted

tac
tec

k of target fabrication have led to matenals and
hnologies cf interest and benefit to other research and

development programs. We mention briefly a few of these
other applications to indicate the variety of problems in
which materials science plays a fundamental role.
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® The polymeric foams developed for the cushion
layer may benefit biomedical research. Porosity is
considered essential in synthetic veins and arteries to
provide anchoring points for biological species that
inhibit the natural tendency of the body to build up a
thick layer of scar tissue around foreign objects. The
synthetic vascular prostheses currently in use, pri-
marily woven Dacron and Teflon structures, have

pores that vary widely in size. In contrast. the cells
of the foam produced by the inverse phase separa-
tion process are remarkably uniform and can be
made in the range of 25 um in diameter, the sizc
believed to be most desirable for biological uses.’

A process called chemical infusion, which was de-
veloped for smoothing polvmeric surfaces, may also
benefit biomedical research. Experiments on labora-
tory animals have indicated that silicone rubber
veins infused by this process with stearate ions may
be rejected less often than are untreated crtificial
veins.'°

e Miniature coaxial cables fabricated in support of

inertial confinement fusion experiments may sim-
plify surgical removal of brain tumors. High-fre-
quency electrical signals transmitted through such a



cable, which is less than 0.1 mm in diameter, may
enable the destruction of cancerous cells without
damage to surrounding tissue.'"!?

e Laser welding, the method used to braze fill tubes
onto tampers, may greatly simplify fabrication of
radioactive components. Components of plutonium,
for example, must be welded in a glove box, and with
conventionat techniques this condition necessitates
contamination of expensive welding equipment. In
contrast, 2 laser welding beam could be directed
onto the component through special glove-box win-
dows and could even be transported throughout a
facility along optical fibers.

@ Tools like those developed for uniformly cosiing
target components by physical vapor deposition are
now routinely used for coating rare-earth radio-
chemical tracers on experimer:al nuclear weapen
components.

® High-strength single-crystal whiskers, which were
fabricated and studied for possible use as support
structures in laser fusion targets, are now the key
component in the Los Alamos structural ceramics
program. These whiskers of silicon carbide or silicon
nitride have tensile strengths approaching 4 000 000
psi. Composites of such whiskers and ceramic
materials have very high tensile strengths and high
resistance to fracture.

Clearly. target fabrication and the associated research
and development encompass many diverse endeavors.
Formerly. these were pursued at several scattered Labo-
rutory sites. But since the fall of 1983, most of our
activities have been gathered ir a single, specially de-
signed building, the Target Fabrication Facility. This
facility includes clean rooms for target assembly, a
laboratory in which the targets are filled with the deute-
rium-tritium fuel. a machine shop. and laboratories for
electrcplating and physical and chemical vapor depo-
sition, for developing and producing polymer foams, for
laser welding and solid-state bonding, and for
characterizing the various target components. Beyond
the obvious =dvantages of space and equipment. the
facility allows greater ease of communication among
those involved in materials science. fabrication tech-
riology. and materials characterization.
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Heavy-Ion Fusion

by Roger O. Bangerter

t is widely believed that many proposed fusion
I devices would produce energy if they could be made

large enough. Stars and thermonuclear weapons
are two demonstrated examples ti:at support this belief.
In paiucular, because thermonuclear explosives are in-
ertially confined, the scientific feasibility of inertial con-
finement fusion (ICF) has already been deronstrated at
large scale. Sufficiently large magnetic fusic.. Jevices will
almost certainly also produce net energy.

Large devices, however, might not make good environ-
mental. engineering, or economic sense. Thus. for com-
mercial appiications of fusion, the important question is
not whether fusion can produce energy—but rather,

i

an a fusion energy system be built that makes good
environmental, engineering, and econoinic sense?

Fusion scientists have always implicitly recognized that
this question 1z the important one, but in recent years the
question has been stated explicitly with increasing tre-
quency and urgen.y.

For example. Lawrence Lidsky of MIT has been
extremely critical of some proposed fusion devices be-
cause, in his opinion, they do not make good engineering
sense. His article.! widely quoted in the media, has further
focused attention on the importance of engineering and
econamics in fusion energy production.

ION BEAMS

Interest is increasing in what we call heavy-ion fusion
because it is an approach that appears to offer significant
advanrages for a real fusion power—a plant that would
make good environmental, engineering, and economic
sense.

The idea of igniting inertial-fusion targets with intense
ion beams is not new. Reszarchers realized in about 1975
that more than 50 years of engineering development had
culminated in long-lived, efficient accelerators that could
reliably produce ion pulses at high repetition rates (I
heriz and higher). Furthermore. the beams from these
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machines are now focused over large distances onto small
targets. An example of such a machine is the LAMPF
accelerator at Los Alamos (Fig. 1). Experimcate now
reenforce the theory that interaction between the ion
beam and the target is devoid of many of the problems
(such as iow absorption and hot clactrons) that have
plagued laser fusion.

From an :ngineering standpoint, such accelerators
appeared suitable to drive an inertial fusion power plant.
Accelerators were not considered seriously earlier be-
cause ali existing accelerators were low-power devices by
inertial fusion standards. However, by 1976 many re-
searchers concluded that the power problem was not
fundamental.? In fact, it appeared that several types of
accelerators, including radio-frequency lnear ac-
celerators (rf linac, . sy:: shrotrons, induction linacs. and
pulsed-power dicde: might provide adequate power
(greater tha: .0"* a5 in short bursts of about 10
nanoseconds). 1%+ wii'w.2ucy and pulse repetition rate of
synchrotrons are low cumpared with the linac systems.
Therefore, research on synchrotrons for ICF has nearly
stopped, but research programs are active in the other
three technologies in the United Siates and abroad.

Although pulsed-power diodes are included among the
accelerators that might provide adequate power, we must
recognize that diodes lack the demcnstrated lifetime and
pulse repetition rates of rf linacs and induction linacs.
There are other important distinctions between ion diodes
and the other accelerators. Diodes are limited in voltage.
At present, ion diodes operate at less than 10 megavoits
(MV). The highest voltages contemplated are several
times that, If we assume IC MYV is typical, we must
accelerate 10 megamperes (MA) of curent to achieve the
required 10'* watts. By contrast, both rf linacs and
induction linacs are multistage devices. There is no
difficulty. in principle, in accelerating ions ‘0 arbitrarily
high ene gies. There are, however, two practical dif-
ficulties: .;ost ard icn range. Cost is discussed later: ion
range, which is discussed now, is an important considera-
iion :hat bears directly on the type of accelerator that can
be used for inertial fusion.




Fig. 1. LAMPF, the Clinton P. Anderson Meson Physics Feacility at Los Alamos, a one-half-mile-long linear accelerator that
produces a beam of protons with 2 maximum energy of 300-million electron volts and an average beam current of 1 milliampere.

Range

To provide adequate pressure to implode a target.
specific energy deposition in the outer layers of the target
must exceed about 20 megajoules per gram (MJ/g). For a
spherical target, the specific energy deposition is given by
E/4nr’ , where E is beam energy (in MIJ), r is the target
radius (ir cm), and R is the ion range (in g/cm?). For
typical values of E (several MJ) and r (several mm), R
cannot exceed several times 0.1 g/cm® and still satisfv the
20 M1J/g criterion. In fact, ion ranges less than 0.1 g/cm?
are preferable as sich ranges increase the specific energy
deposition for a given target radius. High specific energy
is expectad to improve target performance.

i range as @ function of ion kinetic ene-gy is shown
for several different elemen's in Fig. 2. If we take 0.1
g/cm? as the desirable ion range, protons or other light
ions are acceptable ‘vith kinetic energies in electror volis
(eV) up to about 0.01 gigaelect.on volts (GeV); however,
.1eavy ions. such as lead ions, allow kinetic energies up to
about 10 GeV. Diodes, with 10 MV that can accelerate
protons to kinetic energies of 0.01 GeV, are thus suitable
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Fig. 2. lon range as a function of kinetic enevgy for a variety of ions.
Heavy ions allow the use of multistage accelerators with high energy
beams but, at the same time, keep the range of the ions in the desired
region, at or below 0.1 g/cm?,
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for light ions; multistage accelerators, for heavy ions. (In
common usage “light-ion fusion” is nearly synonymous
with *“‘ion-diode fusion,” and *“heavy-ion fusion” is nearly
synonymous with “multistage-acceierator fusion.””) At 10
GeV the current required to achieve 10" watts of singly
charged heavy ions is only 10 kA rather than the 10 MA
required for diodes. This difference of three orders of
magnitude in current requirement is one of the distinc-
tions between light-ion fusion and heavy-ion fusion.

Perhaps a more fundamental difficulty with diode
devices is that all of the beam energy is delivered at a
single accslerating gap. This results in highly stressed
components, and it is not surprising that these diodes
have not demonstrated adequate lifetime or pulse repeti-
tion rates. Some suggested diode-fusion devices smploy
multiple accelerators to obtain the required beam power.
This relieves, out does not eliminate, the problem of
highlv stressed components. In the remainder of this
discussion, we consider only multistage accelerators for
which, fortunately, 10 GeV is a reasonable v ltage.

There is also a major difference in the requirements for
the two types of multistage accelerators; with rf linacs,
storage rings (sometimes called accumulators) are
necessary to achieve the required [0 kA, whereas induc-
tion linacs should not require storage rings. in fact, the
design current for the advauced test accelerator (ATA)
electron induction linac now coming on-line at the Law-
rence Livermore National Laboratory is 10 kA. and
about 7.5 kA has already been achieved.

Induction Core

The U.S. program focuses on induction accclerator
research, whereas the Europeans and japanese are study-
ing rf linacs for heavy-ion fusion. Although much of what
we discuss here applies to both types ¢ .nuitistage
accelerators, we will emphasize the induction linac,
which, in its <implest form, can be thought of as a series
of transformers with the beam as the secondary. The
current to the primaries is provided by capacitors and
switching devices (Fig. 3). Each transformer is energized
only while the beam passes through it.

We now return to the question of cost.

CONSIDERATIONS FOR POWER PRODUCTICN

To understand why accelerators are attractive for
fusion, it is necessary to examine the requirements that
must be satisfied by any commercial power plant. We
consider three general issues relevant to nearly all power
plant technologies: environmental acceptability, total
plant capacity (usually roughly proportional to plant cost
C), and the cost of electricity r..

Although ail methods of energy production have some
environmental impact, fusion should be acceptable Fu-
sion plants can, in principle, be several orders of magni-
tude beiter than fission rveactors in limiting undesirable
production of long-lived radioactive isotopes.'

As mentioned e~ lier, the size of a [usion device s
important. Power companies prefer plants of small cost
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Fig. 3. The induction linac as a series of transformers with the beam acting as the secondary.

82



and capacity. There are several reasons for this prefer-
ence. Large power plants, costing perhaps several billion
dollars, can severely strain the capital assets of even large
utility industries. Moreover, large plants, which offer little
flexibility in terms of siting and market size, are slow to
construct (a major problem for the nuclear industry) and
produce large perturbations on the power grid when they
go off-line. Perhaps more importantly, high cost canbe a
severe impediment to the introduction of any new energy
technology.

The third concideration, cost of electricity, can be
illustrated conveniently with total plant cost in two-
dimensional space. as shown in Fig. 4. Consider a
reference point located at C equal to 2.5 x 10® dollurs and
r, equal to 50 mills per kitowatt hour. If either = plant or
electricity can be made more economically, it is
beneficial: therefore. the areas labeled ‘“‘better” and
“worse” are clearly better or worse, respe.tively, than the
reference point. The situation is not as clear in the areas
labeled with question marks. For exa:nple, a utility might
choose to incur higher plant capitl costs to reduce the
price of electricity.

We now examine the featvres of a power plant that
would enable us to move ir the “better” direction, and
one ICF feature is particularly atiractive. The driver and
reaciion chamber are relatively independent components,
and the fusion energy release occurs in a volume of space
smallgr than the volume of a pea. The energy yield of
each target can be varied by large factors: the plant
capacity can be varied by even larger factors by adjusting
both the yield and the pulse repetition rate. Thus. in
principle, there is much flexibility in the design of ICF
piants, ang smail plants are possible. For this feature of
ICF to k¢ usetul. the drver and eactor chamber must be
inexpensive »> « -at the cost of electricity can be low.

The size and cost of a reaction chamber are related
directly to target yield so that smaller vield means smaller
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cost. Also, both target yield and driver cost decrease with
drive, energy. Thus it should be economically advan-
tageous to reduce driver energv and, at the same time,
increase the driver repetition rate to obtain the desired
thermonuclear power output. There are, however, limits
to this strategy. One is the maximum repetition rate at
whichk the driver can operate. Another involves the
product of driver efficiency n, target energy gain G, and
the efficiency e of the reactor and turbines. A simpufied
power flow diagram of an ICF power piant is shown with
these parameters in Fig. 5. Clearly nGe must exceed
unity to produce any net power. Because € is typically
about one-third. nG is required to be greater than three.

To have enough net power to be economical, it is
commonly assumed that nG must exceed about 10. In
reality, the lower limit for nG depends on the cost of
drivers, reaction chambers, turbines, generatots, and so
forth. The simple criterion of NG < {0 is adequate here.

Target gain calculated as a funciion of driver energy’ is
shown in Fig. 6. These curves are based on single-shell
targets, and the range shown is appropriate for both
heavy-ion accelerators and short-wavelength lasers.
More complex muitiple-shell targets give somewhat
higher calculated gain, but the physics uncertainties are
larger and fabrication is apt to be more difficult. Figure 6
shows that attempts to lower driver cost by decreasing
driver energy also decreases target gain G: *he require-
ment for nG can then pe met only if the driver has high
efliciency n.

Quantitatively, we expect that i should be about 0.25
for heavy-ion accelerators. We could then satisfv our nG
criterion with target gains as low as 40. By contrast. a
KrF laser is unlikely to have an 7 that exceeds 0.05.*
which would require a target gain in excess of 200. Using
the top curve in that figure, we see that a gain of 40 can
be achieved with an input energy of 2 MJ so that the yield
would be abeut 80 MJ. On the other hand. to achieve a

“Since this document was prepared. Los Alamos advances in KrF
technology indicate that efficiencies of over 10% are possible.

Fig. 4. Cost considerauons for =n electric gererating plant. Because
the cost of electricity is approximatel,’ proportional to electrnc output
divided by capital cost. sioping lines (two of wiuch are shown}
correspond to constant electsic output. The point represenis a typical
fusion power plant design. Heavy-ion fusion is attractive because it
has many attributes that might allow power planis to operate in the
region labeled “berer.”
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Fig. 5. A simpiifizu power flow diagram for an ICF plant. Of the
pawer P coming from the turbines, a fraction F is recirculated (P ),
and a fraction ( |-F) becomes the useful power generated by the plant
(P ). The equations show the relationship between F and the product
of dnver efficiency n. target energy gain G. and the efficiency ¢ of the
reactor and turbines.

gain of 200 requires more than 20 MJ of input energy,
and the correspondiny; yield would be greater than 4000
MIJ. Thus, the size and cost of a reaction chamber is
expected to depend strongly on driver efficiency. Because
KrF lasers are one of the most attractive laser candidates
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Fig. 6. Calculated target gan as a function of driver energy for single
shell targets. The range shown is aporopriate for both heavy-ior
accelerators and short-wavelength lasers. However, the high efficienc:
of the heavy-ion accelerators should allow these devices to operate a
a gain of around 40 rather than at the gain of 200 expected for lasers
thereby lowzriag the size and cost of the reaction chamber.

for ICF. it is evident that high efficiency is a very
important advantage cf accelerators over lasers. Design
ing single-shell targets with gains higher than those showr
in Fig. € might be possible. Indeed, some current esti
mates of target gain exceed those shown: however. ever
the gains illustrated in the figure have not been demon
strated. Accelerator fusion has a larger safety factor thar
does laser fusion. based on these considerations.

Driver Requirenents

Other driver features that enable one to move in thi
“better” direction are reliabilicy and durability. Lov
reliability increases the cost of electricity because 1
reduces the output of a given capiial investment. Gooc
durability is important because high repair and replace
ment costs increase the cost of electricitv. The drive
features necessary for economically exploiting th
favorable flexibility of ICF are

. low cost,

high repetition rate.
high efficiency.
reliability, and
durability.
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These five features lead us io the consideration of
accelerators as inertial fusion drivers. Features 2 through
3 have either been demonstrated at existing accelerators
or appear to be reascnable extrapolations of existing
technology.

The cost of accelerators, the first item on the list, has
been, and remains, an issue. It might be possible 10 build
a 3-MJ accelerater for about five hundred million dollars.
Although this compares favorably with proposed laser
system *, pursuing cost reductions is still very important

There are additional requirements that must be satis-
fied. Some of these, such as favorable implosion
dynamics, are nearly driver-independent and are dis-
cussed elsewhere in this review. However, three driver-
dependent requirements are discussed here:

1. high peak power,
2. an ability to focus the beam, and
3. acceptable physics for the beam-target interaction.

Peak beam power greater than 10'* watts is required,
as noted earlier, and this has not been demonstrated at
existing accelerators. The second requirement, the ability
to focus the beam, is related to high power. Target gain
decreases with increasing focal-spot radius—at least for
focal radii greater than | or 2 mr. Adequate focusing
has been demonstrated at existing accelerators but never
at the power leveis required for ICF. These two require-
ments are discussed ir the next section.

The interaction between beam and target must behave
properly, in that the beam must be absorhed but must not
penetrate too deeply into the target. Moreover, the beam
must not produce secondary particies or photons that
preheat the fuel and prevent efficient compression. The
beam-target interaction has been a criucal issue for laser
fusion, and some laser-light wavelengths are almost
certainly unacceptable for ICF applications. Discussion
of the interaction physics follows the next section.

HIGH POWER AND BEAM FOCUSING

High power and beam focusing are rzlated because,
although sinele ions can be aimed with very high
precision, the muiual interaction of a large number of
~harged particles (space-charge forces, for example) com-
plicates matters. This matual interaction is also a prob-
lem for acceleration. During acceleration the beam must
be held together both transve,sely and longitudinally by
applied focusing fields. Transvers: focusing is usually
provided by electrostatic or magnetic lenses. Long-

itudinal focusing is provided by time-varying accelerating
fields. If beam power or current 1s increased, the repulsive
space-charge forces of the beam ultimately overpower the
applied focusing fields. In some cases the interaction of
the beam with the accelerator structure can produce
instabilities that limit the beam power to values far lower
than the limit set by the lens strength.

Phase-Space Density

Liouviile's theorem also sets important limits on power
and focusing. As it is usually applied to accelerators. this
theorem states that the six-dimensional phase spact den-
sity of ions at the end of the accelerator cannot exceed the
phase-space uensity at the ion source. (Beam-cooling
mechanisms that violate this condition do not seem
applicable to heavy-ion fusion.)

The target radius limits the two transverse spatial
dimensions of the focused bear. For a giver energy, the
peak power requirement limits the iongitudinal extent of
the beam. Because of effects such as third-order aberra-
tions, v. 11t can be realized with focusing lenses puts an
upper limit on the angular divergence of the beam
approaching the target. Because angular divergence is
roughly proportional to transverse beam momentum. this
translates to correspending upper limits on transverse
beam momsnwm. “Chromatic” aberrations of the lens
system (the fact that ions of different momenta have
different focal lengths) ptace an upper limit on the spread
of longitudinal momenta in the beam. Thus. the target
plus the final lens system place an upper linut on the six-
dimensional phase-space volume of the beam emerging
from the accelerator. This corresponds to a lo'ver hmit on
the phase-space density of the beam because the number
of ions is fixed by target considerations. Fortunately. the
phase-space density available from practical ion sources
is orders of magnitude larger than the lower limit so that
the Liouvilie conswraint can, in principle, be satisfiec.
However, in all real accelerators there is some growth in
occupied phase volume.

For many applications it is useful to consider six-
dimensional phasz -pace to be a product of three two-
dimensional phase spaces. The volume or area of each
subspace is referred to as emittance: the growth of
occupied phase volume. as emittance growth.

One important question for heavy-ion fusion is
whether the phase volume constraint can stili be satisfied
in the presence of realistic emittance growth. There are
several potential sources of emittance growth. For rf
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linacs, a large number of turns are used in the storage
rings to obtain the required current amplificadon. In this
process of multiturn injection, some urioccupied phase
space is unavoidats, mixed with occupied phase space
resulting in substantial emittance growth-—probably a
factor of 2 or more in sach transverse dimension. This
source of emittance growth does not exist for induction
linacs.

Other potertial sources of emittance growth in both rf
and induction linacs include nonlinear space-charge
forces, imperfections in the accelerator, and instabilities
that involve interactions between the beam and the
acceleraiuing structure or interactions between the beam
and any residual gas in the reaction chamber from the
previous explosion. Many oi these effects have been
stud+d anaiytically and numerically with encouraging
resuics, but perhaps the most encouraging comes from a
series of experiments in progress at Lawrence Berkelsv
Laboratory.* In these experiments it has been possible to
transport a highly space-charge-dominated beam through
a transport channel containing more than eighty elec-
trostatic lenses without observable emittance growth.

Experimental Results

As all real beams have nonzero emittance. the particles
in a beam will, in general. not move exactly along ihe axis
of a transport channel. If a single ion 15 injected off-axis
(in position or angle), it oscillates about the axis with a
frequency {or wavelength) determined by its charge,
mass, and momentum and by the strength of the lenses
(restoring force). We call such oscillations betatron os-
cillations. If a large number of particles are injected into a
channel. their mutual repulsion works against the restor-
ing force of the lenses, and the wavelength and amplitude
of the betatron oscillatons increase relative to the single-
particle values.

It is convenient to compare the relative importance of
the lens-focusing forces and the space-charge forces by

comparing the parameters that appear in the equation for
the betatron irejuency :
o*=w- /2, . (H

o

Here w, is the betatron frequency in the absence of space
charge, and o, is the so-called beam plasma frequency
given by

Wy, = V4nng¥m . (2)
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where q and m are, respectively, the ion charge and m.
and 2 is the ion density of the beam. As ion density
space charge increases, the plasma frequency increas
reducing the betatron frequency. 1t wouid not be surp
ing if beam instabilities occur when w,, becomes co
parable to w,. Indsed, analytic theories, based on ide
ized particle distribution functions, show that this is -
case,

Another way of characterizing the strength of focus
is in terms of “phase advance.” Most commonly,
lenses in an accelerator are quadrupole. These len
have the property of focusing in one transverse direct
and defocusing in the orthogonal transverse direction.
alternating the orientation of the lenses so that in e:
plane every other lens is focusing or defocusing. a
called alternating gradient channel is obtained. It is v
known in optics that when a focusing lens is preceded
followed by a defocusing lens of equal strength the
effect is focusing. Thus an alternating gradient chan
focuses in both transverse dimensions. Each pair
quadrupole lenses (including the contiguous lens spaci
is referred to as a cell. The change in phase of
betatron oscillations as the beam passes through one .
is called the phase advance per cell ¢, which is denotec
in the absence of space charge.

In general. small values for o/6, are desirable beca
they correspond to high current. Unfortunately, analy
theory predicts the onset of unstable regions as this re
15 lowered.

We now compare the results of analytic theory w
the experiments performed at the Lawrence Berke
Laboratory. Figure 7 is a plot of w,,’ as a function
o/, for various values of o,. The parameter w,,’ is u:
because. for a fixed ion charge. mass, and velocity. t
quantity is proportional to the ion density n and thu:
proportional to the current density of the beam. Note tl
o/g, decreases from one to zero. that is. the ph;
advance per cell changes from the case of no sp:
charge (o = g,) toward the case of higher beam curre
(lower o/g, ratios). (The experiments were perform
with cesium ions at about 160 keV. The cell length v
30.48 cm 50 that 6, = 90° corresponds to w,” = 3 x |
/secl)

In Fig. 7 the regions of ir: = :bility predicted by analy
theory are the dotted parts of the curves. Experimen
results are the rectangular areas, with stable regic
shown in black and unstable regions shown in whi
Remarkably, the beams are more stable than predict:
allow:ng lower values of o/c, than we thought possil
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Fig. 7. Beam stabiity. When we compare the results of analytic theory (curves) and the
Lawrence Berkeley Laboratory expenments (boxes). we see that the beams are more
stable thun predicted (ninte the experimentally stable regions on the two lower curves). The
parameter w,, I1s the plasma frequency. and “"hn: is proporuonal to the beam current
density. The parameter & measures the change n phase advance per cell of the betatron
asollations; o, 1s the phase advance m the absence of any space charge (figure adapted

from Ref. 4).

several years ago. Fortunately. the experiments are con-
sistent with receni numerical simulations that use rore
realisuc dist.ibutior. functions than does ihe analytic
theory.

The new results are encouraging because they imply
that for a given emittance. the beam current can be
increased by a factor of a few over the value assumed
severa. vears ago. In particular. for a given total beam

energy. higher current allows a reduction in the volume of

magnetic materiol required for the induction cores.
thereby lowering the cost. Alternatively, the new results
allow a decrease in phase-space volume for a given
amount of magnetc material.

Even with these new. higher limits on transportable
power. other techniques must be developed to ensure the
generation of high-quality, well-focused beams carrying
the 10" watts required for ICF. One of these tr.nnigues
uses muluple beams: a second. “pressure windows.”

Multiple Beams

For the required 10" wats. it seems best. at present. to
avcelerate each beam in 1ts own focusing-lens system but

to use commeon induction cores. Thus each core shown in
Fig. 2 would have multiple beams going through it. The
experiments at Lawrence Berkeley were performed with a
single beam. Moreover, there was no attempt at long-
itudinal focusing or acceleration. Los Alamos and Law-
rence Berkeley are now constructing an experiment,
designated the multiple-beam experiment. to test these
features. About three vears will be required to complete
the experiment.

Preszsure Windows

Calculations show that space-charge forces are not
strong enough to prevent beam focusing: however, n-
stabilities may occur when the beam propagates through
residual material in the reaction chamber. As the beam
passes through the gas. a plasma is produced that might
generate some of the well-kn«: beam-plasma in-
stabilities. Most conceptual studies of heavy-ion-fusion
reactors avoid this issue by designing reactors with low
enough residual pressuse (less than 107% to 107 * torr) that
insufficient plasma is formed to generate inctahilities.**®
This conservative approach may not be necessary. It has
been suggested that “*pressure windows™ may exist where
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focusing is possible in the presence of gas.” For exampie,
between about 107 and 107! torr, we expect the so-called
two-stream instability to be a serious problem. However,
between about 107" and 1 torr, the two-stream instability
should be collisionally suppressed, and propagatior: may
be possible. Between about | and 10 torr, enough plasma
is produced to charge neutralize the beam. In this case,
the magnetic fields of the beam may cause it to self-pinch
into a stable “pencil beam” that can be propagated to the
target. Pressures above 10 torr are inadmissible because
of multiple scattering.

In summary, present results on both high power and
beam focusing (that is, on tlie transport of ions to the
tatger) arve emuouraging. A multiple-beam experiment is
being built to test and refine these results. But what
happens once the beam reaches the target?

BEAM-TARGET INTERACTIONS

The stopping of charged particles in matter has been
studied for about 70 years. The simplest theories that just
calculate the energy transferred by binsry Coulomb
collisions from the beam ions to the electrons in the
stopping medium explain the principal feaiures of the
beam-target interaction. Although agreement between
theory and experiment is excellent at low intensities, it has
not vet been possible to test the theories with fusion-
intensity beams. However, as binary Coulomb collisions
must occur, even with intense beams, the range of ions in
a fusion-intensitv bearn is unlikely to be substantially
larger than calcuated. Thus the range of ions is not a
major issue in the assessment of hcavy-ion fusion, al-
though more accurate range information will ultimately
be required to optimize specific target designs. A more
urgent issue is whether the beam-target interaction will
generate particles or photons that excessively preheat the
rarget fuel.

Typical high-gain targets with deuterium-tritium fuel
can tolerate about 10* J/g of preheat energy in the fuel.
For fusion, a target requires about 10 joules of beam
cnergy per gram of fuel. The mass of the fuel is usually i0
per cent of the total mass of the target. Thus, if the
preheat is deposited uniformly throughout the target,
preheat energy less than about 0.1 per cent of the total
beam energy is acceptable. In the following discussion,
we pessingdstically assume that all energy deposition in
the fuel occurs early enough to contribute to preheat.

Secondary particles or phctons capable of penetrating
deeper than the ion beam might be produced through the
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electromagnetic interaction as “knock-on” electrons anc
ions, electrons from plasma instabilities, bremsstrahlung
and x rays. Likewise, the nuclear interaction migh
generate such products as charged nuclear debris
gamma rays, and neutrsns. We will examine thest
possibilities separately.

Knock-On Electrons and fons

Theze are secondary charged particles generated it
elastic collisions between ions in the beam and electron
or nuclei in the ta~get. We can calculate the maximun
kinetic energy that an electron could get from anion in;
head-on, nonrelativistic collision. Then, using standar:
range-energy tables, we can show that the maximun
electron range is always less than the range of the icn tha
produced it. Thus knock-on electrons cannot generat
preheat.

What about ions? When we examine the effect of th
field of an icn in the beam a'id compare the transfer ¢
kinetic energy from such an ion to either electrons or ion
in the plasma, we find that, because of the difference i
mass, the energy loss to ions is about 107* times iowe
than it is for electrons. Thus, nearly all the beam energy
transferred to electrons. but, as we saw above, their rang
is too short to cause a preheat problem. On the othe
hand, although knock-on ions will penetrate further, th
maximum energy that they could get from the beam is a
order of magnitude lower than 0.1 per cent of bear
energy deemed acceptable for preheat. Thus, knock-o
ions should not cause a problem.

Electrons from Plasma Instabilities

Some work has been done in this area but more -
needed. Generally, calculations show that if instabilitie
do exist, they do not accelerate many electrons t
velocities substantially greater than the beam velocit:
The electron velocity must exceed several times the bear
velocity before the electron range exceeds the ion-bear
range. Therefore, few electrons from plasma instabilitie
could penetrate into the fuel.

Bremsstrahlung

This radiation would be generated primarily fror
knock-on electrons. The fraction of electron energ



radiated as bremsstrahtung depends on the energy of the
electrons and the atomic number of the target material.
For typical electron energies and target materials, the
bremsstrahlung is smaller than 0.1 per cent of the
electron energy. Thus, bremsstrahlung is not a problem.

X Rays

When the incident ion excites bound electrons. x rays
can be produced. By considering the x-ray absorption
opacities of typical materials in a target and making the
outrageously pessimustic assumption that all the beam
energy is converted into x rays, we can calculate an upper
limit on the energy absorbed per unit mass. For a typical
target. the beam deposits about 107 J/cm®. Because
thermal x rays are copiously produced at energies of 1
keV or less and are usually accounted for in the target
design. only x rays in the 10- to 100-keV range need be
censidered for preheat. At these energies, the absorption
opacity of the fuel 1s about 0.01 em® g so that only 10°
J'g would be absorbed in the fuel if all the beam energy
went into such x rays. Therefore this source of preheat is
unimportant.

Charged Nuclear Debris

Cross sections for nuclear reactions are never much
larger than simple geometrical cross sections, which give
mean free paths oi 10 to 100 g.cm”. Because the ranges
of tvpicai ions are 0.01 to 0.1 g cm®—a factor of 100
lower. only 1 per cent of the particles is involved in
nuclear 1eactions that might generate charged nuclear
debris. Detailed calculations show that preheat from this
source 15 acceptable.

Gamma Rays

As in the case of energetic x rays. the absorption
opacity is so small for gamma rays (about 0.1 cm¥ g at a
typical energy of 1 MeV) that fuel preheat would not be a
problem even 1f all the energy of the interacting nuclei
were converted to gaimma rays.

Neutrons

The mean free path of neutrons in deuterium-tritium
fuel is severai grams per square centimeter. which cor-

responds to an effective absorption opacity of several
tenths. Thus a calculation identical to that for gamma
rays again gives acceptable preheat.

The tentative conclusion is that the interactions are
compatible with the requirements of ICF.? Nevertheless.
it seems prudent to test this conclusion before building a
full-scale fusion accelerator.

Los Alamos and Lawrence Berkeley Laboratory pian
to build a test accelerator capable of providing a defini-
tve test of the beam-target interaction.”'® This test
accelerztor and its associated experimenial program are
designated the high-temperature experiment. The comple-
tion of the accelerator is currently planned for 1989 or
1990.

The high-temperature experiment will not test just the
beam-target interaction. It wiil also provide a facility for
studying beam focusing. The high-temperature experi:
ment, which will develop and test accelerator technology
at a level beyond the multiple-beam experiment. will still
not be large enough to produce significant fusion energy.
it will provide engineering and cost data that are =ssential
to a sound evaluation of the promise of heavy-ion fusion.

Present theory and experiments indicate that heavy-ion
accelerators are well suited to inerual fusion power
production. Although lasers and light-ion diodes can
provide essential physics information in the near future. it
is the author’s opinion that heavy-ion accelerators offer
the best prospects for commercial energy production.

The multiple-beam and high-temperature experiments
will go a long way toward determining if this opinion 15
correct.
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PLASHA ARMATURE RAILGUN STUDIES"
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Las Alasos Mational Laboratory
Los Alamoa, NM 87545

It has been nearly = docade aincae the firot plcsaa
arpature rallgun experiments at ANU. Deapite sxten-
a1+s development work during the Lntarveneing vears
the plasma arpature railgun has not demonatrated the
nigh velocity performanze which was generclly antici-
patea. In fact, only 3 =andful of axperimants have
exceeded the 5.9 km/s veloclty achieved ar ANU and tne
Righest reported velocity 13 only 11 km/s.

During the past year a detalled investigation of
plaswa armature railgun performance has been carried
2ul a3 part of the HYVAX program at Los Alamos. The
principal results of tnls !nvestigation are:

‘' Aplation of matarial from the walls by the plasma

armature (3 the most {mportant limitation on rajl-

gun performance.

Ablation 3ets an upper lim{t to the velocity which

can be acnieved for a given rall geometry and op-

erating current, indepandent of projectlle mass,
given oy
s
Yoax ™ Ll72a v,

whaere 3 13 the arc voltage an“ a . a proportion-

ally constant relating arc input powar to mass

ablation rate.

i The current dist=~{dutlion {n Zne plaama arm-
ature varlies rapidly witn time and position so
that Juas:-statiz godelw of the plasma armature
nave limited utility.

- Nea~ tne maximum velocity the arc current distri-
but{on can become very complex, exnibiting effects
auch ag; separation from the projectile, multipls
Su-rent peaxs, and rapid deceloration.

The results summarized above ara supported 57 a
large dody of experimental data taken on the HYVAX-1
~allg4n. HYVAX-I |s a single stage, 1) mm. diameter
Dore Jevize witn an active lengtn of 2.75 meters. The
pCwer supply comprines three {ndependent capacitor
ban< modules wnicn can 2 sequenced to provide a con-
tr3lled current wavefors. Typlcal operatlng condi-
*.ons are; projactile mass of 1.0 to 1.5 granms,
1~j2etion velocity of 800 to 1800 m/s, peax current of

J0 to 300 kA, and fina. veloclty of 2 to 4 km/s.

Diagnostics Include tne uscal voltage, current and
magretic probe measurements. Significant lmprovements
tn our understanding of arc behavior have resulted
f=om ufing magneltic probes whicn arnse the ratll cur-
rent. Heccrding the integrated output Of thesa probes
frovides a measure of the current flowing {n the raila
1z 6 to 9 positions along the barrel, tnus providing
toth temporal and spatlal lnformation about the plasma
current distribution.

Ongoing experiments are addresa!ng the affect of

re materials on ablati{on pnenomena with the goal of
.mproved hlgh velocity performance,
*dor< parformed under the auspices of the U.5. Dep:t.
of Energy.

Pittsburgh Rilton
June 3-3, 1985
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Evidence for Collisional Damping in High-Energy Raman-Scatierin,
Experiments at 0.256 um

R. E. Turner. Kent Estabrook, R. L. Kauffman, D. R. Bach,'*’ R. P. Drake, D. W. Phillion,
B. F Lasinski, E. M. Camgbell, W. L. Kruer, and E. A. Williams
Lawrence Livermore Nauonal .aboratory, Umversity of Califorma. Livermore, Caiiforma 94550
{Received 28 August 1984}

Experiments using | 5 &J of 0.26-um wavelength light to wrradiate thin “burn-through' targets
show less stimulated Raman scattering (SRS) than similar experiments at 0.583 um. The SRS fiom
mgh-Z (Au) targets 15 J orders of magniiude less than SRS from low-Z (CH) targets irradiateu ot
similar intensities. These results are the (irst direct observation of collisional damping of the Ra-
man nstability 1n high-2 argets as rredicted by theory and simulations.

PACS n.mbers 3230 im_ 3225 Rv, 35235Py. 524000

Raman scattering'” (SRS) n laser-produced plas-
mas can generale high-enargy electrons, which can de-
grade laser-fusion target gain. In nearly all previous
laser-plasma experiments, SRS has been limited by
steep densily gradients, which restrict the phase.
maiching regions to relatively small length- However,
the reactor-size largets envisioned for future laser-
fusiun experiments will produce much longer density-
gradient lengths. Here we report the observation of an
important alternative limiting mechanism, electron-ion
collisions, which car inhibit SRS.

In these experiments, uv laser lic :t trradiaies thin
films causing them to expand rapidly. By the peak of
the 1-nsec laser pulse, the electron density is near res-
onance (n,, 4} for the Raman’® and 2w, ® instabilities.
Other ‘nstabilities that can produce hot elgctrens occur
near critical densuty ln, = 108 [(1.06 um)/rgl® e/
¢m'] and are thus mostly excluded from these obser-
vauens. With plas®  (CH) targets, the fraction of the
cident energy sca red as Raman light 1s § times
smaller for irradiations with a laser wavelength (Ay) of
026 wm than for 0.33 um. With Au argets, the de-
crease 15 more than 4 orders of magnitude. We use
theory and simulations 10 show that the suppression of
SRS with increasing laser frequency or target Z 1s due
to cothsional damping of SRS.

These expenments used one arm of ihe 74-cm-
aperture Novelle laser " An array of potassium dihy-
drogen phosphate crystals quadrupied the frequency of
the 1 03-;em laser ight 1o producs <pio | § kJ of light
at 0.26-um wavelength n a near Gaussian pulse of
09-12 asec full width at half maximum FWHM) 3
A mask at the center of the lens and the chromatic
aberration of the 74 focusing lens caused the uv light
to focus in a region frec frr m tesidual 1.05-um and
0 53-zm light. The experimental ntensities quoted
here are the average lasear power divided by the il-
luminated ares a5 determined from x-ray micrographs
tx-ray cnergy of ~ 1-1 5 keV) We define the heam
diameter. D, a5 1ne FWHM of the «-ray intensiy
Altiiough the faser beam 1s known to be nonuriform.’
and qualiatively fess umiform than the beam at 033

um, localized regions of higher intensities should
enhance, not reduce, the growth of Raman scattering.

The targets were 6-um-thick CH or 0.4-um-thick
Au foils, supported on large washers. The thicknesses
were chosen, by tasnex calculations, so that the max-
imum eiectron density on-axis would be slightly less
than n./4 by the peak of ths laser pulse. The parabolic
density scale lengtins' are calculaled to be 1500-
1000) A in both the axial and radial directions for both
CH and Au. The targets were irradiated at normal In-
cidence, with the focus in front of the target. The
focal-spot diameters were 300 to 350 um, resulting in
average tlarget-plane intensities of { 1-2) x 10'* W/cm!?

A sireak camera and optical system, mounted
orthogonal to ihe laser beam. provided time-resolved
one-dimensional spatial images along the direction of
the laser axis.'® This instrument looked at the 313-nm
bremsstrahiung emission from both the front and the
back expanding plasmas. When the plasma is optically
thin (low-Z green exper: »nts), this emissicn is pro-
portional to the linz-averaged product of the density
squared and the square root of the temperatvre. The
simuijation iine integrais are 1n good agreement. A
ume-resolved cpuical spectrometer measured the Ra-
man light scattered at 135° 1o the laser beam. Calibrat-
ed phorodiodes, filtered to look only at SRS from
beiow 7./4 (0.35 um < A3 < 0.5 um). measured the
absolute level of Raman-scattered ligh: at vanous an-
gles (between 105° and 169° from the laser). Spec-
trescopy verified that al Ramaa light emissions were
wiihin this range of wavelengths.

The results are summarized in Fig. | The error
bars enclose ail the data obtained during the experi-
ments. We estimate the absolute accuracy to be within
a factor of 2. the principal source of ¢:tor arises from
the finite number (10) of photodiodes and the result-
ing uncertainty 1n the true angular distnibition of the
scattered light. The data analysis i1s 1dentical to that
discussed by Drake ef al.!' Most of the SR5 energy
was within 45° of direct backscatter, aithough no mea-
surements were made back through the /-4 lens

Figure 1 also shows the dala fiom previous 0.53-um
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Measurement and Analysis of Near-Classical Thermal Transport
in One-Micron Laser-lrradiated Spherical Plasmas

A. Hauer, W. C. Mead. and O. Willi
Los Alamos Naiional Laboratory, Los Alamos, New Mexico 87545

and

J. D. Kilkenny, D. K. Bradley, and S. D. Tabatabae:
Imperial College. Landan, Unied Kingdom

and

C. Hooker
Rutherford Appleron Laboratory. Chilton. Didcot. United Kingdom
{Reczived 10 August 1984)

Solid spherical layered targets have been uniformily illuminated at irradiances of 10'¢ 10
10" Wicm! Extensive diagnostics wmcluding time-resolved x-ray emission and optical prob-
ing were used 10 determine the plasma ablation rate and the plasma blowofl conditions
Comparisons with hydrodynamic simulations show that the thermal conduction 1s weil
characterized by a flux limit f, =0.08 £0.02. with a steep temperature gradient The steep-

ness of the heat front was confirmed with time-resolved spectroscopy

PACS aumbers. 52.25.Fi. 52.50.Jm

Knowledge of energy transport from the region
of the laser-light absorption to denser portions of
laser-produced plasmas is crucial to an understand-
ing of the laser-induced ablation process.'”> Exten-
sive recent computer simulation work’ has led to
the expectation that “‘classical’” transport in spheri-
cal laser-heated plasmas can generally be approxi-
mated by flux-limited diffusion with a flux limiter
in the range of f,=0.06-0.2. Early work, largely
involving flat targ:ts, indicated strong to moderate
inhidition of the heat flux relative 1o classical pre-
dictions.* Some of the more recent work involving
spherical targets has indicated transport levels closer
to classical.® with evidence of a penetrating foot in
one case.® Other work indicates some flux inhibi-
tion ev=n in spherical geometry.’

In the present experiment we have used a
comprehensive set of diagnostics 10 characterize the
plasma conditions and thermal transport in a spheri-
cally symmetric plasma. We have made tlime-
resolved spectroscopic measurements {using both
low- and moderate-Z radiating ions) of the penetra-
tion of the heat front in spherical plasmas. In addi-
tion, we have used optical probing 10 measure
simultaneously the density profile of, and the mag-
netic field in, the underdense plasma. Comparisons
with hydrodynamic modeling show that (a) all ob-
servables are consistent with a high ;v limit and
{b) the heat front shows ..o observable ut.

The targets used in this study consisted of solid
glass spheres { ~ (60 um diameter}, containing Si
and Ca {among other constituents), coated with

three layers: (1) CH (0.5 to 2.5 um thick). (2} Ai
(0.] um), and (3) CH (0.5 10 2.5 um). The solid
glass ball prevented implosion of the target (and
subsequent inward movement of the critical sur-
face).

The 1argets were uniformly illuminated with the
six-beam, 1.06-wm, laser facility at the Ruth-
erford Appleton Laboratory.® The six beams were
focused by f/1 lenses with optical axes along the
faces of a cube. Incident irradiance levels were in
the range (1.5-15)x 10"* W/cm2. The laser pulse
had an approximately Gaussian temporal profile
with 0.83-ns full width at half maximum (FWHM).

The radial intensity profiles of the beams were
measured. Small-scale structure resulls n about
30% rms variation in intensity. The overlap of the
six beams and beam-lo-beam energy varnation
resulted in about 50% {peak-to-valley) large-scale
~aration 11 incident irradiance across the surface of
the sphere.’

The primary diagnostic of thermal transport was
time-resolved x-ray line spectroscopy. X-ray line
emission was observed first from the thin alum-
num layer (sensing temperatures of 200-350 V)
and later from the silicon ( ~ 250-400 eV) and cai-
cium ( ~ 500-700 eV) in ihe glass baii.!?

X-ray emission from the target was dispersed
{with a thallium acid phthalate crystal) onto the sl
of a streak camera covering | 7 to 2.4 eV The
spectral and 1emporal resolutions were about 500
(A/AA) and 50 ps. respectively. A seventh laser
beam with very short duration { ~ 100 ps) was used

© 1984 The American Physical Society 2563
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SUPRATHERMAL ELECTRON GENERATTON TRANSPORT AND DEPOSITION IN
CO2 LASER IRRADIATED TARGETS

Allan Hauer, R. Goldman, R. Kristal, M. A. Yates,
M. Mueller, F. Begay, D. van Hulsteyn, K. Mitchell,
J. Kephart, H. Oona, E. Stover, J. Brackbill, and
D. Forslund

Los Alamos National Laboratory
University of California
Los Alamos, NM

ABSTRACT

In {0 laser interaction with matter most of the absorbed
anergy is initially channeled into a hot electron distribution.
In many cases, resonance absorption is thought to be the
dominant mechanism producing this distribution,  Stimulated
scattering may also play an important role.

In the coronal region of the laser plasma, hot electrons
suffer losses that fall into two basic categories. First, hot
electron energy is used in the sheath to accelerate fast ions,
In some cases this can be a very efficient process. This is an
important interaction, since some ICF concepts use energetic
ions as the drive mechanism. The ather coronal! loss mechanism
is the loss of energy to cold electrons through the drawing of a
return current. Some aspects of the absorption and coronal loss
prOﬁsses will be illustrated by experiments on 'aser irradiated
shells,

Experiments on both axial and lateral energy transport and
deposition in spherical targets are described. A variety of
diagnostics have been used to measure hot electron transport and
deppsition including bremsstrahlung and inner shell radiation
and soft x-ray temperature measurements, Self.generated
electric and magnetic fields play an important role in the
transport and deposition of the hot electrons. In some cases
distinct patterns of surface deposition consistent with magnetic
field configurations have been observed.
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Determination of laser intenaity and hot-electron temperature from fastest
ion velocity measurement on laser-produced plasma

T.H. Tan, G. H. McCall, and A. H. Williams

Unsversiry of Califorma, Las Alamos Nauonal Laboratory, Las Alamas. New Mexico 87545

{Received 8 June 1982; accepted 3 August 1983)

Measurements of the velocnty of the fastest on emitted by 3 CO,-laser-produced plasma were
made, and it was found that the relationship between velocity and laser lux was given by V,
= 5.7 10° & | for singie-beam illummnanon. Comparison with computer ssmufation, ton
velocity spectrum, and x-ray data indicate that the hot-electron remperature 1s gaven by 7,

=75%10""" ¥ M

ements of ion from

Iniple-beam experiments and from

expenments at 1.06 um wavelength are also descnbed. Some simple modets are used for

discussion and correlanon of the data

1. INTRODUCTION

When a high-intensity laser beam interacts with matter.
electrons play a3 pnmary role in absorpiion of hight and n
energy transport The hot-electron distnibution which re-
suits from the interactton depends on the laser pulse shape,
power, focusing conditions, and wavelength. and therefore
the measurement of hot-electron temperature provides 1m-
portant informanon about the interacuon dynamics or the
laser focusing and pulse quality Determination of hot-elec-
tron temperature by measuring the slope of the high-energy
t-ray continuum spectrum-® has been s generaify accepted
techmque for low-{aser-intensity inter.cuion. At high inten.
sity, however. the presence of substantial background nose
and the instrumental hmitation 1n energy aiscrimmination can
affect the arcuracy of actual a-ray energy spectrum deter
mnation. In addition. the copious emission of fast uns from
the laser-produced plasma comr :: :ates the correlation of the
v-ray spectrum with the actual source hot-electron distnbu-
tion. On the other hand. bezause of the collective behaviur
plasma. th2 motion of the .ot electrons can generate an ex-
tremely high stecirostatic potenual which results i the
emission of uliratast wony ¥ Therefore. we can expect the
fast-1on expansion to correjate closely with the hot-electron
distribution.” Thus, the study of fast .ons provides anather
means 1o probe quantitatively the hot electrons eenerated in
the plasma In this paper. we shall demonstrate expenmen-

«-roys
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tally that the fastest-1on velocity does, in fact. uniquely cor-
relate with single-beam laser lux on target. and that by an
empirical fit and an analytical mode). the 1emperature /|
that charactznzes the hot-electron energy distribution can
also be inferred Relevant v-ray measurements. waselength
scaling, and the effects of mulubeam silumination on hot-
electran distnbunion determinanon have besn examined and
will be included in the discusston

. FASTEST (ON VELOCITY MEASUREMENT AND
LASER INTENSITY ON TARGET

Figure 1 shows an vscilloscope trace of a ty pical fast-ion
~gnal from a CO.-laser-produced plasma measured with 1
sainullator-photomultiplier detector” which can detect a
single 1on. Many such detectors have been fielded. and their
Jistances trom the 1arget range from | §to I m. The wnung
speed of the oscilloscope 1s set between 10 to 100 nsec per
division The first pulse 1s produced by ¢ rays generated in
the plasma and 15 useful as a zero-tme fiducial. The fast-
nsing ton signal 1s charactenstic of a plasma produced hy a
tast-nising laser pulse. and the nse time can be used as a laser
diagnostic 1f the mamn laser pulse 1s preceded by a low-inten-
v precursor, such as from a prepulse or prelase. the 1an
signai nse ime 1s significant!s longer than for the case shawn
n Fig. 1. probably because of a changs. :n plasma scale
length. The sharp nse also shows that there 1s 4 maximum
n velocity.

Figure 2 shows the distnibution of the fastest-1on veloc-
1ty 7 as a function of laser intensity for flat and sphernical
targets Hiumuiated by a s'ngie beam ar 10.0 ym wavelengta
wning three Jaser systemns at the Los Alamos Nanonal Labo-
ratory SBS, a single-beam prototype: Gemini, a two-beam
rrowotype, and Heltos - Each system overlapped 1n in-ensity
and puise length with the next-ingher energy system. Energy
on target ranged from 0.5 to 1000 §. and puise I=ngths
{FWHMi ranged from 0 6 to 1 6 nscc. Focal spot diameters
ranged from 70 1o 130 um. The data. shown ir Fig 2, were
controtted samples where the beam spot diar- . which en-
circled 307 of incident laser energy was m.....red at the

- *984 amgrcan nshiute of Prysics 296
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Return-Current Heating and Implosion of Cylindrical CO;-Laser-Driven Targets

A, Hauer and R, J, Mason
Los Alamos Natiomal Laboratory, University of Califormia, Los Alamos, Naw Mexico 87545

(Received 1 April 1983)

The Helioa lasar system has Ynen used to delivar 2.3 kJ to the capped sud of 0,75~-mm-
long, 130-um-diam hallow rods of S-um wall thicknesa. Soft—x-ray pinhole piciures dem-
oastrate the oylindrical imploaion of thess targets. The measursd 130-aV cors tampers-
turea from the Altered pictures and the 7x10%-cm/s collapae velocity from optical streak
pbotogruphs are conaistent with heating by & 0.8<10%A r-u:rn current, representing the

vecycling cf 15% of the hot-electron emission.

PACS oumbers: 52.50.Jm, 52.25.F, 52.30.+r, 52.70.-m

At intensities which exceed 10'* W/cm? most
of the energy absorbed from CO, lasers goes di-
rectly into a relatively amall number of highly
energetic (> 200 keV) suprathermal elactrons.’
Thia energy must be ranxferred to a much larg-
er number of localized thermal electrons to ac-
complish laser fusion, Since direct classical
coupling of the suprathermals to the background
plasma has proven inefficient, we have initiated
an effort to use the aell-generated fields in spe-~
ciallzed targets to improve the energy tranafer.
Charge imbalance develops as suprathermais
leave a laser spot. The resultant E fields can
draw a return current, i an appropriats path is
provided, Benjamin et al.? have demonstrated
the existence of these currents, and their ability
to heat a target support stalk. This Letter re-
ports the first experimantal results from targets
deaigned to use the return currents to heat and
implode a thin-walled hollow cylinder—to pro-
duce a micro Z pinch.

A gcnematic of the “augmented return current”
(ARC) targets used in the experiments is given
in Fig. 1. Four tightly focused CO,-iaser beams
from the Los Alamos Helios laser system im-
pinge on the capped end of a long hollow, low-Z
cylirde s, coated with a tan layer of metal (gold
or alumirum). The cylinder is mounted at the
center of a large high-Z disk, Suprathermals
generated at the focus wiii drift toward the disk
in the plasma surrounding the cyiinder. A ther-
mai return current is drawn back along ite walls.
Resistivity of the waila results in Jouie heating
of the thermals. The B field from the resuitant
current loop can implode and further heat the
cylinder.

Experiments were performed on targets with a
var:ety of diameters and lengths, The gmallest
cylinders were matched to the mirumal laser
spot diameter. Their length was set at roughly 3
diameters to maximize the aspect ratio for cur-

rent-related effects, under the constraint of
minimum mass—{or maximum temperature gain
from energy depositlon. The minimum wall
thickness was set by limits on structural integ-
rity. The metal layer was added to provide a
brighter signature in x-ray pinhole picturea. The
earlier experiments® recorded currents from
eiectrans escaping to the walls of the target
chamber, The ARC targets were designed to
augment this current through the axial alignment
of the cylinder and beams, with a cylinder much
thicker than the earlier 10-um stalks, and with
the addition of the collector disk for poasiblie
suprathermal entrainment. The presence of
thermoelectric, Vax VT B flelds has been recog-
aized for some time,’™ The cylindrical return
currents axd any pinch effect should serve to en-
hance these fields. Suprathermal drift down the
cylinder? is consistent with a B fleld, directed
as in Fig. 1, and with an outwardly directed £
fieid for containment of the electron cioud. The
axial £-field component, drawing the raturn cur-
rent against resistivity, introduces a “tilt” in
the £ x B drift, which should aid capture of the
suprathermals by the cylinder wali. Aiternative-
ly, the B field around the cylinder should help to
shield its interior from suprathermal preheat.’
The return-current effects discussed here will
be reduced to the extent that deposited energy is
iost to fast-ion blowoff. However, cylindrical
geometry may serve to reduce fast-ion losses,
as compared to those from foils,® since the area

/A g CO2

; " Laser

: o BEAMS

-
Subport

Ic Return elactrons

FIG. 1. Sketch of the ARC wmrget lesign.
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K. G. Whitney, P. C. Kepple, and I. Davis
US. Naval Research Laboratory, Washiagton, D.C. 20575
(Receavad 22 Navember 1982)

High-energy COriaser radiation has been used to implote ges-filled sphencal targets to very high
denaities (10" <, < 107 cm =" and temperaturas (~ 800 V). The imploded gas was composed pn-
manly of DT with 2 small amount of argon sced. The detailed observation of radiation from the ar-
gon was & pnmary di Jf the imploded-plasma conditions. An extensive analyss of the emit-
ted argon specirum provides a nch source of information on plasma parameters. In most cases one
could not assume local—thermodvnamic-equilibnum condions. A very detailed collisionai-
radiative model was constructed n order 1o analyze the spectrum. In view of the complexity of the

AUGUST 1983

Detailed observation and analysis of radiation from high-density laser-imploded targets

calculations that had to be performed and the care qeeded in data acquistion and proce ng. the
agreement between theory and expenment was very good.

[. INTRODUCTION

Laser-dnven implosions have produced high-tem-
perature compressed plasmas with densities comparable to
or greater than ordinary solids ta few gZcm®).' =% A whole
new regime of very high-density, high-temperature plasma
conditions has thus been opened for laboratory investiga-
ton.

The production of very high-densuy compressed plas-
mas 15 central to the inertial-confinement fusion concep:
Analysis of the radiation from these dense plasmas 15 an
important source of information on therr condttions. This
analysis may. howcver, mnvolve relatively complicared
modehng techmques  In this paper we descnbe techniques
that have proved useful in the modeling of radianon from
compressed plasmas with a density of a few gm/cm’  The
expenment anajvzed here has been reported previously -

In Fig. . we show a typical target used in high-
compression laser-1mplosion expenments. The targets are

L. sAS - <Ha PLASTIC [DATING
~T + aRGON 10-100um

200, -—

FIG i Target used tu produce mgh-density laver-dnven 1m-
plosions

imploded by wradiating them with high-intensity CO;-
laser light from the Los Alamos National Laboratory
Helios laser facility. Laser energy on target ranged from
3—6 kJ and the half width of the pulse was 600—800 ps.

Within the targe: 1s a glass shell filled with a variety of
gases; DT s used as the fuel for thermonuclear burn.
Spectroscopic diagnosis of plasma temperature and densi-
ty 1s accomplished by seeding the DT fuel with a smal!
amount of higher Z material, such as neon or argon.
Analysis of line emussion from the higher Z matenal 1s
one of the most direct diagnostics of compressed density.

The thick layer of plasuc surrounding the giass shell
reduces the preheat of the fuel due to suprathermai ( ~ 100
keV) electrons and ailows an ablative implosion of the
shell. Ir carlier work of this type* only the thin glass shell
was present.  Long-me-n.{rec-path electrons tended to
umformly heat and t-us explode this shell. In the present
work a slower less explosive implosion® has produced con-
siderably higher densities of the order of 20 umes the
hiquid density.

In Fig. 2, we show the general features of argon ems-
sion from highly compressed piasmas. The top trace was
taken with an exploding pusher 1arget irradiated by about
3 5-kJ laser energy on target and represented a compressed
slectron density of about 9x 10°2 cm ™', The middle trace
was obtained from a target with a coating of 25-um
CH;, r'and 4.5-kJ laser energy on target). The
compressed efectron density here is about 4 = 10°' ¢cm *'
The final trace was produced by a target with 50-um
'CH,); coating and about 5.8 kJ of laser energy. The
compressed electron density 1s about 7 < 10" em ™" In the
expeniment represented by the top trace of Fig. 2 the laser
heats the glass shell directly; lines due to calcium and po-
tasstum, which are impunties (n the glass, are excited.
When a laver of about 25 um of plastic 1s added these
hines are suppressed.

The denstties 1n these expenments’ were measured pn-
manly by fitung time integrated x-ray speciral profiles to
theoretical calculations. The theoretical calculabions were
made for specific densittes and did not attempt 10 take

963

99



VoLuwa %0, Numsiz 26

PHYSICAL REVIEW LETTERS

27 Juns 1983

Intensity-Dependent Abserpiion in 10.6-pum Laser-llluminated Spheres

D. R Bach, 0. E, Casperson, D, W. Foralund, 8. J, Gitomer, P. D. Goldstone, A, Hauer,
J. F, Kephart, J. M. Kindal, R Kristal, G. A. Kyrula, K, B. Mitchall,
D. B, van Hulsteyn, and A. H. Williams
Unioersity of California, Los Alswos Natiowal! Ialovalory, Los Alamos. New Mexico 87545
(Recaived T March 1963}

Ax tniwseity deponderce of the absorption of 10w m lagar light on COy-laser~fusion
han beva ohierved. Abnorptios o goid spheres tnorasses from 25%—30% at 10V
W/om? 0 508408 at 10" W/om!, with most of Ghe variation securring above 10 W/em!,
Concucreatly, bot-alectron tersperature scales s Thg %1% over the entire range. The
sbooTption variation is interpreted 48 enbanced resossnt absorpticn., 't is suggested that
2a intsnaity 18 inorsased, the oritiosl surfhce in the irradisied region bacomes increasing-
ly unstable, theraby parmitting greater surface digtortion and more favorable coupling

canditions for regomant absorpticn.

PACS munbare: 32.25.Ps, 52.35.Ra, 52.30.0m

The absorption of lager energy is an important
{actor in the overall performance of a laser-fu-
sion target capsule. At the 10.8-um wavelength
produced by CO, lasers, spherical-target absorp-
tion was previously ghown to be in the range 203~
0%, for intensities < 10" W/cm® and belew.n? We
report hart the cbservation of an increase in ab-
sorption to as high as 60% when intensity is in-
cressed to 10'* W/em?.

Tha experiments reported here were done on
the Los Alamos Nationzl Laboratory eight-beam
Helios CO, laser facility,® at energies up to 5 kJ.
The targets were gold spheres mounted on sien-
der glass stalks. The dlameters were 0.3, 1,
and 2 mm, with wall thickness betweer 0.3 and
31 pym. Absorption was measured with an array

T T

T T NI S a8 £ 4

ABSORPTION - %
s % 8 3

3 8

3

NI | PR
o' 0’ o ot
INTENSITY 10" wrem®

FIG. 1. Absorption vs intensity for geld spheres:
trianglsa, 0.3 mm diam (9 shots); squares, 1.0 mm
diam (82 shotn); dota, 2.0 mm diawm (43 shotm). Error
bar is average for all shots and includes the standard
deviation of the varicus calorimeters. The curves
ary least-squares linser Ots to the data.

St 1]

of fourteen calorimeters* deployed around the
target chamber, egch sensitiva to particle flux
as well as to x-ray photons; scattered 10-um
light is apecifically rejected.

Figure 1 shows the shsorption a8 a function of
intensity. The latter in varied primarily by de-
focusing and occasionally by total-energy varia~
tion, Individual beam intensity at best focus is
computed with a 100-um spot diameter containing
5% of the energy, and a pulse width of 0.75 ns
(fu)t width at half maximum). For all eight beams,
an energy-weighted average is used to determine
laser intensity. Defocused intensity is obtained
{rom simple geometric conaiderations with an
f/2.4 beam expansion from the waist.

The data show 2 very clear doubling in absorp-
tion for 0.3- and 1-mm-diam spheres as {nten-
sity is increased from 10" to 10" W/em'. The
effect is not as dramatic with the 2-mm spheres,
absorption increasing from 25% to only ~ 35% at
10'® W/em?. The variation with target diameter
may be an instrumental effect, Meagurements of
the ion anguiar distribution on flat targets show
the presence of an fon plume in the direction of
the target normal, In the prescat experiments
the normal is nominzlly toward the laser focus-
ing mirrors. The ions involved are not collected
by the calorimeter system and may represent an
increasingly significant amount of undetected ab-
sorbed energy as the target radiug increases.
However, we cannot rule out the possibility that
the diameter variation is real, a point which we
will return to later.

Additional supporting evidence for the intensity
variation has been obtained from acattered-iight
measurements under single-beam illumination on
1-mm-diam targets. The //2.4 focusing optics

2082 © 1983 The American Physical Society
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Use of Laue-geometry x-ray diffraction in the spectroscopy of
laser plasmas

Allan Hauer

Los Awmos \etionad i ubaratory U npversdy of Gubfornu Los Mumos. New Mexico 87545

Recenved March 11148l

Laue v ray cevstal dittraction gécmetey citers a number of advantages fur the spectruscupic diagnusis uf laser plss-
mas  Applicationy ot this diltraction contiguration, such as absorpticn spectfoscupy. tme-resolved spectroscupy

N4 Ty potatization Measurenents are descnibed

(‘rystal x-rav spectruscopy has hecome a common and
useful diagnostic of laser-produced plasmas.'! Most of
this wor! has utilized what is termed Bragg-diffraction
seornetiy. 1n which the x-ray-dilfracting planes are
arproximately parallel to the entrance surface. Laue
zeometry utlizes ditfraction from planes that are ap-
pruximately perpendicular to the entrance surface.”
‘The most important aspect of this geometry is that it
produces quasi-focusing, as shown in Fig. lia). All
wavelengths from a point source are diffracted to lie
(approximately) along the same line perpendicular to
the axis that passes through the source point and is
parailel to the diffracting planes.’

The focusing is not completelr stigmatic for either
perfect ur mosaic crystals.  As is shown in Fig. 1(b). the
width of the diffracted beam is governed by the thick-
ness of the crystal.!  The width of the diffracted beams,
and thus the approximate focusing resolution. is

TOREELE S 3

LT
where ¢ is the cryvstal’s thickness and #4 1s the Bragg
wigle. Given -hes hmitation on the spatial resolution.
the quasi-focusing characteristic is still quite useful in
spectrograph deswgr.  Kinematic diffraction theory”
shows that the maximum diffracted intensity in the
Laue geometry occurs when the crysial's thickness s
I w., where u.. is the linear ahsorption coetficient. A
rough expressien tor the resolution could thus be writ-

ten as

W= sini2f )

wacos iy

A high-energy spectrograph utilizing this geometry
has already been uperated.” In this paper several other
ideas are described for applications of Laue-geometn
diffraction to Iaser plasma spectroscopy.

Une application of Laue diffraction 1s in absorption
spectroscopy.  The dense compressed core of laser:
imploded plasmas may sometimes be too cool to pro-
duce usable self-emission te.g.. for diagnosis of com-
pressed densitvh. One methud of doagnosing such
phasmas would be 1o use an cxternal socice of radation
AT emplin abserption spectroscopy This, bowever,

S dn R S 0spdSg oSt an o

puses some problems for instrumentation. One wants
to probe a region of small spatial extent. Crystal dif-
fraction, however, requires an angular spread (given by
Bragg's law) in order to produce dispersion. In Fig. 2.
we show two Laue diffraction configurations that are
applicahle to absorption spectroscopy. If the source is
small, the configuration of Fig. 2(a) is appropriate. In
Fig. 2(a) diffraction from the second crystal is used to
protect the film from being blackened by direct radia-
tion from the main target. This configuration requires
the rather precise alignment that is characteristic of
douhle-crystal spectroscopy.” A small source may be
more appropriate for strong high-energy continuum
generation, since high laser flux will lead to higher
plasma temperatures. If a more distributed source of
x rays is employed. the configuration in Fig. 2(b} is ap-
propriate. The quasi-focusing geometry will effic’ently
shield against background radiation (such as hard x rays
generated by the primary target itself).

We consider a tvpical example of the application of
the configuration in Fig. 2(b). For a moderately dense
compressed core, probing with radiation in the region
ot 10 keV might be appropriate. Consider a band from
10to 12keV. Fora Ge crystal (220 planes and 2d = 4.0
X0, the Bragg angle would vary from 18 to 15 deg. In
practice, the probe source cannot he located closer than

th

Fig 1. tarQuasi focusing produced by Laue-geometry dif-
traction; aut of the plane of this tigure the heam s diverzing
The line ‘ocus is normal to the plane of the figure. (b, lllus-
tration ot the etfect of ervstal thickness on tocusing.
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Experimental Evidence for Self-Genornted Magnetic Fisida sud Remote Energy Depesition
in Laser-Irradiated Targets
M. A, Yates, D. B. van Hulateyn, H. Rutkowski, G. Kyrala, and J. U, Brackbill
Los Alamos Natiomal Labovatory, Los Alamos, New Mexico 87545
(Received 1 July 1982)
{n a saries of experiments uaing two-, four-, and sight-beam Lu.6-m-laser readia-
tion of a variety of target geometrtes, a significant amount of energy waa found to be

deposited In reglons remote from the focal spots. The deposition pattaros can be pre-
dicted with a self-generated maguetic field model.

PACS numbers: 52,50.Jm

Lateral trangport of energy away from laser
focal spots can play an important role in redis-
tributing energy deposition in lager-fusion tar-
gets. Work has been reported investigating the
qualiiative' and quantitative’ nature of this trans-
port. Recently, using a plasma simulation, Fors-
lund and Brackbill® have identified convective
transport of electrons in self-generated magnetic
fields as an important mechanism for surface
transport in laser-irradiated foils. In one simu-
lation with a laser intensity of 5x 10" W/em? in a
80-pm spot and a hot-electron temperature of 20
keV, peak fields of the order of 1 MG were calcu-
lated. The calculation has not been performed at
higher intensities comparable to those used in ex-
periment (~ 10'° W/cm?®) because the code does
not handle the relativistic effects of the high-en-
ergy electrons generated at these intensities, In
general, the ratio of electron to magnetic field
pressure is of order 1 in a magnetized sheath
whose thickness is large compared with the elec-
tron gyroradius, This Letter presents experi-
mental evidence for the nonuniformity cf energy
daposition predicted by the magnetic field model
in a variety of target geometries progressing
from flat, to cylinders to spherea.

From the simulations, a simple qualitative mod-
del has been developed. Briefly, the model de-
scribes lateral energy transport by electrons in
magnetic fields generated at the periphery of the
laser spot by lateral temperature gradients in
the corona, These gradients are maintained by
electrons confined and drifting in the magnetic
field, resulting in the convective transport of en-
ergy from the beam spot to the edge of the mag-
netized reg’ . The interaction of the magnetic
field and electrons produces a thermal magnetic
wave* which propagates across the surface until
disrupted by fringing fields at the target edge or
by destructive interference with the wave propa-
gating from an adjacent beam.

A result of this description is that the higher-
energy electrons which transport energy away
from the laser spot are magnetically insulated
from the target surface. Howwver, where ther-
mal magnetic waves from adjacent beams inter-
fere, as depicted in Fig. 1(a), there is a magnet-
ic field null, At that point the electrons deposit
their energy into the target, We have performed
an experiment with two beams on a flat target
which dramatically shows this effect, as seen in
Fig. 1(b). In addition, we have taken data in more
complex geomeiries which also show patterns of
deposition consistent with transpoxi dominated by
self-generated fields.

All experiments were performed at the Helios
laser facility® of the Los Alamoa National Labora-
tory. This is a carbon-dioxide system with a

MAGMNETIC
FIELD LINES 7

w LASER SPOTS)

FIG. 1. Energy deposition region between two laser
beams as {a) predicted by slmulations using tive
electron transport in self-generated magnetic fields
and (b) recordad experimentally with an x-ray pinhole
camera from two heams spaced 1 mm apart on a flat
gold target.

1702 © 1982 The American Physical Society




Acceleration of muiti-species lons in CO, laser-produced plasmas:

Experiments and theory
Fred Begay and David W. Forsiund

University of Califorma, Los Alamas National Laboratory, Los Alamas, New Mexico 87345

{Received 27 April 1981; accepted 10 May 1982)

Experimental and theoretical results on the properties of CO, laser-induced carbun and
polyethylene (CH,) plasmas at laser intensities of ~ 10'* W/cm? are presented. The Thomson
parabala technique is used to measure the ion velocity distribution in the underdense expanding
plasma which is cellisionless and isothermal. A model which treats the problem of the
collisionless expansion of an isotherma, e!ectrostatic multi-cold-ion quasineutral plasma will be
used to interpret the experimental resuits. Experiments and theory show that the effect of
hydrogen tn the CH, target induces a cutoff in the carbon ion velocity distribution. Theory
suggests that acceleration field attenuation effects modify the behavior of these plasmas. Data
suggest that the space~time evolution of the ion velocity distribution is completed before an
tonization-recombination equilibrium is reached. Experimental results from the underdense
region are used to estimate plasma parameters near the critical surface, which show that the
presence of hydrogen in the target apparently greatly reduces the thermal t¢émperature near the
critical surface, probably due to 2nhanced lateral energy transport.

1. INTROIUCTION

In laser-matter wnteraction experiments, a basic under-
standing of the dynamics of the expanding plasma in the low-
density coronal region is essential to describe the effects of
nteraction processes, such as laser absorption and scatter-
ing, on the implosion efficiency. The inertial confinement
process must proceed with high implosion efficiency to
achieve successful thermonuclear fusion yields. The diver-
sion of absorbed laser energy from the implosion process to
the production of energetic 1ons and electrons and other
losses must be mintmized.

Much attention has been devoted to the question of ex-
panding collisionless ton flows in laser-induced plasmas.* *
In these studies the properties of single-1on flows were inves-
tigated. The expansion into vacuum of a collisionless plasma
with two 10n species was first treated by Gurevich er al.}

In this paper we propose a model which treats the ex-
pansion into a vacuum of a collisionless electrostatic plasma
with an arbitrary number of ion species. If the initiai condi-
tions are properly chosen, the density and velocity flow solu-
tions in our model are 1n agreement with the density and
velocity flow solutions reported in Ref. 3. The model will be
tested with experimental data from laser-induced carbon
and polyethylenc plasmas. In particular, we wish to examine
the effect of hydrogen impurities on carbon plasmas. We
have fouad that this work is the first 10 investigate both ex-
perimentally and theoretically the »ffect of hydrogen impur-
ities on carbon plasmas.

Results from many investigations* on typical density
and temperature profiles of the laser ablatinn process are
summarized in Fig. 1, where four regions have been defined
as a function of different states of matter.

{1) The undisturbed solid (I} bounded by the shock front
(sh

.12) the shock compressed region (II} bounded by the

1875 Priys. Flukis 25(9), Septumber 1982

0031 9171/82:091675.11501 30

ablarive surface (a),

(3} the overdense heat conduction zone (1I1) bounded by
the critical density layer (c) and

{4) the undesdense expanding plasma (IV).

This paper will primarily report on the experimental
and theoretical resulls in region 1V, where the underdense
expanding plasma is collision-less and isothermal. We at-
tempt to determine the electron temperature in the low-den-
sity corona, how that varies with target material, and what
are the implications for energy transport.

Many CO, laser-matter experiments® have been per-
formed at Lns Alamos to investigate the effect of target 1m-
purities and surface contamination on the behavior of laser-
induced plasmas.

Experimentally, we observe that the pure carbon plas-
ma expands isothermally, and that the C*® ions do acquire
asymptotic kinetic energies of approximately 9 MeV. The
C~"and C** ions appear to self-consistently attenuate the

nlslectrons/cm®)
Thavi

FIG | Typical denuity—temperature profiles versus distance of the isser
ablation process
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Surface plasma absorption in an integrating
sphere at high optical flux lavels

Richard Kristal

University of California, Los Alamos National Laborato-
ty, P.O. Box 1663, Los Alamos, New Mexico 87545,
Received 2 March 1982.
0003-6935/82/111885-03%01.00/0.
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Integrating spheres have been used in the paat to make 4=
acattered light measurements an laser irradiated targets.'?
From these measurements absorption of laser light by targets
has been inferred. In investigating the extension of this
technique to higher-energy laser fusion measurements, a
strong nonlinearity was observed in the sphere response. It
takes the form of a saturation of the energy output signal es
the input energy is increased. The problem was traced to
optical breakdown of the walls of the sphere with significant
absorption occurring in the plasma generated on the walls.

Integrating
sphers

Incigent
€Q, deams

4 \7
/,§ \ TS salt reiay
/ / / lanses

} Germonwum
San .
“ndows - filtar
Time resqived I:;:x?:':"v
chonnel .

Fig. 1. Integrating aphere experimental configuration

A diagram of the experimental setup is shown in Fig. |
The sphere ia 30-cm diam with a diffuse gold-coated interior
surface. Two laser beams enter the sphere through /2.4
entrance holes. The laser source was the Loy Alamos Gemini
two-beam CO4 laser facility with a capability of up to ~500

f

'

SIGNAL AMPLITUDE {ARB.UNITS)

" A 1 ' s .

0 é—

o 10 00!00‘005(10600’609@
TOTAL BEAM ENERGY (J)

Fig. 2. Energy lintegrating ch. 1) vs lotal beam

envegy. Solid curve is least-squares third-degree polynamial fit.

Dashed curve 1s computed from time-resolved data normalized to the
polynomual fit at 300 J.

J/beam in a 1-nsec pulse at A = 10.6 um. Two detectors were
used on the sphere, one integra’:ng and one time-resolved.
Both were pyroelectric but of different material and design.
The detectors were coupled by salt aptics to baffled access
holes in the sphere. The spbere and optics were mounted
inside the evacuated target chamber (10-6-10-5 Torr} in
which experiments were performed; the optical detectors were
mounted outside the vacuum chamber.

To use the sphere for target reflectivity measurements it
is calibrated in situ by firing the beams directly into the empty
sphere. The beams then impinge on solid copper diffuser
plates. In this mode and in ideal conditions the signal ob-

1 .June 1982 / Vol. 21. No. 11/ APPLIED OPTICS 1885
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PHYSICS OF ELECTRONIC aND ATOMIC COLLISIONS
$ Datz teduor)
D “arth-Holand Publslung Company 1987

SURVEY OF ATOMIC PHYSICS [SSUES IN EXPERIMENTAL
[NERTIAL CONF INEMENT FuSION RESEARC..*

Allan Hauer

Iniversity of Zalifornia
L35 Alamos Hatianal Laporatary

£, 0. T, 3urns
hangra National Laboratory

ATOmIC pricesses impact Many 3f the nteractions important to
inertial confinement fusion, For axample, tonization af bound
2lectrons represent dne af the primary stopping mecnanisms for
antn tons ind aiectrons. Atomig processes are alsg :mportant in
predicting the denhaviar af tne very dense plasmas which are central
*g the success af 1nertial fusion. Atomic spectroscopy 5 an
'mportant d1agnostic of ICF plasmas.

{NTRODUCTIUN

‘nart1a) confinement Fusion (ICF) reguires the production of high temperature,
atgn density nlasma. -aser driven implosions have, for example, been ahle to
arnauce plasma aensyties 3f the same magnitude as ordinary sol'ds {a few

g/cmt w1tn temperatures Jf the order of a kilovolt. Atomic pracesses play

an mportant role 'n the jeneratton of such plasma conditians. [n agdition,
1i0mIC Speciroscony nas become in 'mportant diagnustic of [CF olasma conditrors.

amic orpcesses are also very 'mportant n the physics of ICF drivers, Jesign
o0 sources ana accelerators, beam orupagation, more effictent and sarvaple
wavalargrn 'asers, are c-aciail problems in tne [(F field. Space does not,
“2wever, Jermit Jealing ~1th this very important component 3f tne [CF field.

+

Y

In T1g, i, 4@ tllustrate tne general nature af the infaractions involved 1n
sartic’e and iser driven zampression,

£30a~N0iMG CORONAL

N
Lauua RPN
aragiaTon

€

aBLaT N weoE35E2 TnaE

oy . Frgure 1.
2unCass 20 . . 4

~.~:n: na R A w o Schematic af Ldser/Part
B ARRE amscae oy s cyrger Intaraction
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In tne Zase of taser neatina, anerqy 15 absorbed at_an 2lectron density near
the critrcal vilue far the laser snyvolvea /1019 cm3 for CO,, 10

a3 Ndiglassi. Atomic processes can be gquite yMPOTtant in tre 1omization
and recambinatign Jynamics n the absorption region.
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Two-Dimensional Simulations of Single-Frequenzy and Best-Wave
Laser-Plasma Heating

D. W. Forslund and J. M. Kindel
Los Alamos Nauonal Laboratory. Los Alamos, New Mexico 87545

W_B. Mori, C. Joshi, and J. M. Dawson
Umiversity of Califorma, Los Angeles, Califoraa 90024
(Received 9 Oclober 1984)

Finie-beam, two-dimensiona! particle simulations of single- and doubie-frequency laser-plasma
heating are presented. In the single-frequency case, Raman backscaiter and side scauer initially
heat the plasma. Even in the absence of strong forward Rar.:an scattering, strong subsequent elec-
tron heaung is observed. When two collinear laser beams with dw = w, are used, a coherent plasma
wave heats the elecirons Lo many megaelectronvolts. In the latier case, ion dynamics eventually

disrupts the heating process.
PACS numbers: 52.65.+z, 52.25 ~b, 52.50Jm

Recently there has been a great deal of interest in
underdense plasma heating by intense laser beams.'
In order to understand the various processes occufring
in such a plasma, we have carried out two-dimensional
(2D) mobile ion particle simulfations using finite laser
beams incident onto a large-scale highly underdense
plasma. Previous 1D simulations have indicated that
Raman backscattering (RBS) and forward scattering
(RFS) can play an important role in heating the ¢lec-
trons to high energies in such plasmas. An impotiant
question is whether the heating process is altered by
2D effects. Some of the 2D phenomena arc Raman
side scattering (RSS). seif-generated magnetic fields,
Weibel instabilities, whole beam self-focusing, and
filamentation. In this Letter we show that these com-
peting effects do indeed occur. Furthermore, at very
high laser intensities electrons can be strongly neated
even in the absence of coherent forward Raman
scattering.

In order to understand the energies of electrons pro-
duced in wave-particle interactions. 2D simulations of
beat heating of the plasma by two collinear lasers with
frequency difference equal to the plasma frequency
have been carried out. In this case a very coherent,
large-amplitude plasma wave is set up at wave number
ky = kg—k,. The time to saturation and the saturation
amplitude of the plasma wave electric field is in
reasonable agreement with Rosenbluth and Liu's?
theory. This coherent plasma wave heats the electrons
to many megaelectronvoits and produces maximum
electron energies predicted by single-particle theory.}

The simulations were carried out using the particle
code wave on a Cartesian grid in the x-y plane. The
plasma is 60c/w, long in both x and y. The laser beam

has a cos’y transverse profile with zero amplitude at
10c/w,and S0c/w, in y. Other parameters are
T/Te=1. m/m,=1836, and {24T/mcHV=0.1.
Simulations were carried out with different laser and

558

plasma parameters to covcr the parameter regime of
interest in both laser fusion and the plasma beat-wave
gccelerator.? As representative of these simulations,
we discuss tw: particular cases in thi~ paper.

First, a single-frequency laser beam with an rms in-
tensity vg/c = 0.8 and a rise time r of 800/w, is inject-
ed from the left-hand boundary in the x direction into
a plasma with wo/w, = 5. Here Vo/c = e£;/mcw is the
quiver velocity in the laser field £; and wo/w, is the ra-
tio of the laser frequency to the plasma frequency. Ra-
man backscatter/stimulated Compton scatter (SCS) is
first to appear with a broad frequency spectrum peakcd
at frequency wy~w, at time 300/w,. The RBS/SCS
plasma wave with v,/v,—~ 1.5 does trap and heat a
few electrons to a maximum energy of —~ 100 keV.
An interesting feature revealed by the 2D simulations,
as shown in the contour plot of Fig. 1(a) even at this
early stage, is the generation of a magnetic fieid in
such an underdense plasma. At this early time, 300
Xw,” ', the magnetic field is typically w./w, ~0.1
(~200 kG for CO, parameters) and has a pattern
characteristic of hot-electron filamentation due to the
Weibel instability,’ as shown in the slice plot of Fig.
1{b). On the other hand, later in time when direct
laser heating dominates, the magnetic field can reach
w,/u, ~ 0.6 and it is indicative of a current pattern
produced by a single beam of energetic electrons mov-
ing down the axis and a relatively colder return current
of electrons on the outside of the directed electron
beam.

The most striking difference between the 1D and
2D simulations, however, is the occurrence of RSS in
the latter. RBS evolves very quickly into RSS as the
plasma begins to heat up and damping for the short-
wavelength plasmons increases. Initially, RSS occurs
in the backward hemisphere over a broad range of an-
gles but at laier times occurs predominantly in the for-
ward hemisphere. In Fig. 1{c) the contour plot of the

© 1985 The American Physical Society
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Plasma Heating at Collisionless Shocks Due to the Kinetic
Cross-Field Streaming Instability

D. Winske,' MoTtorTko Tanaxa.? C. S. Wu,? anp K. B. Quest!

Heriing at coliisaless shocks due to the kinetic crom-field stramming instability, which ia the finite
hu(unodphnnuwmlnmdlhmﬂ:ﬁdtwﬂmumhhm-um

Heating rates are derived from quasi-lincar

theory eod compared with resulua from particle simulaticas
xolhnthudmmhnunlmnnmmh-m.md

beating paralie! 1o the magnetic field relative to

pupndmln h-un. for bon: the elactrons and ions inctease with beta. The simulatiots suggest that

of a Aattop eectron di o tha

level of ihe instabiviry, which is manifestod by the formation

i fiedd, As & result, Both the saturation levels of

the ftuctuations and the heating Tates docronse slurply with bzta. Applications of these cesults to plasma
heating in simulations of shocks and the aarth’s bow shock are descnbed.

{. InTrRODUCTION

It has been well established for many years that the heating
of plasma at collisionless shocks results from the interaction
with waves generated by microinstabilities, through many ex-
perimental investigations both in the laboratory and in space
of the heating of the plasma and associated wave spectra and
theoretical studics of the instabilities and their consequences.
Summaries of this work over the past two decades can be
found in the reviews by Biskamp [1973), Boyd [1977], David-
son and Kral! [1977), Greensiadt and Fredericks [1979], and
the collection of invited talks at the 1984 Chapman Confer-
ence on Collisionless Shocks.

The types of waves and the characteristics of the heating
which result depend on the sources of the free energy that
drive the instabilitics, which in turn depend on the nature of
the shock. For example, at quasi-perpendicular supercritical

ments clear identification of the particular instabilities which
provide the dissipation can be mude [e.g. Boyd, 1977; Fahr.
bach et al., 19817, this has not been true of spacecraft observa-
tions of collisionless shocks. Such shock encounters usually
exhibit a very broad spectrum of electrostatic and electro-
magnetic noise [2.g. Rodriguez and Gurnett, 1975; Gurnett et
al., 1979; Greenstadt et al., 1980]. The identification of the
individual wave mudes is diflicult, hampered by the fact that
only Doppler shifted frequencies are meatured and the wave
vectors are not resolved. The heating at such shocks in space
is primarily in the ions [Thomsen et al,, this issue}, while for
shocks in the laboratory the principal heating often occurs in
the electrons [e.g.. Boyd. 1977], although strong ion heating is
sometimes observed [c.g., Davidson and Freidberg, 1976]).

The principal instabilities which are thought to occur at
shocks are the ion acoustic and “lower hybrid™ modes. The

shocks the principal dissip hanism is the refl

and subsequent thermalization of some of the incident ions.
Such reflected ions lead to the abserved foot o pedestal struc-
ture in the magnetic field. bimodal icn distributions, strong
ion heating, and long-distance scale over which such heating
occurs [Montgomery et al., 1970; Greenstad! et al.. 1980]. The
reflection process has been clearly observed recently at the
bow shock [ Paschmann et al., 1982; Sckopke et al., 1983] and
in stmulations (Leroy et al., 1981, 1982; Forslund er al., 1984).
Electron heating for these shocks is usually less intense and
occurs over a much shorter distance, typically the length of
the magnetic transition starting at the {ront edge of the foot
[Bame er al. 1979). At quasi-parallel shocks. however, the
presence of larg plitude waves extending over a long Cis-
tance obscures the shock transition and the nature of the heat-
ing process [ Greenstadt et al.. 1977).

For gquasi-perpendicular shocks when ion reflection is not
dominant, the principal source of the instabilities which heat
the electrons and ions is the cross-fizld current [e.g. Biskamp.
1973; Lemons and Gary, 1978 Wu. 1982]. This cross-field
current implies a relative electron-ien drift. which gives rise to
vanous instabilities. While in some of the laboratory experi-
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ion ic instability is a short wavelength (approximate
clectron Debye length) high frequency (approximate icn
plasma frequency) eiectrostatic mode which has been studicd
extensively (sce reviews by Biskamp [1973], Galeev [1976],
Boyd [1977). and Papadopoulos {1977)). It gives rise to a large
resistivity znd heats the clectronr in the bulk of the distri-
bution and the ions in the tail of the distribution, as has been
verified by computer simuiation [Dum et al., 1974]. Evidence
for the existense of ion acoustic modes at shocks derives from
the obsceved electrostatiz noise and the fact that the width of
many skocks is with the threshold condition for the
ion acoustic instability [Morse and Greenstadt, 1976: Russell
et al., 1982]. The threshold condition has also been used to
distingutsh between resistive and diffusive lamunar shocks
[Mellorr and Greenstadt, 1984]. The principal difficulty with
the ton acoustic instability is that this threshold value. which
must be exceeded in order to excite the instability. 1s rather
large (v, £, > Ty T, where ¢, is the refative electron drift speed.
v, is the electron thermal specd. and T, (T) is the electron tion)
temperature).

In many laboratory experiments as well as usually ar the
bow shock, diti for the of the jon acoustic
instability are not satisfied. In such cases the principal neating
and resistivity is thought to come from the lower hybrid
modes. The term lower hybrid is used heic to describe various
related instabilities: the modified two-stzam instability [Mc-
Bride er al.. 1972], which is an electrostatic fluidlike mode. the
kinetic cross-field streaming instability [Wu er al. 1983),
which is its extension to finite beta {ratio of plasma to mag-
netic pressure), and the lower hybrid dnft instability [Xrall
and Liew zr, 1971], waich includes relative dnfts due to gradi-
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Measurement and Analysis of Near-Classical Thermal Transport
in One-Micron Laser-Irradiated Spherical Plasmas

A. Hauer, W. C. Mead. and O. Willi
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

and

J. D. Kitkenny. D. K. Bradley, and 5. D. Tabatabae)
lmperial College. London. Unived K ingdom

and

C Hooker
Rutherford Appleton Laboratory. Chulton, Didcot. United K ingdom
(Recewved 10 August 1984}

Solid spherical layered targets have been umiformly ilfuminated at irradiances of 104 o
10" W/ecm?. Extensive diagnostics including time-resolved x-ray emussion and optical prob-
ing were used to determine the plasma ablation rate and the plasma blowoff conditions
Comparisons with hydrodynamic simulations show that the thermal conduction 15 well
characterized by a flux limit f,=0.08 £0.02, with a steep temperature gradient The ste. -

nase of the heat front was confirmed with time-rescived spectroscopy.

PACS numbers. 52.25.F1, 5250 Jm

Knowledge of energy transport from the region
of the laser-light absorption to denser portions of
taser-produced plasmas is crucial to an understand-
ing of the laser-induced ablation process.'> Exten-
sive racent computer simulation work® has led to
the expectation that *‘classical’* transport in spheri-
cal laser-heated plasmas can generally be approxi-
mated by flux-iimited diffusion with a flux limiter
in the range of f,~0.06-0.2. Early work, largely
involving flat 1argets. indicated strong to moderate
inhibition of the heat flux relative to classical pre-
dictions.* Some of the more recent work involving
spherical targets has indicated transport levels closer
1o classical.’ with evidence of a penetrating foot in
one case.® Other work indicates some flux inhibi-
tion even in spherical geometry.”

In the present experiment we have used a
comprehensive set of diagnostics to characterize the
plasma conditions and thermal transport in a spheri-
cally symmetric plasma. We have made time-
resolved spectroscopic measurements {using both
low- and moderate-Z radiatir:g ions) of 1he penetra-
tion of the heat front in spherical plasmas. [n addi-
tion, we have used optical probing to measure
simultaneously the density profile of, and the mag-
netic field in, the underdense plasma. Comparisons
with hydrodynamic modeling show that (a) all ob-
servables are consistent with a high flux limit and
(b} the heat front shows no observable foot.

The targets used in this study consisted of solid
glass spheres ( ~ 160 um diameter), conaining Si
and Ca (among other constituents), coated with

three layers: (1) CH (0.5 to 2.5 pm thick ). (20 Al
0.1 um), and (3) CH (0.5 10 2.5 um). The sobd
glass ball prevented implosion of the target (and
subsequent inward movement of the cntical sur-
face).

The targets were uniformly tlluminated with the
six-beam, '.06-um, laser facility at the Ruth-
erford Appleton Laboratory.! The six beams were
focuszd by f/1 lenses with optical axes along the
faces of a cube. Incident irradiance levels were in
the range (1.5-15)x 10"* W/cm?. The laser pulse
had an approximately Gaussian temporal profile
with 0.83-ns full width at halfl maximum (FWHM)

The radial intensity profiles of the beams were
measured. Small-scale structure results in about
30% rms variation in intensity. The overlap of th=
six beams and beam-to-beam energy variation
resulted in about S0% (peak-to-valiey) large-scaie
variation in incident irradiance across the surface of
the sphere.?

The primary diagnostic of thermal transport was
time-resolved x-ray line spectroscopy. #&-ray line
emission was observed first from the thin alumi-
num layer (sensing temperatures of 206-350 eV}
and later from the silicon { ~ 250-400 eV) and cal-
cium ( ~ 500-700 eV) in the glass ball.'

X-ray emission from the target was dispersed
{with a thallium acid phthalate crystal} onto the slit
of a streak camera covering 1.7 to 2.4 eV. The
spectral and temporal resolutions were zbout 500
(A/AX) and 50 ps, respectively. A seventh laser
beam with very short duration ( ~ 100 p _ s used
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Nonlinear evciution of the lower-hybrid drift instability

J. U. Brackbill, 0. W. Forslund, K, B. Quest, and D. Winske
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

{Received 30 March 1384; accepted 25 June 1984)

The results of simuladions of the lower-hybrid drift instability in a neutral sheet configuration are
described. The simulations use an implicit formuhuna 10 relax the usual time step limitations and
thus extend previous explicit calculations to weaker gradients, larger mass ratios, and long times
compared with the linear growth time. The numerical results give the scaling of the saturation
level, heating rates, resistivity, und cross-feld diffution and a demonstration by comparison with
a fluid electron model that dissipation in the lower-hybrid drift instability is caused by electron

kinetic effects.

I. INTRODUCTION

The lower-hybrid drift instability remains one of the
most widely studied microinstabilitics, with many applica-
tions to both laboratory and space plasmas. Laboratory de-
vices in which the instability has been predicted by theory to
occur, inferved to be present from experimental data or sctu-
ally observed, include: theta pinches,'-* field-reversed con-
figurations.*® reversed field z pinches,'>!! tormac,'? tan-
dem mirrors,'* and bumpy tori."* Regions in spacz where the
instability 1s thought 1o exist include both the iono-
sphere'*~*® and the magnetosphere {bow shock, '° magneto-
pause,”® and magnetotail®'-*). While all of thesc applications
have received some attention, the two configurations most
commonly studied in recent vears with regard to the instabil.
ity involve a neutral sheet geometry: field-reversed configu-
raticns {FRC’s, i.e., reversed field theta pinches) and the
Earth’s magnetotail. In the first case the lower-hybrid drift
instability is thought to be responsible for the anomalous
pasticle loss across the separatrix,*” which eventually leads
to the destruction of the configuration, and the anomalous
flux loss in the region of the field null.® The lower-hybrid
drift instability has also been invoked as the cause of the
enhanced resistivity needed for reconnection in the magne.
totail,*"* although the mechanism by which the instability
penetrates to *he high-beta region at the field null is still
unresolved.

The lower-hybrid drift instability is a likely source of
turbulence in many of these configurations because it is rath-
er easy to excit=. It is driven by density and temperature
gradients {which can be very weak), relatively insensitive to
the temperature ratio, and completely suppressed only at
very high (~1) beta.”® Generally, most of the theoretical
work has involved local, linear analysis, including various
effects (finite beta,”>?" shear,'"?* curvature,®*° etc.) as
needed for specific applications. Nonlocal analyses have also
been carried out, but because of the complexity of the calcu.
lations, over much more limited parameter ranges.' These
calculations have enhanced the credibility .)f local theory as
well as addressed important issues, such as the penctration of
the linear eigenmodes to the field null in the reversed field
geometry, which is beyond the scope of local theory. Nonlin-
ear theory has also beca actively pursued.’*” Efforts have
been primarily aimed at investigating the saturation mecha-
nism(s} for the instability {as will be reviewed later). Besides
its intrinsic interest, the saturation level of the fluctuations is

0031-8171/84/112682-12$01.9C

neediad when evaluating appropriate quasilinear expressions
for the resistivity and heating rates.’**°

Numerical simulation has also played an important role
in verifying linear theory, eliciting saturation mechanisms.
and in emphasizing the nonlinear consequences (heating, re-
sistivity, diffusion) of the instability. A number of such cal-
culations have been done in two dimensions**~*? or with
pseudo-two-dimensional techniques,** both in simple sheati:
geometries and in reversed field configurations,**** The lat-
ter calculations are especially interesting because a charac-
teristically different mode develops st the field null, presu-
mably as a nonlocal, nonlinear consequence of the
lower-hybrid drift instability excited outside of this region.
Generally, however, the simulations have been limited by
the size of present day computers to examining either the
evolution of the instability ‘only through the linear growth
and saturation stages or to the use of somewhat artificial
parameters (e.g., mass ratios m;/m, ~ 100 instead of 1836)
to compress time and disiance scales. The present study is
motivated in part by the development of an implicit particle
code VENUS.*® The implicit formulation relaxes the well-
knewn restrictions on time step and cell size, allowing the
extension of previous calculations to either larger mass ra-
tios, weaker gradients, and larger system sizes (allowing
more modes to interact) or to long times compared with the
linear growth time. The long time behaviar is especially im-
portant because the instability is usually obzerved in this
state where its siow, nonlinear evolution causes diffusion
and heating in laboratory experiments that are srucial when
considering the scaling to reactor size devices. Similarly, in
space plasmas an understanding of the steady-state micro-
scopic diffusion and heating prccesses that occur at the bow
shock and magnetopause is needed to determine the overall
energy bal in the magr here

The major portion of this | paper is divided into three
parts, early tin:e, saturation, and late time, corresponding to
the natural phases of evoiution of the instability. In Sec. II
{early time) the geometry is descried, a brief summary of the
simulation method is given, and properties of the linear
modes obtained from simuiation are compared with jinear
theory. The saturation phasz is described in Sec. II1. Various
saturation mechanisms are reviewed and results of the simu-
lation are used to show that the scaling of the simulation
agrees with several of the theories. The saturation mecha-
nism is further clarified by studying the mode struciure in

© 1984 American Institute of Physics. 2682
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Ultrahigh gradient particle acceleration by
intense laser-driven plasma density waves

C. Joshi’, W, B. Mori’, T. Katsouleas', J. M. Dawson’,
J. M. Kindel' & D. W. Forslund'

* University of California Los Angeles, Califamnin 90024, USA
t Los Alamos Nationat Laborstory Los Alamci, New Mexico 87345, USA

Space-charge waves driven by resonantly beating two laser beams in a high-density plasma car preduce ulirahigh electric
fields that propagate with velocities close to c. By phase-locking particles in such a wave, particles may be accelerated to

very high energies within a very short distance.

DURING the past four decades, we have witnessed an increase
of six orders of magnitude in the output encrgy of high-energy
accelerators, while the cost per MeV has been reduced by a
factor of 16 per decade. But can this progress continue? Current
accelerators, such as the Stanford linac, have lerating fields
of 200 keV cm™'. However, for particle energies beyond 10 TeV,
one had to invent schemes that can produce fields ol at least
10MeVem™'. In any particle accelerator scheme, the basic
requirement for obtaining particles with ultrahigh energies is an
intense longitudinal electric ficld that intetacts with panicles
for a long time. Since highly relativistic particles move nearly
at the speed of light c, the energy gained by the particles, [E-dl,
is maximum if the field is made to propagate with the particles.
Extremely large electric fields propagating with phase velocities
close to ¢ can be produced by space charge waves in a plasma
(ionized gas). The maximum eleclnc_ﬁeld that can be produced
by such a wave is apprommntely Vn, Vem™', where n, is the
plasma electron densuy per cm’. Thus for plasma densmes in
the range 10'°-10°° electrons cm™, the longitudinal electric
fields E,, can be as large as 10-10"° v cm™'. We now show that
such high-gradient, high-phase velocity plasma density waves
can be driven by intense laser beams. If particles could be
phase-locked in such waves, this scheme has the potentiat for

accelerating particles to ultrahigh energies in very s..ort dist-
ances.

Theory

If an intense laser beam is propagated in a plasma, then in
certain conditions, the transverse electric field of the laser (which
may reach values of 10°-10'°Vem™) can be very effectively
transformed into 2 longitudinal electric field of a plasma density
wave. In the laser accelerator scheme known as the *Plasma beat
wave zccelerator’ proposed by Tajima and Dawson'”’, such a
plasma wave can be driven by beating two colinear taser beams,
with freq ies and bers (wo, ko) and (w,, k,}, m a
plasma resonantly, such that the freq y and the

of the plasma wave are

Wepe = Wo = W,
b= la=k “’
To achieve the uhrahigh I gradi high ity

plasmas (10'® < n, < 10%° cm™*} must be uscd. Also, because the
laser of frequency w, cannot penetrate a plasma whose density
exceeds the critical densily n,, corresponding to the pl

fi y wp =y, 7 wuh densities less than the quarter
critical densuy must be used. Physicaily, the plasma wave con-
sists of r2gions of space charge, which propagate with a phase
velocity Yph | lhal is equal to the gmup velocity of the beat wave
v =cll —w}/wd)'"/?. These arise b the spatial i y
gmdlem of xhe beat wave envelope, which is in the direction of
propngation, exerts a periodic force {ponderomotive force) on
the piasma at wavenumber k... The plasma wave is thus an
electrostatic wave with E,p. parallel to k..

When two parallel pmplgatmg laser beams beat in 2 plasma

resor.antly, the pl density fl grow rapidly. Using
fluid equations it can be shown that for vy/c« 1, the plasma
wave electric field, which is proportional to the perturbed
density, initially grows in time with a growth rate

5 =(1—"°(°) ﬁmw,) o (2)

4 ¢ c

where [19(0, 1))/ ¢ = eE;g )/ mwio, ¢ is the normalized oscilla-
tory velocity of an electron in the laser field. Wavebreaking is
approached when the perturbed density becomes as large as the
initial denmy. however, to reach this limit the plasma wave
must remain in phase with the beat wave. As lhe plasma wave
grows, the relativistic effect on the freq y hb
important® and the plasma wave saturates at a lower ampluudc
given by

E=

1/3
eEq =(!> vl 0) vn(l)) 3

Mwepu € 3 ¢ c

Once the saturation amplitude is reached, the plasma wave
amplitude actually begins to decrease, if this process alone acts
to sustain the plasma wave’,

As the plasma wave is an clectrostatic wave, we can use
Poisson's equation, E,,,, = 4men,/ k... to estimate the maximum
electric field that we might expect if we assume that the perturbed
electron density is equal to the initial density (the so-called cold

y{clwp) WA" NA g
e
30 (J e
FRTIE
1=180/0p |
! —_—
o a0 a0
x{clwp)
T T T
0.4 F~r~, - Fluid Theory -
< oo
h
—0.4 :-womp A
I !
] a0 80

Fig. | Potential contours of the space-chasge density wave driven

by the two laser beams at time 150/w, {a} section trough the

centre of the longitudinal electric field of the plasma wave (b).

The dotted line in b shaws a comparison of the rate of plasma

wave build-up as predicted by thz uid theory with that gbtsined
in these two-dimensiLnal simulations.
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Laser-induced profile modification: Effect of electron response
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Puysical processes which occur at the critical surface such as resonance absorption and scattering
of the incia2nt inser light are very sensitive to the exact form of the laser induced density profile.
The presence of “overdense bumps™ in density profiles bas been seen experimentally and
calculated theoretically using a simple isothermal model. These structures are important, in that
they could, in an experimental situation, reflect a signiticant amount of light before it reaches the
critica) surface and considerably afect the physics occuring within a laser pellet target. A
generalization of a previous calculation by using an arbitrary equation of state {density response of
the clectrons to the electrostatic potential ¢ ) of the form p = p{¢ ) is obtained. In particular, two
models for the electronic response (one including the effects of the presence of trapped electrons
within the overdense shock structures) calculating the resulting effect on the produced density
profiles are investigated. Qualitatively, it is found that the presence of overdense structures and
their one-dimensional stability within an underdense plzsma is unaffected by the more general
electronic response. Conditions for the existence of these structures are discussed and a detailed
comparison with full particle in cell (PIC) code simulasions is made, emphasizing the trapped
electron model where excellent agriement is obtained.

L INTRL.DUCTION

The absorption and scattering of laser light at the criti-
cal surface o; Iaser-driven fusion targets is an extremely im-
portant factor in the evencual success of laser fusion. These
proceases are very dependent on the exact form of the in-
duced density profiles. Other processes such as energy trans-
por: into the plasma, harmonic generation,' magnetically
induced surface transport, etc., depend sensitively on the
amount of profile steepening at the critical surface. The pos-
sible presence of locally overdense structures in the under-
dense shelf could drustically affect the amount of energy ar-
riving at the critical surface and thus coupled to the plasma.
Density modification has been observed experimentally,’-*
and there have been numerous simulations and calculstions
of it.™"” The fact that the laser steepens the density profile
was first pointed out by Fis:slund efal.’ The structure of the
profile has been calculsted by Lex et al.® in the limit of zero
absorption and by Stellingwerf et a.'® when light is absorbed
st the critical surface by the plasma. Virmont er al.'* and
Mulser er al.'* considered the effects of spherical geometry.
Mulser eral.'® examined the case of supersonic to supersonic
tranaitiess, but Powers et a/.'? demonstrated that these tran-
sitions were unstable. The only swable transitions were sub-
sonic to supersonic transitions considered earlier. Max and
McKez'* noted that the laser pressure or the pressure from
the beated electrons could drive ashock wave intothe target.
Sanmartin and Montafies'? noted that the exact form and
strength of the shock were very depenident on the time de-
pendence of the heating. Mayer ¢ral.!” and Max ¢t al.'? con-
sidered the effect of phenomenologically alterad heat filow on
the density profile. And recently, Jones e al.'* and Forslund
eral.® have considered the effects of self-generated magnetic
flelds on the density proiile.

We wish to present in this paper a simple analytic model

28 Phys. Fluids 27 (9), Segtembaer 1934
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for the formation of density profiles induced by an incideat
laser beam and to investigate the effect of the electron re-
sponse on the profile steepening and the existence of “‘over-
dense bumps”’ or compression-rarefaction shocks. In an ear-
lier paper® we discussed three possible types of density
structures for a laser normally incident on an expanding slab
of plasma. These structures are pictured diagramatically in
Fig. 1. Here the laser is incidept from the right with the
plasma expanding from the left. The first structure (a} con-
sists of a rarefaction wave connecting the upstream density
to 8 platesu-like ares ending in a rarefaction shock at the
critical surface. The second structure (b} is a combination of
a rarefaction shock at the critical surface and a compression
shock downstream. This combination we have denoted as a
compression-rarefaction shock. The last structure (c) it basi-
cally a piston where all the particles are turned around by the
impinging laser beam reflecting them back upstream. This
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F1G. 1. Three possibie density profiles (u! rurefaction plateau, (b) compres-
sion-rarefaction shock., and (c) piston.
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Collisionless Dissipation in Quasi-Perpendicular Shocks

D. W. Forstunp, K. B. QuEST, J. U. BRackeiLL. AND K. LEE

Los Alumos National Lahorator

Mici p in q

plasma simulations in which el

dicular shocks are studied by iwo-dimensional

u\d ions are treated us parucles moving in self-consistent

ele:lnc and munellc ﬂelds Cross-field currents induce substantia! turbulence at the shock front

g the d ion i

increasing the bulk ion temperature behind the shock. doubling the

avernge megnetic amp thickness. and enhancing the upstream field aligned electron heat flow. The
short scale length magnetic flucturtions observed in the baw shock are probably associated with this

trbulence.

INTRODUCTION

Understanding of the dissipation of energy in collisionless
magnetic shocks has been sought for many years. Sateliie
observations of the earth’s bow shock illuminate the struc.
ture of collisionless shocks including ion reflection |Mont-
gomery et al.. 1970: Paschmann e al.. 1982). magnetic field
overshoot [Mepprer et al.. 1967, Livesey er al., 1982],
thickness of the transition layer (Russell and Greenstad:.
1979]. electron and ion heating rates [Bame er al.. 1979). and
high-frequency fields [Greenstadr er al.. 1980; Rodrigue:
and Gurner. 1975, 1976} in the shack layer itself. Compared
with these observations. one-dimensional particle simula-
tions [Biskamp and Welier. 1972: Auer et al.. 1971} typically
overestimate the number of reflected ions because cross-
field resistivity is absent. One-dimensional hybrid simula-
tions [Leroy et al.. 1981. 1982] that treat the resistive heating
phenomenolcgically describe the thickness of the foot region
and the overshoot region. However, the mechanism for
electron heating is unknown and the proper ramp thickness
1s not obtained in such mndels. Here. some preliminary
results are pr d from 1+ J-di ional pl simula-
tions of quasi-perpendicular shocks that resoive the jon and
electron time and space scales. The new results not only
reproduce or extend most of the one-dimensional simulation
results reported earlier. bui also allow one to identify
imponant new electron and ion dissipation processes in the
carth’'s bow shock and to observe upstream field aligned
electron heat flow.

SIMULATION RESULTS

The bow shock is modeled in two dimensions by a newly
developed implicit particle-in-cell simulation technique
(Brackbill and Forstund. 1982). Very high freq Yo W

the lefi. is gencrated at the right boundary by a ‘ransierse
clectric field £, (Figure 1). By analogy with the earth’s
dayside magnetopause. the piston is @ magnetic barrer
through which the magnetic field intensity increases and the
number density drops ta zero. In the frame moving with the
piston. a super Alfvénic plasma hits the barnier. launching
compressional waves which propagate upsiream and steepen
10 form a shock. The angie xetween upstiream Band v n "R °
and allows for some mowoan of the electrons along the field
lines into and out of the shock.

The simulation parameters chosen are fora B, = 2 plusma
with 8, = 2 or 0.2 and an Alfvén mach number of the shuch
of 4.5. The units of length in our figures are upstream « w,
ftypically of order 100 km). velocity is Shown in units of the
upstream Alfvén speed. and time s given in term~ of the
inverse ion pyrofrequency. {1,”'. Fur economy. we have
chosen m/m, = 100 and w, /2, =

The direction of the ambient fieid refativ e to the simulation
plane can strongly affect the types of instabilines silowed in
the code. This can be used to advantage 1n studving shocks
For example. in a perpendicular shock propagating in the 1
direction through an ambient magnetic field in the + diree-
tion, the diamagnelic currents are in the ; direction and thus
out of the plane of simulation. Thus cross field curren:
instabilities are not allowed. but mitch angle scittering insta-
bijities are. However. by rotating the ambrent field vut ol the
plane. the cuitents move into the plane allov 5ig cross-field
instabilities 10 occur. We make use of this difference 1o
illustrate the transition from essentialhy zero ¢ross-field
resistivity to the finite level seif-conwstently produced by
cross-field current instabilities.

In Figure 2 we show phase space plois with 8 in the

oscillations are eliminated without removing electron inertial
and kinetic e@ects. In the simulation code VENUS [Brack-
bill and Forstund, 1982}. two spatiat coordinates and three
velocities are treated for each species in the seif-consistent.
three-component electric and smagnetic ficlds. Numerical
dissipation in the code is smaller than the dissipatior: in the
shock due to self-consistent collisionless collective effects.

A magnetic piston is used o drive the shock. Ti:e piston. a
tangential discontinuity which pushes the plasma towards

This paper is not subject to U.S. copyright. Published in |984 by
the Amencan Geophysical Union.

Paper number 3JA1910.

1 tx - ¥) plane (8. = Q) and T,-T, = 10 In this plane
cross-field curent dnven instabilities cannot be excited. so
we anticipate a quasi-laminar shock structure with subsian-
tial ion reflection. The three compunenty of selucity of wons
and electrons are plotted versus the courdinite v at {1y =
to show the ion reflection and heating of 1ons and electrons
behind 1he shock.

A1 the time chosen the shock puosition is approvimately

= 12¢/w,, and is separated from the piston by a distance of
6=Ttlw,,. As will be secn. the separition distunce corre-
sponds to several ramp thicknesses. so the processes operat-
ing within the ratapimay be examined separately from those
near the piston. Additionally . the shock wepuration tfrom the
left wall is large enough su that boundury effects may be
neglected.
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MIcrOsCOPIC divsIPINoN [Iracesses 1N quasi-perpe
plasma vimulations i which electrons and wons ar

short scale length magnetic fluctuahions observed in
turbutence

INTRODUC TION

U nderstanding of the dissipation ot energs 1n colhsionless
magnetc shocks has heen sought for many vears. Satellne
observaiions of the earth’s bow shock ifuninate the struc-
ture of collimontess shocks ineluding 1on reflection | Veont-
wote ey et al 190 Pasclinann e gl L 1982] magnetic held
overshoot [Heppier ef ai . 1987 Livesey et al 1982,
thichness al the transtion laver [Riessell and Greemstadr,
19749, electron and on heating rates {Bume 7 uf L 1979], and
high-trequency Relds [Greesstadt of wr o 19800 Rodrivne:
cnd Greng 17, 1975 1976[ 10 the shock Laver telt Compared
with these observauons, vne-dimensional particle simula-
tons (Bokamp and Welter 419720 Aner e 0l L1971 hpically
overestimate the number of reflected 1ons hecause ¢ross-
feld resistivity as absent One-dimensional hvbrd simula-
fans {Levov eraf 19811982 that treat the resistive heating
phenomenotugicaily describe the thichness of the oot region
and the overshoot region Howeser. the mechanism for
electron heaning 1s unhnown and the proper ramp thichness
1~ nat obtained 1 suck models Here. some preliminary
results wre presented trom two-dimensional plasma simuly-
tons of guast-perpendreular shacks that resolve the won and
clectron time and space scafes  The new resnlts not vnis
repraduce or extend most ol the vne-dimensianal simulation
results reported carlter. but abso ablew one o adennfy
important new electron and 1on dissipation processes in the
curth & bow shock and ta observe upstream feld whened
clectiron heat fow

Simutanios Resters

The Faw <hock s modeled 1n two dimensions by o newly
deselopey imphat  particle-in-cell  simuletion  techmgue
1Brackhh i und Fonvignd, 1482]. Very high frequency . w,., .
wscilla’ions are eliminated without removing electron inertial
and kinene effects. In the umulaton code VENUS {Bradk-
hill und Forvdund. 1982}, two spatial coordinates and three
velooiies are treated far each species in the sell-consistent.
three-component efectric and magnete Helds Numeneal
dissipation in the code s smaller than the dissipation in the
shock due to self-conststant cotlimioniess collective effecis

A magnetic piston 15 used o drive the shock The piston. a
tangential disconunuity which pushes the plasma towards

This paper « not subgect 1o U S cortnight Pubhished in 1954 by
the Amenicun Geophysicil Lmon

Paner number YA 1910
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Colhsionless Dissipation in Quasi-Perpendicular Shocks

J. U, BRackBItL. axD K Lkt

il Lahen gron

ndicular shocks are studied by two-dimen-onal
¢ treated asy particies moving an sell-consasient

electrie and magnete Relds  Cross-field currents induce substantial furbulence al the spock tront
reducing the teffected wn fraction. increawing the buth wn temperature behind the shock dounling the
Aaveraee magne . ramp thickaess and enhancing the upstream field chigned clection test tow The

the bow shock are probabiy associaied with this

the lerto s generated at the right Soundary by a transverse
electnic feld £, (Fuure ) By analogy with the cartn .
davside magnetopause. the pstan s o mapnetie bainer
through which the magnetic Beld intensity aneteases and the
number density drops o Zero. In the trume moving with the
piston. g super Alfsenie plasma hits the barrier. launching
comrressional wanes which propagite upstream and steepen
w form a shoth The angle between upstream Band v ™s 7
and allows for .on.* motion ol the electrons along the held
ltnes 1nto and vut of 1he shock.

The simulstion parameters chosen are fora 8 = 2 plasma
with 8. = Y &xr 4 2 and an Alfven mach number ol the shock
of 4 5 The units of length in our figures are upstream - w
mwypicalby of order 1K kmi. velodity 18 shown inunis of the
upstream Ajtven speed. and tme s @iven in terms of the
inverse on gyrofrequency. $1 0 For economy . we hune
chosen mr oo, = (00 and w., (), = 20

The direction of the ambient tield relative 1o the simuiation
plane can strongly affect the 1y pes ot instabiites allowed
me code This can be used to advantage in studvng shocks
For example. in g perpendicular shock propagating in the
direction through an amhient magnetic field in the = dirc,
tion the diamagnetic currents are i the - direction and thus
out uf the plune of simuiation  Thus cross field current
nstabilities are not allowed. but pitch angle scatiening instae
bihimies are. However, by rotating the ambient febd out o the
pluane. the currents move into the plance allowing cross-peid
instahthties to oceur We mahe use of this diffierence o
dlustrate the trunsiion from essentiably  zero cross-hehd
resistitiy to the finrte level seft-consistentiy produced b
cross-field current instabilities

In Figure 2 we shew phase space plots with 8 10 the
simulation (v - plane (1B - Ovand T 7 = 10, In this planc
cross-field curent driven instabilities cannot be exaited. <o
we anuipate o quast-laminar shock structure wath substan.
tial 1won reflection. The three components of velociiy of lons
and electrans are plutted versus the coordimate vat fdy = 43
10 show the 1on reffecuon and heateng of jons and electrons
behind the shock.

Al the time chosen the shoch position v approvimuateiy
v = 120w, and s separated from the piston By distance of
6"t w,  As will be seen. the separation distance corre-
sponds (o seversl ramp thicknesses, s the provesses operats
ing within the rump may he exammed separatels Irom thuse
near the piston Additonally . the shock separation from the
left wall is large enough so that boundary effects man be
neglected
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85 existence of & new type of wave in pl tod ated. These waves
are intimately connectad with the self-gwnaration of magnetic fielde in the laser-plasma
interaction. The wavea resemble waveguide modes in that a number of discrete mode.
can exint, The modes are’localized to within & collisfonlesn skin depth of the aurface and,
in the collisionleas fluid limit, there ia no restriction on the distance the waves can prop-
agate,

PACS numbers: 52.35.Hr, §2.35.Bf, §2.40.Fd, 52.40.Kh

Spontanecusly generated magnetic fields in
iaser-produced plasmas have been observed for
many years.!™ These cbaervationa, along with
their obvious tmpact on the inertial-confinement
fusion program, have been the motivation for the
many papers that have appeared on the subject in
tha iaat decs2c.*™ Transport of energy along
surfaces,”* anomalously fast plasma blowoif,*
and insulation of the laser-heated electrons from
the target interior™* (known {n the laser fusion
community as flux limitation) have 21! been
attributed to propert’es of self-generated mag-
netic fields. All these phenomena require sharp
discontinuities in plasma properties (e.g., den-
sity, temperature, and atomic charge) for their
existence. Therefore, the understanding of the
normal surface modes in a plaama is crucial to
the understanding of these phenomena. In this
Letter, I demonstrate the existence of an en-
tirely new set of plasma surface modes, It will
be shown that (1) the seif-generated maguetic
field plays an essential role in the propagation
of these waves; (2) a mmber of discrete modes
exist, as in 2 waveguide; (3) in the colliasionless
fluid limit, there is no restriction on the distance
the waves can propagate; {(4) the waves are local-
ized around the surface on scale lengths of the
order of a collisionless skin depth; and (5) the
phase and group velocities are very devendent
on the density and temperature profiles at the
surface. While this work has been motivated by
programmatic aspecta of the inertial-confinement
fusion program, {t is felt that the results are
quite general and applicable to any plasma that
contains sharp density and/or temperature grad-
lents.

We choose a density profile similar to the one
{llustrated in Fig. 1(a). In regions A and C we
require the density gradient scale lengths to be
large compared with the scale length of the den-
sity jump in region B, We wiil permit the den-

sity to vary in the x direction only. The jons are
assumed to be cold and fixed. Quasi charge
neutrality is also assumed. Collisions have been
neglected. The temparature profile is permitted
to be arbitrary and no heat flux is permitted.

We choose the magnetic field to lie in the ¢ di-
rection and to vary only as a functionof x, y,
and time, e will look for waves localized in v
around region B and propagating in the y direc-
tion. The equationa for the electron hydrodynam-
ice are

venv=0, (1)

d - = - = 1
-B—’(g-n)-vxvx(u-m--vz;’-"-v;:, (2)

ta)

(b)

-q
H
FIG. 1. f{a) Density profile, The suriace, region B,
separates region A from region C. (b) Density profile

for analytic solution. In region B the profile is nearly
flat.
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Implicit Mument PIC-Hybrid Simulation
of Coilisional Plasmas*

RoDNEY J. Mason
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A self convistent scheme was developed 10 model electron transport 1n evobhang plasmas of
arbitrary ciassical collisionahity The electrons and 1ons are treated as either mubiiple Eulenian
fMuds or collisional particies wn cell Parucle suprathermal electrons scatter off 1ons, and drag
against flund packground thermal elecrons The background clectrons undergo 1on fnction
thermal couphing. and bremsstrahtung The components accelerate n clecinc fields obtaned
v the Implict Moment Method, whieh permats 3¢ =o' and v v 4, —allosing the
treatment of prohiems 10°-10" times more complex than those accessihle with oider explicn
methods. The fluid description for tae background olasma components permits the modeing
of tranaport n ¢vstems spanming more than a 107 fold change in density. and encompassing
contiguous collisional and colhisionless regions Results are presented [rom application of the
scheme ta the modeling of CO. taser generated suprathermal electron trar wport 18 expanding
thin finis, and 1n multi forl target configurauons

1. INTRODLCTION

At laser wavelengths exceeding 0.5 um a significant fraction of the hight absorbed
by laser fusion targets is deposited i1n suprathermal electrons. These are marginails
culhisional and distribute the absorbed energy throughout the target. As they move.
trev set up sell consistent electric fields which draw retur currents in the
background. generally strongly colhsional. thermal electrons. These fields also set the
1ons 1o motion, changing the target geometry. in which the suprathermals must
transport. A detailed model ol this complex coupled phenomenology 15 required if we
arc 1o develop the intuition and understanding needed to engineer the use of
suprathermals 1n the design of targets for high compression Here, our eforts toward
the development of such a model were confined t0 a one dimensional treatment.
However. our choice of approach has been guided by the case with which it might be
generalized to higher dimensions.

“ This work-was performed under the auspices of the United States Department of Frergr The U S
Government's right to retain 3 nonexclusive rovaits Iree hicense in and io the copynght covening this
naper. tor governmental purposes. is acknuw ludged
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Space-tima avolution of the beam-plasma instability
Michael E. Jones, Don S. Lemons, and Michael A. Mostrom

Advanced Toncepts and Plasma Applications Group.

La: . lamos Naticnal Laboratory. l:os Alamos, New Mexico 87543

{Received 12 April 1983; accepted 6 July 1983)

Particle-in-cell simulations of the beam-plasma instability confirm that the behavior of the
interaction can be described as a wave packet that coritinually grows in both space and time. A
consequence is that the energy deposition length of the instability becomes sherier in time,
offering increased potential for this interaction to be used as an inertial fusion driver.

The beam-plasma, or two-stream instability, is one of
the oldest and most familiar microinstabilities in plasma
physics. Recently, there has been renewed interest’ in this
instability in connection with an inertial fusion driver. In the
Anomalous Intense Driver {AID) concept® intense relativis-
tic electron beams, produced by pulsed power machines,
would heat a 10'” to 10%° cm ~* density plasma, surrounding
an inertial fusion pellet, to multikilovolt electron tempera-
tures. Efficient transfer of energy from the beam to the plas-
ma would be accomplished via the beam-plasma instability.
Subsequently, the hot, high-density plasma would provide
efficient coupling of the energy to the pellet. By not imping-
ing the beams directly on 1he pellet, one would avoid the
problen:s of fuel preheating while retaining the advantage of
high energy in relativistic electron beams.

Crucial to the success of this concept is the ability of the
beam-plasma instability to deposit the beam energy in a suf-
ficiently short distance. Short energy deposition distances
provide the high-energy densities needed for inertial fusion.
Theenergy deposition length in turn depends on whether the
beam-plasma nstability is convective (time-independent
spatial growth or absolute (growing temporally at fixed po-
sition).

Careful and detailed experiments on the beam-plasma
instability have shown that a time-independent spatial
growth of the instability is obtained."® For this reason the
instadility is generally believed to be convective. Criteria for
when an instability is convective or absolute has been given
by Briggs.” Howevar, he noted that for the simple case of the

cold-fluid one-dimensional, electrostatic dispersion relation

for the beam-plasma system, his *pinch-point’ analysis fails
to give a definitive answer about the nature of t ... instability.

The dispersion relation for this case is well known:

| - w)/w’ — wi/lw — kv, ) =0, n
where w is the Laplace transform (in time, ¢ ) variable, & is the
Fourier transform (in space, z) variable, v, is the beam veloc-
1ty. and w, is the electron plasma frequency. To generalize
this dispersion relation to relativistic beams, one simply re-
places the square of the beam-plasma frequency w} by
w;/y’, where y is the Lorentz factor of the beam. Such dis-
persion relations are obtained by taking the Laplace-Founer
transforms of a set of equations describing the system. They
are often analyzed by assuming k to be real and known and
solving for complex w. The resulting solutions describe the
temporal growth of spatially periodic disturbances. Conver-
sely, one may solve for real w and complex & to obtain spa-
tially growing solutions. However, the actual response of the

2784 Phys Fluds 26 {(10). October 1983
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system must be obtained by inverting the Laplace-Fourier
transforms, taking into account the sources of the distur-
bances. The inverse transforms for the system with the dis-
persion relation given by Eq. {1) for weak beams can be ap-
proximated using the saddle point method.*® A delta
function sourceat t = 0and z = 0 is assumed, thus obtaining
the Green's functicn response of the system. The result is
explio, rlexp [ (3V3/Mw, 2/v, ' Yw, 11 1?),
E~ {v,t>2>0, 2)
0, <0, z>u,1,
where E is the electric field and ==t — 3/v,.

The respo:ise given in Eq. (2) can be called “absolute™
since E grows in time fo.” a fixed position z. However, for
fixed ¢ there is also growth in space, reminiscent of a convec-
tive instability. In fact, Eq. (2} describes a wave packet that
moves in space and grows as it moves. It is easy to show that
the peak of the wave packet moves at a velocity 2/3 v, which
is the group velocity of the most unstable wsve obtained
from the usual dispersion relation analysis for real k& and
complex w. Furthermore, in a reference frame moving with
this velocity, the electric field grows at a maximum growth
rate obtained from the dispersion relation analysis.

Although the wave-packet analysis is for an extremely
simple model of the beam-plasma system, inclusion of other
physical effects, such as finite plasma and beam tempera-
ture, does not alter qualitatively the wave-packet behavior.'®
To further investigate this behavior and its relevance to iner
tial fusion drivers, several particle-in-cell simulations have
been performed. Most previous simulations of the beam-
plasma instability have used periodic boundary conditions.
This forces k to be real and the linear growth rate for this
case is observed. However, the space-time behavior de-
scribed by Eq. (2} cannot be observed unless aperiodic boun-
daries are used, as is the case for the simulations presented
here. Figure | illustrates the growing wave-packet behavior
observed in one of the simulations. The computer code used
here is CCUBE, a 24-dimensional, relativistic, clectromag-
netic PIC code.'' An annular relativistic (y = 2) electron
beam with inner radius -, = 10 ¢/w, and outer radius
ro = 20 ¢/w, is injected into a plasma-filled conducting cyl-
inder with a radius -, = 30c/w, and length L = 100 ¢/w,.
The beam density n, is | % of the plasmadensity n,. There is
also an axial magnetic field imposed that gives an electron
cyclotron frequency w, =01 . Thecellsizeis 0.5 c/w, on
each side and about 10" particies are used. The time step is
0.2 w, ' The graphs in Fig. | show the axial electric field
located at the radial center of the beam as a function of axial
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Return-Current Heating and Implosion of Cylindrical CO,-Laser~Driven Targets

A. Hauer and R. J. Mason
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The Helios laser system has been uaed to deliver 2.3 kJ to the capped end of 0.75-mm-
long, 130-ym-diam hollow rods of 5-um wall thickness. Soft-x-ray pinhole pictures dem-
onstrate the cylindrical implosion of theae targets. The measured 130-eV core tempera-
turea from the filtered pictures and the 7=10%-cm/s collapse velocity from optical streak
photographs are conslatent with heating by a 0.8«10°-A return current, representing the

recycling of 15% of the hot-electron emission,

PACS numisars: 52.50.Jm, 52.25.F, 52.30.+r, 52.70.-m

At intensities which exceed 10'* W/cm® most
of the energy absorbed from CO, lasers goes di-
rectly into a relatively small number of highiy
energetic (> 200 keV) suprathermal electrons.'
This energy must be transierred to a mucna larg-
er number of localized thermal electrona to ac-
complish laser fusion, Since direct classical
coupling of the suprathermals to the background
plasma has proven inefficient, we have initiated
an effort to use the self-generated fields In spe-
cialized targets to improve the energy transfer.
Charge imbalance develops as suprathermals
leave a laser spot. The resultant £ fields can
draw a return current, i{ an appropriate path is
provided. Benjamin ef al,? have demonstrated
the existence of these currents, and their ability
to heat a target support stalk. This Letter re-
ports the firat experimental results from targets
designed to use the return currents to heat and
implode a thin-walled hollow cylincber—to pro-
duce a micro Z pinch,

A schematic of the “augmented return current”
(ARC) targets used in the experiments is given
in Flg. 1., Four tightly focused CO,-laser beams
{rom the Los Alar-~a Hellos laser system im-~
pinge on the capped =nd of a long hollow, low-Z
cylinder, coated with a thin layer of metal (gold
or alumimum). The cylinder is mounted at the
center of a large high-Z disk. Suprathermals
generated at the focus will drift toward the disk
in the plasma surrounding the cyiinder. A ther-
mal return current is drawn back along its walls,
Resistivity of the walls resuits in Joule heating
of the thermals. The B field from the resultant
current loop can implode and further heat the
cylinder.

Experiments were performed on targets with a
variety of diameters and lengths. The smallest
cylinders were matched to the minimal laser
spot diameter. Their length was get at roughly 5
diameters to maximize the aspect ratio for cur-

rent-related effects, under the constraint of
minimum mass—{or maximum temperature gain
from energy deposaition. The minimum wall
thickness wasg set by limits on structural integ-
rity. The metal layer was added to provide a
brighter signature in x-ray pinhole picturea, The
earlier experiments? recorded currents from
electrons escaping to the walls of the target
chamber, The ARC targets were designed to
augment thls current through the axial alignment
of the cylinder and beams, with a cylinder much
thicker than the earlier 10-um stalks, and with
the addltion of the collector diak for possible
suprathermal entrainment. The presence of
thermoelectric, Vn x VT B fields has been recog-
nized for some time.*™ The cylindrical return
currents and any pinch effect should serve to en-
hance these fields, Suprathermal drift down the
cylinder’ is consistent with a B tield, directed
28 in Fig. 1, and with an outwardly uirected £
field for containment of the electron cloud, The
axial £-{leld component, drawing the return cur~
rent against resistivity, introduces a “tilt” in
the £ x B drift, which t£hould aid capture of the
suprathermals by the cylinder wall. Alternative-
ly, the B field around the cylinder should help to
shieid its interior from suprathermal preheat.®
The return-current effects discussed here will
be reduced to the extent that deposited energy 1s
lost to fast-ion blowoff. However, cyiindrical
geometry may serve to reduce fast-ion losses,
as compared to those from foils,® gince the area

-l S cos
J LASER
3 Neoe BEAMS

s
Support

Jc Return eiectrons

FIG. 1. Sketch of the ARC targer - <igm,
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Eigenfunction analysis of the beam-plasma instability with finite
radial dimensions

Michael E. Jones
Applied Theoretical Physics Division. Los Alamos National! Laboratory. Los Algnios, New Mexico 87543

{Received 12 October 1982; accepted 16 March 1983)

A linear cigenfunction analysis of the beam-plasma instability for an annular beam interacting
with a plasma filling the space between the conductors of a coaxial tr ion line is pr
The beam and plasma electrons are modeled by relativistic cold fluids and the dispersion relation
is three-dlimensional and fully electromagnetic. Particular attention is given to the radial
eigenfunction structure and extensive numerical examples are presented. The behavior of the
dispersion relation with various parameters is interpreted in terms of the infinite homogeneous
theory. Simple analytical approximations for the dispersion refation for annular beams are given.
Also, particle-in-cell simulation results are compared with the predictions of the lincar analysis.

q

1. INTRGIDUCTION

It has been proposed that intense annular relativistic
electron beams be used to efficiently heat plasmas in the den-
sity range of 10'7~10% cm ~*. The resulting hot annular plas-
ma has a variety of applications including utility as an iner-
tial confinement fusion driver.' Recent ecxperiments
designed to test the feasibility of heating annular regions of
dense plasma have used beams with a radius of | ¢m and a
thickness of 0.2-0.3 mm at an energy of 3 MV (Ref. 2). For
these very thin beams 1t might be expected that the usual
assumptions of an infinite homogeneous beam-plasma sys-
tem are inapplicable. The purpose of the present work is to
analyze the effect of finite radial dimensions on the linear
stability of this beam-plasma system.

This work represents a ges:eralization of previous anal-
yses with finite radial dimensiuns to the case of an annular
relativistic beam interacting with a plasma which fills the
annular region between the conductors of a coaxial trans-
musston line as illustrated in Fig. 1. The dispersion retation
pre~ented here is three-dimensional, fully electromagnetic,
and 1s obtained by assuming a relativistic cold-fluid approxi-
mation. Although the emphasis is on annular beams, the
dispersion relation for solid beams is contained as a subset of
the more general analysis. Extensive numerical results are
presented. Particular emphasis is given to the relationship of
the dispersion relation for an annular beam to that for the
infinite homogencous system.

The beam-plasma instability is one of the most thor-
oughly studied microinstabilities in plasma physics. For a
summary of the analyses of nonrelativistic beams, including
the effects of finite radial dimensions, the reader is referred
10 the review article by Briggs." A review of the work with
finite radial dimensions for relativistic beams and electro-
magnetic waves is given by Aronov, Bogdankevich, and
Rukhadze.* Perhaps the carliest analysis of a finite relativis-
tic beam was by Frieman et al.* who studied the case of a
solid beam in an infinite pl Recent refi its have
included the effects of finite external magnetic fields and
beam temperature.®'°

The radial eigenfuncuions are examined in detail in the
present analysis. [t is found that the unstable waves are
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evanescent outside the beam annulus. This behavior results
in an effective quantization of the wave vector perpendicular
to the beamn direction, &, . The quantization is determined by
the beam thickness. The stable waves are found 1o be radially
oscillatory everywhere and possess an effeciive &, quantiza-
tion deiermined by the dimensions of the conductors. Annu-
lar beams are found to possess two unsiable surface waves.
These waves always have lower growth rates than the buik
mades. One of these surfaces modes is found to be analogous
to the k, = O wave of the infinite homogeneous theory.

To a good approximation it is found that the unstable
waves for thin annular beams correspond to the waves in the
infinite homogesi2ous theory with k, replaced by &, = [k,
+ {lm/r, where 7 is tha beam thickness and &, is an integer,
and as mentioned ecarlier, there is a mode for #, = 0. The
growth rate of the most unstable mode is given Ly Eq. (14}.

Finally, rhe usefulness of the eigenfunction analysis is
tested via particle-in-cell simulatic:;. The results indicate
that while the eigenfunctions probably do not describe the
entire response of the system, many of the features of the
present analysis are observed in the siraulations.

FIG 1 Most general geometrical configuration considered in the anaiysis
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Shear-driven Instabllitles of annular relativistic electron beams in vacuum

Michael A. Mosirom and Michaei E. Jones
Intense Particie Beam Theory Group, Los Al Naii

! Lab y. Loz Alamcs, New Mexico 87545
{Received 2 February 1982; accepted 7 February 1983)

The study of instabilities driven by azimuthal shear {diocotron) and axial shear is extended to
annular relativistic beams. The analysis is done nonrelativistically in the beam fra: ;¢ “vhere the
instability is assumed to be electrostatic, and the dispersicn relation is then transformed back 10
the laboratory frame where magnetic perturbations are non-neg.igible. This requires keeping
finite axial wavenumber &, in the analysis. The axial and azimuthal shears are related through the
self-consistent equilibrium, assuming emission from an equipotential cathode. Axial shear
destabilizes the diocotron modes at higher azimuthal wavenumbers /. It also srodr :es 8 set of
modes including / = | modes, that are unstable as the result of wave-particle intera:*ions. The
annular configuration introduces an important second pole in the differential equaticn.

I INTRODUCTION

The diocotron and v, -shear-driven instabilities in non-
relativistic annular electron beams are gencrally considered
to be well understood, but there are some importani omis-
sions. Levy’s work on the diocotron instabilizy included sig-
mficant cylindrical effects’ but ignored the radial shear in
the axial velocity », and considered only the case k = O fi.e.,
no z vanation) which corresponds to the maximum growth
rate. Rome and Bnggs included v, shear with all & (with
finite v, shear, the growth rateis not maxinuzed at k = 0)but
considered only a cylindrical solid beam which eliminates
the diocotron instability.” Antonsen and Ott investigated si-
multaneously the diocotron and v_-shear instabilities for all
k but limited themselves to planar slab beams.’ In an earlier
paper Jones and Mostrom studied the diocotron instability
for ail & in annular beams but treated v, shear only to the
extent of obtaining conditions for its neglect.* The first step
in the present paper is to generalize the nonrelativistic theory
by including both the diocotron an}i v, -shear instablities for
all k in annular beams.

The main application of these theories has been micro-
wave generation in crossed field magnetrons. In recent areas
of experimental and theoretical interest. intense annular rel-
ativisuic electron beams are employed. These include free
eleciron lasers.® multigapped accelerators,® and the anoma-
lous intense driver fusion concept.” Because the nonlinear
state of the diocotron and v, -shear instabilities can disrupt
the beam by causing filamentation,>” it is important to un-
derstand these instabilities in the relativistic regime includ-
ing cylindrical effects.

There have been several recent attempts at such a rela-
uvistic cylindncal theory, bur again all suffer from various
degrees of omission of important effects. Kapetanakos,
Hammer, Striffler, and Davidson found an w = 0 spatial
growth in an annular beam." But. they incorrectly assumed
that the instability is electrostatic in the lab frame and also
ignored v, shear. Uhm and Siambis'" and also Chen and
Palmadesso'' investigated the diocotron mstability in annu-
lar beams but limited themselves 1o k = 0 in the lab frame
and ignored v, shear Both v, shear and relativisiic effects
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shift the maximum growth rate away from k = 0. In the
previously mentioned paper, Jones and Mostrom obtained
the diocotron dispersion relation for all & in the lab frame by
a transformation from the beem frame, but found that neg-
lect of v, shear limited their results to small azimuthal mode
number / (Ref. 4). In none of the above relativistic theories
was the v, -shear-driven instability studied which can desta-
bilize the / = 1 mode. In the present analysis we generalize
the previous relativistic cylindrical analysis of Jones and
Mostrom by including v,-shear effects. It can also be
thought of as a relativistic cylindrical generalization of the
nonrelativistic planar finite v,-shear analysis by Antonsen
and Ott.

The dispersion relation analytically obtained here is
studied numerically and compared with previous analysis
where appropriate. For the diocotron instability, the pri-
mary effect of finite v, shear on the growth rate is to maintain
and enhance the instability for much larger / than otherwise
would be possible. This is accomplished through frequency
shifts of the component waves in the resonant wave-wave
interaction. For the v -shear instability, an annular bezm
introduces into the differential equation for the perturbed
electrostatic potential an important second pole that is not
present for a constant density cylindrical solid’ or planar
slab’ beam. The present analysis treats this pole to only sec-
ond order but serves to identify this problem and ascertain
its importance. For large /, this second pole becomes impor-
tan: even for the diocotron instability.

Il. EQUILIBRIUM MODEL

The electron beam is assumed to be initially in an azi-
muthally symmetric equilibrium inside a conducting dnft
tube of radius d as illustrated in Fig. 1. A large externally
applied axial magnetic field is required for equilibrium. The
azimuthal equilibrium velocity v, (7) of the elecirons is an
E X ™ rotationa! drift induced by the applied magnetic field
B, and the radial electric self-field £, {7 of the unneutralized
beam. Space charge effects radially shear the electron axial
velocity t4(r). The beam frame referred to throughout this
paper is defined such that v, = 0 at # = g, the inner beam
radius. Using the radial force balance equation, conservatior
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Fleld satursation for arbitrary temperature in resonance absorption

8. Bezzeridas and S. J. Gitorrer

University of California, Los Alamas Narional Laboratory. Los Alames. New Mexico 87345

{Received 1 April 1982; accepted 28 December 1982)

A nonlinear theary of a driven, inhomogeneous, one-dimensional plasma of arbitracy
temperature is presented. The model is solved numerically and analytically and detailed
expressions are given for the saturated electric field excited at critical density. The results of the
calculation are valid for arbitrary temperature and connect in a continuous manner the limits of
cold wavebreiking and linear convective saturation. Comparison of the results of the calculation
with. particle simulations is made and good agreement is cbtained.

1. INTRODUCTION

Since the classic work of Ginzberg,' the study of reso-
nance absotption in a warm plasma has advanced by the use
of particle simulation techniques.>* Wherzas the Ginzberg
work achieves a saturated electric field level solely through
the convective stabilization of the field due to finite back-
ground temperature, the simulations show the importance
of hot-zlectron production for stabilization at sufficiently
high values of the external field. Thus for strong driving, one
may anticipate the diminished importance of the back-
ground temperature for establishing the final electric field
level. Wavebreaking in cold-pistma models* has provided
uscful scaling laws when the background tempersture can be
completely -ignored. Although the precise connection
between wavebreaking in a fluid model and Lot-clectron pro-
duction is not fully understood, it is argued that the onset of
wavebreaking in the fluid theory signals the creation of hot
electrons. The time of onset of wavebreaking is then used to
estimate the saturated field level of the excited electric field.

To assess the relative importance of background tem-
perature upon the level of the saturated electric field in reso-
nance absorption, Kruer® combined resuits from the cold
wavebreaking model® and a homogeneous undriven water-
bag model.” This calculation provided a prediction of the
effect of plasma temperature on wavebreaking amplitudes.
However, the results are essentially limited to relatively low
temperatures, since in some sense the approach used relies
on a perturbation in temperature about the cold-plasma
case. One may also question the consistency of Kruer's cal-
culation; however, the predictions are in reasonable agree-
ment with the results of particle simulations at least for rela-
tively low temperatures.

In this paper we present a consistent fluid model of a
driven, inkomogencous, warm plasma. We show how one
may obiain the saturated value of the electric field excited at
critical density for arbitrary temperature. Of course, in such
a model, the effect of hot-electron production is not includ-
ed. Nevertheless, here we find, through comparison with
particle simulations, that accurate saturated field levels are
obtained from numerical solution of the fluid model and by
an approximate analytic theory. In Sec. Il, we outline the
model, providing an approximate solution in Sec. I11, and we
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present ute numerical resuits and comparisons in Sec. 1V,
ending with some concluding comments.

Il. LAGRARG'AN FLUID MODEL

Consider a one-dimensional plasma of mobile electrons
and fixed ions. The equations of conunuity and momentum
along with Poisson’s equation provide a complete fluid de-
scription, given the pressure P:

an a

a2 =0,

> + o (ny) (1a)
B g L 9P

x +"8x - (E + L) mon 3% {1b}
£ = amelnx) - nis, 1), (1ol

where n and v are the fluid density and velocity, e and m, are
the electron charge and mass, E and E, are the sell<consis-
tent and driving electric fields, respectively, and a, is the
fixed ion density. If the gradient of the heat flux is assurred
to be zero, then it is a simple matter to truncate the fluid
equations to obtain the pressure in terms of the density. Such
an assumption ignores the presence of hot-electron produc-
tion, & condition consistent with the early stage of time evo-
lution of the plasma fluid prior to the unset of wavebreaking.
We find’¢

P/n® = const. (1d)

For this one-dimensional set of equations it is conven-
ient to introduce the Lagrangian transformation
X = xq + b{xo, 7} and t = 7, where 8(xy,7) = fbix,, 7')dT’,
with #{x,, 7) = vlx, £ ). Using the above transformation we ob-
tain the following equation of motion for §:

6 - 35 X+ & , ,
3P +v; + J; wiixg) dx;
eEp 1 P
= - —siner — —— <, (2)
m, m_n, dx,

where vincludes dissipation due to lincarized Landau damp-
ing and a spatially dependent ad hoc damping introduced to
avoid boundary anomalies in the numerical solution. The
third term in Eq. (2} accounts for the plasma-restoring force
for the general ion density profile; however, in what foiiows
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Magnetohydrodynamics in Laser Fusior-
Fluid Modeling of Energy Transport in Laser largets

J. U. BRACKBILL AND S. R. GOLDMAN
Los Alamos Nauonal Laboratory

Abstract

Fluid models for two-dimensional, electron energy transport are examned It 1s shown that
enhanced lateral transport due to particle dnfts in self-generated magneuc delds occurs when certain
transport terms are flux-hmited by aruficatly enhancing collisions. With flux hmiting. lusd madels

p e the | { of numerical simulatons of transportin CO, laser target experiments

Introduction

New results (cf. [1}-[3]) suggest that magnetc fields play a central role in
energy transport in laser target experiments. In recent numerical simulations of
collisionless plasmas (cf. [1]) using the VENUS code tcf. {4]) and laser experi-
ments at 10.6-um wavelength (cf. [3]), it is observed that lateral energy transport
is convective rather than diffusive. The convection is associated with the forma-
tion of a magnetized sheath on the target surface.

Although magnetic fields have been observed before (cf. [5], [6]) and modeled
theoretically (cf. [7], [8], [10]). their role in electron energy transport was thought
to be a passive one. Simply by their presence at the periphery of a laser spct,
they were believed to block electron energy transport across the target surface
tef. {9]:.

The new transport model is different from the old in two respects. First. a
thermal magnetic wave (cf. [10]) rapidly propagates the magnetic field away
from the source across the target surface. Thus, the magnetic field covers the
target surface instead of being localized to the periphery of the laser spot as
previously believed. Second, the hot electrons generated by the absorption of
laser energy drift in the magnetic field and convect energy away from the source.
As a result, hot electrons uniformly fill a magnetized sheath which covers a large
area of the target surface. These electrons form a reservoir of energy which is
eventually transformed to ion motion without ever penetrating to the interior
of the target.

On physical grounds the naw model is plausible, and there is much experi-
mental evidence to support it (cf. [3]). Several features of the simulation results
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Magnetic-Field - Induced Surface Transport on Laser-Irradiated Folls

D, W. Foralund and J, U, Brackbill
Los Aamos National Ladoratory, Los Alamos, New Mexico 87545
(Recetved 2 Fabruary 1982)

Electrons heatad by sbsorption of laser eaergy are shown to generate intense magnetic
flelds which rapidly spread from the edie of the laser spot slong the target surface. The
flelds convectively transport hot eli- trous and coafine a major fraction of the deposited
lager euergy in the corona. Eventually, tiis energy is loat to fasi-fon blowoff or dapos-
ited at lorge distanoes {rom the spot. This model qualitatively explains nany experimen-
tal obaervations of thermal-transport tnhibltlon and {ast-fon loas.

PACS pumbers: 52.25.Fi, 52.50.Jm

The generation of magnetic fields when intense
iaser light is absorbed in a plasma is well known.!
It has been studied because iis inhibition of elec-
tron transport would explain the inferred flux lim-
its needed to model energy transport in laser-pro-
duced plasmas.? Here we report new results
from fully self-consieient calculations ir. colli-
sionless plasmas.’ These show large self-gen-
erated magnetic fields in the corona which convec-
tively transport 30% or more of the absarbed en-
ergy laterally and collimate the remainder be-
hind the lagser spot. The results appear to quali-
tatively explain for the first time from first prin-
ciples a wide variety of experimental data on fast~
ion loss and lateral traasport at various laser
wavelengths.

Coronal magnetic field generation by collision-
less processes is modeled in the reiatively simple
geometry shown in Fig. 1. We consider a plasma
foil 500 ym wide iny in a 800-um-wide system
with a sharp initial density grad‘ent inx. The dep-
osition by a 10.8-um laser at an average ab-
sorbed intensity of 510" W/cm?® in 2 60-um spot
i8 modeled by accelerating some electrons from
2.3 to about 20 keV down the density gradient ina

N = .
—
PO —

FIG. 1. Diagram showing geometry of model where
the shaded box is the lagar deposition reglon. The sys-

tem is uniform in ; and the maximum density is twice
critical denaity for 10.6-um light.

1614

20° half-angle cone with maximum heating at the
center. At the boundary behind the high-density
material, heat is absorbed by a cool electron
thermal bath. The ifon to electron mass ratio ls
1836. This gystem is numerically simulated with
a two-dimensional, implicit electromagnetic sim-
ulation code, VENUS,' which solves Maxwell's
equativns and Newton’s laws seli-consistently for
ticle electrons and fons. The behavior with

{d)~(f)] and without [(2)=(c)] self-generated mag-
netic flelds s shown in Fig. 2.

Without magnetic fields, the electrons accelerat-
ed outward return from the cheath back towards
the foil. Inthey-v, phase space of Fig. 2(a), the

8:0 B8#0

I:(H) l!T‘) :‘
o I 7o -
o~ 4 &0 }
>0 =@ "l

L SN

. I )

Yo %o ®o 0 TR

Y lu) Y ()

FIG. 2. Renults of simulations with a 60-um spot on
a 500-um-wide foil at 12 pgec. (a}—(c) correspond to
8 =0 and (d)-(f correspond to B = 0. () and (d) are
electron phase spacs v, va y for all x, (b) and (e} are
elactron phase spacev, vay for all x, and (c) and (0
are fon phase spacer, vs y for all x. Only electrons
with {¢| > 0.17¢ and fona with |v| > 0.00125¢ are plottad,
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An implicit Method for Electromagnetic Plasma
Simulation in Two Dimensions*

). U BRACKBILL AND D. W. FORSLUND

Applied Theorencal Physics Division, Los Alamos Nattonal Laboratory.
Los Alamos. ¥Yew Mexico 87545

Received November 13, 1981

A new method for modeling low-frequency plasma phenomena s presented The method
uses an implicit formuiation of the Vlasov-Maxwell equations to relax restrictions on the
ume step and mesh spacing so that larger values which correspond to the [requencies and
waveiengths of interest can be used. As a result, the range of length and time scales accessible
o plasma simulation 15 increased by orders of magnitude. The algorithm. as embodied in a
new code VENUS for electr pi n two d is described. its stability
and accuracy analvzed through linear and noniinear analysis. and its properties, including

seppression of the finne grid anstabifity, lfusirated through 1its apphication to the Wetbel
instabihty

INTRODUCTION

To extend the reach of nonrelativistic electromagnetic plasma simulation in two
dimensions 1o longer physical length and time scales. an implicit method has been
developed. The implicit method alters the way the coupled field and particle
equations are advanced in time and eliminates many of the constraints on the time
and space steps imposed by stability conditions. '

As is well known, explicit formulations of the Viasov~Maxwell equations are stable
only for values of the tiine step Jr and mesh interval Jdx that resolve all time and
space scales |1.2]. In electromagnetic plasma simulation. for exampie. one is
required to use time steps which resoive light waves and space steps which resoive the
Debye length. even when neither radiation nor charge separation effects are
important. In many cases, the time and lengtn intervals ~ interest are very large
compared with the values of 4x and J¢ that satisfy the stability conditions. and then
many time and space steps are required L0 integrate over them. This prevents the
application of explicit plasma simulation m:thods to many problems |{3].

“Ths work was performed under the United States Department of Energy. The U.S. Governmem's

night to retain a nonexclusive royalty-free license 1n and to the copynght covering this paper, for
gosernmental purposes, 18 acknowledged
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Plasma Mechanism for Ultraviolet Harmonic Radiation Due to Intense CO, Light

B. Bezzerides, R. D. Jones, and D, W, Forslund
University of California, Los Alamos Nationa! Ladorglory, Los Alamos, New Mexico 87515
(Racotved 18 Juna 1981)

A theoretical explanation is pr

d of soma obeer

from recent CO,-laser

experi by introducing a novel hanlam for harmonic light emiasion. The theo-
retical model provides new insight {ato the properties of large-amplitude wxves in the
extremely inhomogeneous esviroument caused by strong profile modification of the crit-

ical-density plasma.

PACS numbers: 52.25.Ps, 52.35.Ht, 52.35.Mw, 52.70.Ke

Harmonic generation in laser-irradiated plas-
mas has been the subject of a number of experi-
mental*'? and theoretical papers.” These studies
have been confined primarily to second-harmonic
(SH) emission. The analytic efforts to understand
SH have relied on perturbation theory based on
the assumption of a weakly nonlinear response by
the plasma in which the gource current for the
SH is due to beats between the first-harmonic
(ield. Higher harmonics up to the eleventh har-
monic of CO,-laser light have been reported by
Burnett ef al.* The relative efficiency of the
emitted iines in this work was a decreasing func-
tion of harmonic number, again a result corre-
sponding to a weakly nonlinear plasma response.

A recent paper reported the observation of CQ,
harmonic light as high as the 29th harmonic,’
and more recently, as high as the 46th harmonic.?
The unique feature of these data is the constant
relative efficiency of the lines, It 13 obvlous that
to understand these d~ta one must introduce a
new approach whicb goes beyond any analysis
based on mode coupling and perturbatiar theory.
Furthermore, thege data are compellis,; evidence
for nonlinearity heretofore unexplored in the study
of laser-plasma interactions. The purpose of this
Letter is to understand some of the praperties of
this nonlinearity.

Before we discuss the nonlinear mechanism for
the high~-harmonic CQ, emission, let us consider
the absurption of the incidest lght. It is general-
ly accepted that the dominant absorption mecha-
nism of intense CQy-laser light in laser-fusion
applications is resonant absorption.” Resonant
absorption in a fixed plasma density profile is a
linear mechanism whereby incident light tunnels
from the electromagnetic turning point and ex-
cites plasma density oscillations at the critical
density, n., where w =w,, with w the incident
light frequency and w, the local plasma frequency,
respectively. Throughout the pulse time of the
laser the plasma density is certainly not fixed
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and can develop a sharp plagsma boundary as a re-
sult of the very substantial pressure of the in-
tense laser light (> 10'* W/em?). The importance
of this steepened plasina density profile will be-
come apparent in what follows.

T underatand the emitted spectrum we start
with the radiation Held.

B8®,H f( )XRdt' m

where the aquare bru:ketu denote retarded time,
the current J=-env, withn and ¥ the electron
ﬂmd demmy ard velocity, reapectively, and R
-x ~X'. Introducing the Lngrang-lan variables x’
=X, +3(R,’,7’), 7' =t', where § =/ dr’ V(%,,7")
with m,d’ =1 dx ', we find for the far field,

EG,I)=-§( dlxa'nnk——‘;vnr(zo',r)), (2)
where ng is the ion density, assumed {ixed, and
now R=x -X,’. We have negiected relativistic
corrections, and used wé/c <« 1, which requires
vy/c %1, as we will see, where v,=eE/mw with
E, the incident field intensity, This form for B
is useful since it shows that only the fluid accel-
eration, albeit in Lagrangian coordinates, is
needed to calculate B. The justification for the
use of Lagrange-transformed variable: for all
time, even though hot electrons are pioduced at
high incident intensity, follows from the observa-
tion that fluid-element crossing does not occur i
the full electron pressure is included in the elec-
tron Euler equation.® Except for the integral over
the radiating material Eq. (2) is identical to the
single-particle result and leads to the well-known
Larmor formula {or the to*al power radiated.

The acceleration ie given by

av v-P,
—_—d Tl _- L]
at +* t E mn,

, (3}

where we have used the relation Vv xV =eB/me,
and P, is the eiectron-priussure tensor. We now
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Collective Capture of Released

D. Winske,! C. §. Wu.l Y.

89. NO AS. PAGES 7327-7330. SEPTEMBER 1, 1984

Lithium lons in the Solar Wind

Y. L1,>* anD G. C. ZHou?**

The capture of newly onized lithium 10ns in the solar wind by means of e~ womagnetc instabilities s
investigated through lincar anaiysis and computer simutation. Thre~ .stasuties, driven by a lithum
velocily ring petpendicular to and drifting along the magneuc field, are considered. The capture time of
the lithwm by the solar wind is roughly 10 linear growtt times. regardiess of whether resonamt or
nonresonant modes domnate imually Possible implications of the resuits for the Active Magnetosphere
Parucle Tracer Explorer IAMPTE) mussion are discussed.

1 INTRODUCTION

One of the principal iasks of the Active Magnetospheric
Particle Tracer Explorer (AMPTE) mission will be the release
of lithium atoms 1n the solar wind in front of the earth's bow
shock and the subsequent monitoring of them as they pass
into the magnetosphere. A description of the mission. its over-
all goals, and the spacecraft instrumentation 1s given by Kri-
migis et ul. [1982]. A key 1ssuc 1s where to release the lithium
to achieve the most efficient transmission into the mag-
netosphere. The most promising strategy 1s 1o release the lith-
wm close to the quasiperpendicular portion of the bow shock
so that its gyromotion will quickly carry it into the down-
stream region, as has been shown by following single particle
trajectories [Brinca, 1984 Decker et al. 1983, this issue:
Haerendel and Papamastorakis, 1983]. Because the solar wind
conditions are sometimes highly dvhamic and unpredictable. it
1s 2lso important to know what happens if the lithium ions do
not gyrate rapidly through the shock, either because the bow
shock recedes away from the release point or the orientation
of the interplanctary magnetic field changes to be more nearly
aligned with the solar wind. In this case. mouon along the
magnetc field 15 also important. and how rapidly the lithium
1ons are “captured” by the solar wind, that is, brought up to a
veloaity equal to that of the solar wind in the direction paral-
lei to the magnetic field, becomes an issuc.

Here we examine this question, m particular with regard to
the role of collective effects in the capture process. The basic
picture we propose is that after ionization the newborn lith-
wm ons form a ring in velocity space perpendicular to the
magnetic field (in the solar wind frame), while drifung relative
to the solar wind along the magnetic field. Such a ring beam
veloaity distrnibution 1s unstable to various electrostatic and
clectromagnetic instabilities. The situation is similar to that
discussed by Wu and Dawidson [1972]. Wu er al. [1973].
Hartle and Wu [1973), and Wu and Hartle [1974], who con-
sidered the problem of the capture of newly created He ™ ions
of planetary origin. In these arucles the authors hypothcsized
that the newborn 1ons can excite a vanety of wave modes, and
consequently, the instabiittes and ensuing turbulence can
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result in the collective capture of the He * 1ons. Interest an this
problem has been revived by the AMPTE project. The pur-
pose of this brief report is to summanize recent resuits. which
demonstrate by means of linear stability analysis and com-
puter stmulation that low-frequency electromagnetic instabil-
ities due to the newborn lithium 10ns may play an important
vole in the capture process.

Whiie there are many paramete:s to be considered. we con-
centrate here on only one the aensity of the lithium cloud,
which 1s highly uncertain. The density may be comparable to
that of the solar wind if jonization occurs very rapidly, say
onization by the gas-plasma interaction process [dlfuen,
1954], or much smaller than that of the solar wind if pho-
toionization by solar ultraviolet radiation prevails. In the
analysis we take the lithium density as small but arbitrary and
exanune the results over a wide range of density ranos (10~ *
to 107). It 1s conceiveable that even larger lthium con-
centrations could be possibic. but in that case we would
expect that large local density variations would develop, inva-
lidating the theory we present.

The plan of the paper 1s as follows. In section 2 we describe
the model in detail and summarize the results of the hinear
analysis for the three instabilities considered. Results of com-
puter simulations used to investigate the nonlinear behavior of
the intabsthities are then presented. first for an ideahized (infi-
nite. homogencous) situation and then for more realistic cases
n which the finite extent of the lithwum cloud. its expanston n
ume, and snteraction with upstream turbulence are considered
Because of the length restricuons of this brief report. we limit
the discussion to a summary of the major points; the detasls
will be presented later in a full length article. In section 3 we
summarize the results and discuss possible consequences for
the AMPTE mussion

1 ResuLTs

21, Model

The distribuiion of newly 10mized particies in the solar wind
has been described by Wu and Duridson [1972]. If n = By 8,
s a unit vector along the interplanetary magnetic field By, 1n
the solar wind frame such ions have a paratlel velocity vg, = 0

(Yew — v,). where Vg 1s the solar wind velocity and v, 1s the
newborn ion velocity. The ions gyrate perpendicular to the
magnetic field with a transverse speed v,_ = |(Vgw — ¥,) x A1].
For simplicity, we take the angle between Vg, and B, o be
45 and neglect v, so that the hthium 1ons form a ring with
V.. = bsw | 2. streaming relative to the solar wind with ¥, =
b, As the angle between Y, and B, changes, the source of
free encrgy, and thus the character of the instability, changes
from being more beamlike when Vg, and B, are more aligned

R
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Low-Altitude Image Striations Associated With Bottomside Equatorial
Spread F: Observations and Theory

James F. VICKREY

SR! Internotional, Radio Physics Laburatory

MicHaEL C. KELLEY AND ROBERT PFAFF

Schout of Electrical Engineering. Cornell Uniersity

S. ROBERT GOLDMAN

Los Alamos Natenal Laboratory

I hertc pltasma bil are usually d

d 1n terms of local parameters. However. because

electric fields of scale size »+ 2 | km map along magnetic ficld lines, plasma populations far away from a
locally unsiable regron may be affected by the instabshity process and vice versa. We present observations
of electron density vanauons n the F, region of the ionosphere at two locations near the magneuc
equator Oscillations in electron number density that were confined 10 a narrow waselength repme were
observed in a region of the 1onosphere with a very weak verucal density gradient Since magnetic Aux
tuhe interchange insiabihties cannot create structure 1n such an environment we suggest that these are
“images” of instabiltiies occurning elsewhere along the magnetic field ine. A simple steady state theory of
image formation 1s developed that 1s 1in good agreement with the observations. Moreover, this theory
predicts a scale size dependent “effective diffusion™ process in the F region that may dominale over
classical cross-field diffusion at kilometer scale sizes. Such & scale size dependent diffusion process 1s
required to explain recent sctnullation observauons of decaying equatonal plumes.

1 INTRODLCTION

lonuspheric plasma nstabilities are often discussed in terms
of local parameters However, magnet:c field hnes can ink
unstable regions to other plasma populations that may affect
the esolution of the instability process. An example 1s the role
of a conductung £ region in diffusive damping of F region
structure and n the suppression of electrostatic instabilities
[V olk and Hueread ! 1971, Goldmar et al., 1976, Vickrey and
Kelley. 1982

Another effect most often studied in conjunction with F
region bartum cloud stnations 15 the generation of image stri-
atons in the bachground medium  As discussed in more detail
below. an image forms at altitudes where the ion gas is com-
pressible. namely. the £ and luwer F, regions. To date, the
eustence of rmages has not been experimentally verified. al-
though computer simulations have predicted their generation
[Goldman er al., 1976, Lloyd and Haerendel. 1973].

The data discussed here come from fixed bias Langmuir
probes flown on two rockets launched just off the magneuc
cquator during equatorial spread F conditions. One, a Javalin
sounding rocket, was launched by NASA from Natal, Brazil,
on November 18. 1973, at 2122 UT [Kelley er al.. 1976, 1979
Casta and Kelley, 1978]. The second. a Terner-Malemute des-
ignated as PLUMEX I, was launched by the Defense Nuclear
Agency (rom Kwajalein Atoll on July 17, 1979, at 1233 UT
[S:uszczewtcz et al.. 1980: Rino et al. 1981; Kelley er al.
1982]. We will show that the spectrum of density structure
observed in the F, layer vailey (160- to 200-km altitude) ofl
the magnetic equator is consistent with that expected from the
image * rmauion process (which depends on scale length and
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Paper number 440113
0148-U227 84 (X2A-0113505.00

density) driven by the gravitational Rayleigh-Tavlor insta-
bility operating on the bottomside F layer at the equator 1tself

2 Dara PRESENTATION

A plasma density profile from the downleg of the Natal
rocket flight 1s ~eproduced 1n Figure la with an expanded plot
of the F layer valley and E region density profiles in Figure 1h
{upleg data 15 not available in these fights in the low-altitude
region due to the uming of sensor deployment) The plasmd
density profile was extremely structured throughout the flight
Near and just below the F region peak. the turbulence has
been interpreted in terms of the nonhinear gravitational
Rayleigh-Taylor instability (see earlier referencest The low-
alttude layered {90-130 km} structure 1s 1vpical of the equa-
tonal E region and 1s not produced by the “image” process Of
interest to the present study are the quasi-sinusaidal fluctu-
ations n the F, layer vailey {170 10 200 km) where the local
zero-order verucal plasma density gradient nearly samshes
Because of the finite dip angle at Natal. these fluctuanons
project along magnetic field lines to the magnetic equator at
heights ranging from 280 to 315 km. Notc that this alutude
range corresponds to heights where the local equatorial F
region is suspected to be unstable to the gravitational
Rayleigh-Taylor process. The geometry 1s illustrated sche-
maucally in Figure 2. Of course, we do not have ssimuitaneous
F region observations directly at the equator. but it 15 highly
likely that bottomside spread F was occurning there also

Another example from the PLUMEX 1 rocket downleg s
presented in Figure 3. Again, quasi-sinusmdal oscillations
were observed in the F layer valiey region at heights that
map to the magnetic equator in the altitude range at which
the local equatorial spread F fluctuations were detected The
detector used in the present study was not deployed during
the upleg of PLUMEX 1. However. Marcist und Szussczewics
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EXTENSION OF THE RECONNECTION THEORY
OF TWO-RIBBON SOLAR FLARES
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and
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Absract. The magr theory for two-ribbon flares and flare loops hypothesizes that the
'rldllll enerly release during the decay phue is8 du':ct reeult of dunplnve relaxation of the open coronal
10N Created by an eruptive p onal transient precursor. This scenano s here

dev:loped Juantitatively 1o the point where a realistic comparison with observational data can be attempied
Our major refinements are (i) to usc an snalytical description of the reconnecung field geometry specifically
chosen to characterze the spatial scale of the aclive region where a flare occurs, and (n} to take account
of the fact that the velume occupted by X-ray-¢mutung plasma (hot loops) generally increases with ime
dunng the fare.

As a test of the modified theoty we have ken a new repr of the Skylab observatons
of the large two-ribbon flare of 29 July, 1973, Itis hereby found lhl! the simuitaneous inclusion of the abore
wwo factors yrelds an 1k b the th diction and observations of the ime

vanaton of fare-plasma energy dtnm)’ such was not possible within the framework of previous work alony
these lines. The agreement extends, moreover, to rather exrly times in the flare hustory, where the short-
comings of eariier studies became especially ble. This result strong evidence to support

previous specul that magneti ion may provide the sole energy source throughout nearly the
enure Bare lifeume

1. Introduction

The magnetic reconnection theory for the ‘decay phase’ of two-ribbon flares, as
developed originally by Kopp and Pacuman (1976) and subsequently by Pneuman
(1981, 1982), Cargill and Priest (1982), Forbes and Priest (1982, 1983a, b), and others,
is generally regarded (Svestka et al., 1980; Pallavicini and Vaiana, 1980) as providing
a comprehensive and self-consistent description of the relationships between a wide
variety of flare-associated phenomena - lament eruptions, Hz-ribbon brightenings and
separations, hot (X-ray) and cool (Ha) flare-loop growth, and nonthermal particle
generation and storage. Briefly, the theory hypothesizes that a two-ribbon flare is the
visible manifestation of magnetic reconnection in the corona above the flare site, the
stressed open-field structure within which this reconnection occurs having been created
immediately beforehand by a filament activation/disruption and coronal transient. The
excess magnetic energy of the distended field is released (rapidly at first and more
gradually as the flare progresses) as reconnection allows a lower energy configuration

* Work performed under the suspices of U.S. Dept. of Energy

Solar Phyzics 93 (1984) 351-36).  00)8-0938/84/0932-G351501.65
€ 1584 by D Rerdel Publishing Company.
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Collisionless Dissipation in Quasi-Perpendicular Shocks

D. W. ForsLunp, K. B. Quest. J. U, BracksitL. s~ K Lt

Lo by Natomal Lapos ston

Microscopic dissipation processes in quasi-perpendicubar shocks are studied vy mwe-dimensional
plusma simuiations i which elections and jons are treated as particles Mosing 0 selt-conaistent
electne and magnete Relds  Cross-feld currents induce substantiad turbuleace ai the shook Tront
reducing the reflected 1on fraction. increasing the buik won temperature behind the shock doubling the
average magnetic ramp thichness. and enhanving the upsiream feld aligned elevtion heat Bow The
short scale length magnetic fluctuations vbsersed in the bow shock dre probabhy assocated with this

turbulence

InTRODLUTION

Understanding of the dissipation ot energy in collisionless
magnetic shocks has been sought for many vears. Satellnne
observations of the earth’s bow shock dluminate the struc-
tre of collisionless shocks tncluding 1on reflecuion [ $onr-
vomens e al 19700 Pasclimann et ul - 1982]0 magnetic feld
overshoot [Heppner et al . 1967 Locsey er af o 19820
thickness of the transmon layer |Rucsell and Greenstudt,
1979|. electron and 1on heating rates {Bume et ul . 1979]. and
migh-frequency fields (Greenstadt ¢r af . Y98G, Rudrigue:
and Gurnerr, 1975.1976] in the shock layver itself Compared
with these observations. one-dimensional particle sinula-
uons (Biskamp and Welter, 1972. Auer ef al 1971} typically
overestimate the number of reflected ions because cross-
feid re~stivaty s absent. One-dimensional hybrid simula-
nons [Leron eral 1981, 1982] that treat the resistive heaung
phenomenulogicall descnibe the thickness of the foot region
and the overshoot region. Howeser. the mechamsm for
electron heating 1s unknown and the proper ramp thickness
15 not obtained n such models Here. some preliminury
results are presented from two-dimensiona plasma wimula-
tons of quasi-perpendicular shocks that resoive the 1on and
electrun ume and space scales. The new results not only
reproduce or extend most of the ene-dimensional simulation
results reported earlier. but also allow one to denufy
important new electron and sun dissipation processes 1n the
earth’s bow shock and to observe upsiream field aligned
electron heat flow

SimuLation RESLLTS

The bow shock 15 modeled 1n two dimensions by 4 newls
desveloped implict parucle-in-cell  simuiation  technigue
[Brachbidl und Forsiund. 1982]. Very high frequency. w.,.
osculatiens are ehminated without removing electron nertial
and kinetic effects. In the simulation code VENUS [Brach-
hill and Forstund. 1982). two spatial coordinates and three
velocives are treated for each species in the self-consistent,
three-component electric and magne:ic fields. Numernical
dissipation in the code 15 smaller thun the divsipanion 1in the
shock due to self-consistent collisionless collecrve effects.

A magnetic piston 1s used to drive the shock The piston, a
tangential disconuinuity which pushes the plasma towzrds

This paper s not subject to L S copyvright Published 1n 1984 by
the Amer:can Geophysical Union

Paper numbes 341910

the left. s generated at the night boundary by transserse
electric field £, tFigure 11 By anaiogy with the cartn <
dayside magnetopause, the piston iy @ magnet¢ barnur
through which the magnetic Reld intensity increises and the
number density drops to Zzero. {n the trume mosing with the
piston. 4 super Alfvemic plasmi hits the barner. launching
compressiongl waves which propugate upstream and . cepen
toform a ~hock The angle between upstream B and von "8 7
and allows for some motion of the electrons wiong the neld
hnes nto and vut of the shock

The simulation parameters chosen are fora g = 2 plasma
wilth 8, = 2 0or 0.2 and an Alfven much number ot the shock
of 4.5 The units of length in vur figures are upstream « w
ttvpecally of order H{EKmI. selociy s shown in units ot the
upstreum Alfvén speed. and time s piven in terms ol the
nverse ion gyrofrequency, £ ' Fur economy. we have
chosen mi m = [ and w., (), = 20

The direction of the ambient field relutis e to the simulation
plane can strongly affect the tvpes of instabiities allowed in
the code. This cun be used to advantage in studving shocks
For example. 1n u perpendicular shock propagatng in the »
direction through an ambient magnenc field in the « direc-
tion, the diamagnetic currents are in the - direction and thus
out of the plane of simulation  Thus cross field current
instabthuies are not allowed. but prech angle scattenne insta-
bilities are. However. by rotating the ambient tield out o the
plane. the currents move into the plane alowing cross-neld
instabihities to occur. We mahke use of this difference to
lustrate the transiion from essenttally  zero cross-feld
resistivity 1o the finte level self-consistently produced by
cross-held current instabthities

In Figure 2 we show phase space plots with B in the
simulation ta - viplane 18 = thand 7, I = 10, In this plane
cross-field curent driven tnstabihines cannot be excited <o
we anticipate o quast-laminar shock structure wath substan-
t1al 1on reflection. The three components of velociiy of 1ons
and electrons are plotted versus the coordinate vat {1y = 3%
to show the won reflection and heating of wins and electrons
behind the shock.

At the ume chosen the shock position v approvimateiy
v =12 w, and s senurated from the piston by a distance of
670 w,.,. As will be seen. the separation distance corre-
sponds to several ramp thicknesses, so the processes operat-
ing within the ramp may be examined separately trom those
near the piston. Additwonally . the shock separation trom the
left wall 1s lurge enough so that boundary eftects mav be
neglected.
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Collisionless Dissipation Processes in fluasi-Parallel Shocks

K. B. Quest, D. W. Forslund, J. U. Brackbill, and K. Lee

Los Alamos Natfonal Laboratory, Los Alamos, New Mexico 87545

ARSTRACT. The evolution of collisionless, gquasi=
parallel shocks (8gp ¢ 45%, where 8 o 19 the angle
between the shock normal and the upstreanm magnetic
field) 1s examined using two dizensianal particle
simulationg. Reflected lons upstteam from the
shock are observed with average guiding cent=c
velocity and gyrational eénergy which agree well
with the predicrion of simple specular reflection.
Strong ien heating through the shock ramp 1is ap-
parently caused by large amplitude whistler turbu-
lence. A flux of suprathermal electrons is also
observad upstream with {ncreased flux oblique to
the magnetic fleld direction. Much stronger {on
heating occurs in the shock than electron heating.
The relevance of this work ta the earti's bow
shock Ls discussed.

Introduction

Collisionless shocks 1in the solar wind are
generated by flares and by the steepening of high-
speed solar wind streams at large heliocentric
dlstances {Greanacadt and Fredricks, 1979), while
bow shocks surround every planet. Because of the
extensive data from ISEE satellites, detalled
comparisons with theory are possible. For
examp.e, using particle-in-cell plasma simulations
with idealized boundary conditions and geometries,
one can obtain “snapshots”™ of the Instantaneous
velocity distribution functions and the full
nmagnetic field prafile at anv desired time. These
may be compared with analytic thearies and satel-
lite data to test the underscanding of the physics
of collisionless shocks.

Here we present the vresults of receat two~
divensional electromagnetic, fully kinetic simula-
tions of quasi-parallel shocks (Similar simula-
tions of quasi-perpendicular shocks are reported
in Forslund, et al., 1982). Using an lmplicit
algorichm (Brackbill and Forslund, 1982) we
calculate the full electron and ion dynamics on
large spatlal scales (m-ny ion gyroradil) for long
tlses {(many gyroperiods) with fon to mass ratlios
of 0(100). Thus we remove the earller restric-
tions of one dimensionality (Biskamp and Yelter,
1972) and of a resistive fluid treatment of the
electrons (Leroy, et al., 1981).

Removing thede restrictions allows us to
separate spatially the shock and piston (see
below), to examine electron dissipation, and to
observe such features as field aligned heat flux
and electran trapping. This is particularly im-
partant for quasi-parallel shocks, where motion
along the fleld line can result in stroag acceler-
ation of the electrons through the shock transi=
tion layer. Two dimensionality also allows us to
acdel the turbulence due to the transverse

Copyright 1983 by the amurican Gevpnysical CJarvan,

Maper auwaber 3L0208.
0094-8276/83/0031.-020853.00

currents 1In the shack froat. Ffnally, tncluding
eleccron inercial effects allows us to properly
treat whistlers generated in quasi-parallel
shocks .

Simulation Model and Parameters

We consider a uniform density plasma in a
uniform magneric field (B‘,o,%z) with Maxwellian
ion and electron distributions at T, and " re-
spectlvely. A magnetic piston is ériven Snfn the
plasma from the right, launching a shock that runs
ahead of the piston.

In ovur simulations eﬂn » 179, the Alfvea Mac™
number 18 approximately 4, and the upstrea-
electron 8 is 2. These values approxizate abser.a-
tions made during a bow shock crossing by IS |
on August 15, 1978, (Gosling et al., 1982).
explore the effect of different fon temperatures,
we have held T, fixed and used T /T;=1 and 17.
For an upstream eiectrnn 89 of 2, varving Te‘T1
varies the magnetosonic Mach number from about 2.5
(when T,/T,=10) to 1.B (T, /T =1}, The units of
iength in the figures, C}u . are typicallv of
order 100 ka in the solar wlnd? The _velocity 13
shown in units of the upstreas Alfven speed, and
time is given in units, of the inverse {fon gvro-
frequency, ﬂl' . To keep the electron scale
lengths reasonably resolved, we have chosen IR
100 and w__ /i = 20, uhere w is the electron
plasma frequency. All the results below are at
te4.5u; ", when the shock and piston are we!l
separated.

-

Simulation Results.

In Fig. 1 we show phase space plots of the ians
versus the shock normal coordinate x for the tw-

e . .
2 x 114 7 x 3
[P . [P
RH e . 20 L T
Ca ', Ca | -
B e e = RLL T -
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Fig. | Phase space plots of lons ve x for siaula-
tion with T /T 10 (a~c) and T ,Tt' 1ep 3t

PR LTSN Simu{a((on grid ts 32 cw Loov s
:}w ) by 256 cells in x (Y0 clﬂpi & .- e
esach of electrons and ions and a t1-. step of

4
“oe was used.
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To 3e Presented At The 1985 Particle Accelerator Conference

TRIUMF, Vancouver, B.C. CANADA

lon Source Development for the Los Alamos Heav
lon Fusion Injector, H.L. RUTKOWSKI, S. HUMPHRIES, E.A.

MEYER, H. OONA, R. SHURTER, and L. ENGELHARDT,* Los
Alamos Natilonal Laboratory, Los Alamos, NM 87545--The
Heavy Ion Fusion Injector program at Los Alamos is
oriented toward producing a 16-bzam, high current.
2 MeV {njector which will serve ag a source for multl-
ple beam accelerator experiments and as a prototype in-
jector for the High Temperature Experiment (HTE)
accelerator. The {on source requirements for this
device are quite stringent. We are repcrting on char-
acterizatinn experiments performed in a test stand
extractor system, with aluminum spark, pulsed plasma
sources. The pulsed plasma is kept out of the extrac-
tor gap with a double grid plasma switch. Currents are
measured with a gridless Faraday probe. Emittance is
measured with a pepper-pot method. The beam itself is
imaged with a thin film aluminum fluorescer. We also
discuss a1 multiple beam extractor experiment to study
multiple beam effects at low energy.

*¥dork performed under the ausplces of the U.S. Dept. of
Energy.

Submitted by: x/./ YA
H.L. Rutkowski
Los Alamos National Laboratory
P-7, MS E525
Los Alamos, NM 87545
(505) 667-9315

Classification #: AC3 . Presentation Option: Oral
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PERFORMANCE OF THE LARGE APERTURE MODULE OF THKE AURORA

KRYPTON FLUORIDE LASER SYSTEM

G. W. York, Jr,
S. J. Czuchlewski
L. A. Rosocha
E. T. Salesky
Los Alamos National Laboratory
Group P-16, MS E543
Los Alamos, New Mexico 87545
Teiepnone: (505) 667-3714

SUMMARY

Tne Large Aperture Module (LAM) is the fina) amplifier of the Los
Alamos Aurora krypton fluoride (Krf) laser system.1 An  artist's
conception of the levice is shown in Fig. 1. It consists of a laser
chamber with a 1l-m x 1-m aperture and a 2-m active length wnich is
directly pumped by opposing 1-m x 2-m electron beams {up to 675 kV @ 20
Alcmz). Eacn electron gun is driven by two 2,75 water pulse forming
lines (PFL) connected in parallel. Tne PFLs are eacd 10.7 m long, giving
a 650-ns pump pulse. Eacn pair of water lines is pulse cnarged by a Marx
generator capable of producing up to 1.8 MV, A pair of Helmrclz coils is
provided to prevent beam pinching in the diodes and to ensure uniform
pumping in the laser gas volume. The laser chamber can be filled with up
to 1.5 atm of an Ar, Xr, F, lasing mixture.

To date, trne amplifier nas been operated at up to about 757 of its

rated voltage and preliminary experiments nave been performed to evaluate

its performance. An unstable resonator optical cavity was installed as
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Gain and Abanrption Measuramants of Kr¥ Mistures

With High KXr Corncentrations

by

E.T. Salesky
Los Alamos National Laboratory
P.0. Box 1663
Los Alamos, New Mexico 87545
Telephone: (505) 667-5320

and
Wayrne D. Kimura
Mathematical Sciences Northwest
2755 Northup Way

Bellevue, Washington 98004
Telephone: (206) 827-0460

ABSTRACT

Small signal gain ( go—a) and out—of-band (261 nm) absorption

measurerents are made of e-beam pumped KrF laser mirtures (Ar diluent) with

4%-99.6% Kr concentrationa.
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Generation and Amplification of Single 5-ns 248-am

Krypton Fluoride Pulses

by
S. J. Thomas and M. D. Burrows
p-16, MS E543
Los Alamos National Laboratory
P. 0. Box 1663
Los Alamos, New Mexico 87545
Telephone: (505)667-9545

ABSTRACT

A Pockels cell is used to slice a 5-ns pulse from a longer 25-ns krypton
“luoride pulse at 248 am. The 5-ns pulse is then amplified in a discharge-
pumped krypton fluoride amplifier with typical single-pass extraction
energies of 200 mJ. The amplified 5-ns pulse is then used to arive a fusic.

laser amplifier chain,
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ENERGY EXTRACTION AND GAIN MEASUREMENTS ON THE
LOS ALAMOS LARGE APERTURE Krf LASER

G. W. York, 5. J. Czuchlewski, E. T. Salesky, and L. A, Rosocha

Los Alamos Natianal Laboratory
Los Alamos, New Mexico

SUMMARY

The Large Aperture Module (LAM) is designed to be the final amplifier
of the Los Alamos Aurora Krf laser system. It is a doutle-sided direct
electron beam pumped Krf amplifier with an aperture of 1 m x 1 m and an
active lengtn of 2 m. [n initial tests, tnis device has been recently
successfully operated as a Krf oscillator, producing an average flux
greater than 0.4 Jy’cmz on an array of calorimeters. This 248-nm laser
output was produced over the 1-4'n2 aperture using a positive brancn,
confocal unstable resonator optics set. This resonatcr consists of a
oair of dielectric coated glass reflectors which form a telescope with a
magnification of 2.88, resulting in an output coupling of 88%. The
output window for these experiments consists of a mosaic array of 8-in. x
8-in. fusead silica windows with a net transmission of approximately 60%,
resulting in a deliverad optical pulse of ~2.5 kJ. Correcting for window
losses, this corresponds to an extracted energy from the pumped volume of
>5 kJ in the 400-ns FWHM pulse at an energy efficiency of ~a%.

Small-signal gain measurements have also been pertormed at similar
operating conditions, and tine results will be compared to the predictions
of tne Los Alamos KrF kinetics code. Tne data are in good agreement witn
the code predictions., Details of tpe design of tne amplifier will be
presented.
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THE AHTARES FACILITY FOR INERTIAL FUSION EXPERIMENTS
-~ STATUS AKD PLANS

P. D. Goldstone, G. Allen, H. Jansen,
A. Saxman, S. Singer, and M, Thuot

Los Alamos National Laboratory
Los Alamos, NM 87545

INTRODUCTION

In the last decade saveral increasingly powerful snort pulse
€07 lasers have been constructed at Los Alamos National
Laboratory to investigate the feasibility of (02 as an
inertial fusion driver. The advantage of (02, a gas laser
with high rep-rate capability, electrical efficiency as high as
10%, and scalability to large energies, must outweigh important
difficulties in target physics due to the copious production of

suprathermal electrons if C0» is to be considered a viable
driver option.

Since 1978, Los Alamos has used the 10-kJ, eignt beam Helios
laser! to perform a variety of experiments aimed at
elucidating basic laser-matter interaction mechanisms and
beginning to determine the scalability of COp-driven targets
to high driver energies, Antares, currently under construction,
will be the next CO» laser used to further the experimental
ICF program. Scheduled for operation early in FY-84, the
Antares laser is designed to provide 30-40 kJ in a nominal 0.7
ns pulse, utilizing 24 independently pointable beams. Since
Helios is generally limited to — 5 kJ operation in most target
experiments, this will provide a significant increase in the
energy available for target experiments, enabling us to study
the energy scaling of target interaction phenomena as well as to
perform experiments which are energy-limited at Helios,
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Laser-initiated vacuum plasma shutters using a dielectric aperture for

retropulse isolation

T.W. Shehaen, S.J. Czuchlewski, J. Hyde, and R. L. Ainsworth
University of California, Los Alamos National Laboratory, Los Alamos. New Mexico 87545

(Received 18 December 1981; accepted for publication 23 March 1982)

1t is damonstrated that sintered LiF spatial-filter apertures may be used in a vacuum environment
of 107 Torr as laser-initiated plasma shutters for retropulse isolation in high-energy laser fusion
systems. In the experiments! data presented, a 1.1-ns duration pulsed CO, laser at 10.6-um
wavelength with an energy of 3.0 J is used for plasma initiation. A chopped cw CO, laser tuned to
9.6 m is used as a probe laser in determining the time the plasma blacks transmission of a CO,
laser beam. Both the 10.6- and the 9.6-um transmission were measured as a function of pulsed
laser fluence on the aperture edge, up to 240 J/cm?. Blocking times in excess of 1.0 us were
observed for &n aperture diameter of 800 um, for a Gaussian beam with a diameter of 1.2 mm

determined at the 1/¢° intensity points.
PACS numbers: 42.60.Kg, 42.80.Bi

1. INTRODUCTION

In all high-energy laser-fusion systems, an important
consideration is the protection of the front.end oscillator
and optical components from damage by laser pulses that are
reflected back into the laser systems from fusion targets. Any
apparatus used in isolating the retropulse should be efficient,
with a high forward transmission and low backward trans-
mission, have a minimum of complexity f. reliable oper-
ation, and for some applications function in a vacuum envi-
ronment. It has previously been shown that an active shutter
using an exploding wire device' may be used as a plasma
source at the aperture of a spatial filter to black target-retro-
reflected light. Metal irises in uir or ambient nitrogen envi-
ronment also have been shown to produce a laser-initiated
piasma? sufficient to ““clamp” a retropulse transmission to a
low level.

Ia this presentation, we demonstrate that a CQ, (10.6-
pmilaser-initiated plasma may be formed at the apertureof a
LiF spatial filter in a vacuum of 10~® Torr, of sufficient
density and lifetime to block the retropulse from reentering
the laser system. The plasma-initiation process is controlled
by the fluence incident on the aperture edge of the spatial
filter. Blocking times of the 9.6-zm probe laser are measured
as a function of the incident laser fluences. Blocking times
were also observed with the 10.6-um pulse laser focused 2.0
mrmn off the axis in a radial direction of the cone shaped spa-
tia! filter. With a 1.1-ns pulsed 10.6-um CO, laser incident
on the LiF aperture, at a fluence level of 63 J/cm® on the edge
of the 0.7847-mm-diam aperture, we have found that a plas-
ma 1s initiated within the 1.1-ns pulse width, producing a
small-signal transmission of 65%. Within 40 ns. the plasma
reaches a critical density of 10'® cm —3, sufficient to black the
9.6-2tn probe laser. The plasma persists at or above the criti-
cal density for 680 ns; at larger values of edge fluences,
blocking times in excess of 1.0 us are possible. While consid-
erable damage to metal irises in vacuum at high fluence lev-
els has been observed, the sintered LiF spatial filter shows
only minimal damage and no distortion of the aperture after
more taan 200 pulses in 107° Torr vacuum.

4652 J. Appl. Phys. 53(7), July 18982
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Il. EXPERIMENTAL TECHMIQUE

A. Experimental arrangement

The present experiments employ up to a 3.0-J/pulse
CO, laser at 10.6 um, with a pulse width of 1.1 ns that is
focused on a LiF spatial filter in a vacuum of 10 Torr with
NacCl optical components. A continuous-wave (cw) chopped
CO, probe laser at 9.6 um is used to determine the blocking
time of the laser-initiated plasma. The beam paths and ex-
perimental configuration are shown schematically in Fig. 1.
The primary laser beam, with diameter of 3.0 cm, is focused
on the spatial filter in the vacuum chamber using a NaCl lens
of 60-cm focal length for an {720 system. The input energy,
sampled by using a wedge beam splitter, and the energy
rransmitted through the spatial filter are measured with py-
roelzsctric joulemeters. Input fluence was varied without
changing the beam diameter by inserting calibrated CaF,
attenuators into the beam. Calibrated CaF, attenuators also
were inserted into the beam in front of the joulemeters dur-
ing calibration. The spatial filter is mounted on a lens holder
{shown in Fig. 2} that has vertical and horizonta!l {x, y} mi-
crometer drives that are adjusted from outside the vacuum
system. The lens holder and drivers are in turn mounted on
an optical rail in the chamber giving x, y, and z fine adjust-
ment capability. Provided with these adjustments, the pre-
liminary spatial filter alignment is obtained using a He-Ne
laser beam sent through the optical system, with the spatial
filter positioned for maximum transmission. This position is
indicated and marked on a video monitor that views the spa-
tial filter with a video camera and telescope. Final alignment
of the filter is performed using the puised CO, laser, atten-
uated sufficiently to prevent plasma formation or flashing at
the spatial filter aperture. The filter then is adjusied for max-
imum transmission while being viewed using the video sys-
tem. The video system gives information on the deviation
betwzen the CO, and the He-Ne beam, as well as providing a
monitor for observing any asymmetries during plasma for-
mation. Beam spatial filter alignment was accomplished for

© 1982 American Institute of Physics 4852
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Thin Solid Films. 107{1983) 373-178
METALLURGICAL AND PROTECTIVE COATINGS EYA)

UNBACKED CYLINDRICAL METAL FOILS OF SUBMICRON
THICKNESS*

DAVID V. DUCHANE AND BARRY L. BARTHELL
Los Alamos National Labacatory . Los Alamos. NM 87545 : L' S.4 )
(Recewved Apni 13, 198); acoepted Apni 21, 1983)

Implosion experiments often utilize cylindrical thin metal foils. Previously
these foils nave been made either from flat sheets, with a seam where the edges joined,
or in the form of a composite polymer/metal laminate, in which the plastic film acts
as a supporung substrate.

A method has been developed to produce unbacked cyiindrical metal foils of
submicron thicknesses. This process utilizes a temporary substrate consisting of a
water-soluble polymer film as a base for the electron beam depoaition of the metal
layer. After formation of the metal foil, the polymer is removed by immersion of the
assembly in water. Unbacked metal foil cylinders as thin as 0.1 7 ym with extremely
smooth wrinkle-free surfaces have been prodused by this tachaique.

1. BACKGROUND

Cylindrical thin metal foils are of interest to a number of researchers
conducting pulsed power experiments®. The earliest work in this area was carried
out using commercially available flai foils. These were simply wrapped around a
pair of support rings to produce a foil cylindzr?. The seam at the point where the
edges of the foil were joined was highly undesirable from the standpeint of implosion
symmetry. It presented a region of essentially zero mass if a butt joint was formed, or
anarea with twics the nass per unit area of the main body of the foil when an overlap
joint was utilized.

To overcome the problems associated with this joint. a technique for producing
secamless foils was developed by Kindel et ai® In their process they utilized a
cylindrical polymer substraie made according to the method of Grader er al.* The
product was not a pure metal foil, bui a composite consisting of a polymer film
substrate with a continuous and uniforr» metal overlay. While this seamless
polymer/metal laminate was an improvement over ‘he previous wrapped foils, it
presented a number of problems in fabrication .nd use. The polymer film was
formed from a noxious organic solvent by a dip-casting process. Because the

® Paper presented at the International Conference on Metallurgical Costings, San Diego, CA. USA.,
April [8-22, 198}
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Scattering of light by laser fusion targets with small defects

David E. Cooper, Dau-Sing Wang, and Milton Kerker

The extended boundary condition method was used to determine the effect imperfections in small glass and
metal shells have on scattered light at 10.6 um. The results indicate that imperfections cause a shift in the
locations of the minima in the differential scattering curve. a change in the extinction efficiency, and the
presence of depalarized components for off-axis orientation of the object. Among these, the presence of and
changes in the depolarized component are most sensitive to impetfections. We compute the depolanized
scatter from shells with types !. I1. and 11l defects 2nd discuss the potential of light scattering as a character-

ization tool for laser fusion targets

. Introduction

Light scattering has long been known to be an ex-
tremely sensitive probe of the structure of small parti-
cles.'* This fact suggests that it might be possible to
use light scattering to measure specific types of defects
on the surfaces of small shells used in the construction
of laser fusion targets. Typical shells are fabricated out
of either glass, plastic, or & high-Z metal such as gold.*
For a shell to be useful as a target in laser fusion studies,
certain well-defined types of defects must be kept below
a minimum value. The defects of primary interest.
referred to as types I, I, and I11,* are illustrated in Fig.
1. Atvpe I defect occurs when both inside and outside
surfaces of the shell are spherical but not concentric. If
either surface is ellipsoidal, we have a type Il defect, and
a local defect, such as a bump or dimple, is labeled type
1L

The characterization requirements on a simple glass
or metal shell used in a laser fusion target are quite se-
vere and are illustrated in Fig. 2. Specifically, types |
and II defects must be below 1%, whereas a type 111
defect must be held to below 0.1%. Technigues cur-
rently used to characterize shells with such sensitivities
include optical interferometry, x-ray microradiography,
and scanning electron microscopy.® While such tech-
niques are quite sensitive, they are rather time-con-
suming and do not lend themselves to examination of the

David E. Cooper 15 with Umiversity of California, Los Alamos Na-
tional Laboratory. P.O. Box 1663, Los Alamos, New Mexico 87545:
D. 5. Wang 15 with McDonnell Douglas Research Laboratory. St.
Louis. Missourt 33166: ana M. Kerker 15 with Clarkson College of
Technology. Potsdam, New York 13676.
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large numbers of targets that will eventually be required
for a power generating station. Light scattering offers
to be both a sensitive and fast technique of defect de-
tection as well as being considerably easier to implement
than the techniques now in use. It is, therefore, of in-
terest to determine what effect a defect has on the light
scattered by a glass or metal shell.

This paper presents the results of computer studies
to determine the effect of types I, I1, and Il defects on
the light scattered by small spherical shells. Although
computations were actually carried out in both the op-
tical (0.5 um) and IR (10.6 um) regions for both glass
and metal shells, only the latter will be presented here,
since, for the same size parameters, there were only
minor differences. The size parameters studied ranged
from 5to 30. The computer code used in these studies
relies on the extended boundary condition method
(EBCM) and will be briéfly discussed in Sec. I1. The
complexity of these calculations is substantial, requiring
as much as 30 min of computation time on a Cray-1
computer at the largest size parameters studied. Sec-
tion I11 presents the results of the calculations. and Sec.
IV discusses the feasibility of using light scattering to
detect defects of interest on small shells, presents a
novel detection scheme, and discusses some difficulties
that yet need to be overcome.

If. Theory

The scattering calculations use the EBCM, which was
first developed by Waterman®’ originally for con-
ducting objects, and was then applied to multilayered
objects.8-10

In this approach, we utilize the spherical harmonic
expansions for the incident fields, the scattered fields,
and the fields inside the object in conjunction with
boundary conditions at the surfaces between adjacent
layers to obtain a system of linear equations. The un-
known expansion coefficients of the scattered fields are

1 January 1983 / Voi. 22. No 1/ APPLIED OPTICS 83

143




000

TYPE | TYPE Il TYPE 1l

Fig. 1. Defect types of primary intésest ih ginss or metal shelis.

SSPHERITITY
D'L‘:; Ore 31% (2 Y% DESIRED

ovg "
@ WALL THICKNESS UNIFORMITY
mas '

" %40 3% OESIRED!

aeg mar

® SURFACE SMOOTHNF S5
IDEFECT Diam #15,0
LP
alscim ,

@00 LEOR . um THIEK SREL. >

Fig. 2. Characterization requirements on shells used in laser fusion
Largets.

"
Fig.3. Geometry used in the scattering calculations.

obtained in terms of the known expansion coefficients
of the incident fields by directly solving these linear
equations. Details of the development can be found
elsewhere.!!

In this paper we are interested in determining the
scattering by a slightly nonspherical glass or metal shell.
Since a shell with either a type I, II, or 111 defect is a
body of revolution, we may apply the technique of using
two sets of coordinates in the scattering calculations to
take advantage of the fact that the EBCM is particularly
efficient for axisymmetric objects. As depicted in Fig.
3, for a shell with a type Il defect (modeled as a hemi-
spherical bump in this paper), the two sets of coordi-
nates used are the BODY frame (x'y’z’) and the LAB

64 APPLIED OPTICS / Vol. 22, No. 1/ 1 January 1983

frame (xyz). The two teta of coordinates are related by
angles 8, and ¢,. In the BODY frame the z’ axis is
oriemocf7 along tﬁe defect symmetry axis. Inthe LAB
frame (xyz), the x-2 plane is defined as the scattering
plane, and the z axis is parailel to the direction of inci-
dence. The companents of the incident and scattered
fields which are parallel to the x-z plane are defined as
the horizontally polarized components, and those
components perpendicular to the x-z plane are defined
as the vertically polarized components. The major
portion of the scattering calculation is performed in the
BODY frame, and the solutions are thon transformed
into the LAB frame. Using the relations between the
two coordinate systems, the scattering calculations can
be carried out for any specified orientation of the object
and hence location of the defect with respect to the in-
cident wave.

The formulation of the EBCM begins with a set of
integral equations which relate the fields in different
regions:

3,
E '2‘ = Ertr) + Erel = Bird

“"‘f [A2 X Edthar'}} - BikaR)ds’
”

-exex f iy x B2 kyr)
jwes

outside Sa,
inside S,,

~U(hR)da';[

Eri . .
0, =T x -L [~Az x EXkar'y - TikoR)ds

—extx f L jmto X B2 har)] - CikgR s
,

2 jwer

+Tx f i X Edthar')] - B(kaR)Vds’
n

1
-TXTx f —— [, X Hilkar')]
" jwe

.. [between 5, and 54, o

CtkaRyds': outside Sz and inside S, 2
where S is the outer surface of the shell, and S is the
inner surface, k3, k2, €3, and ¢; are the wave numbers and
the dielectric constants in the surrounding medium and
in the shell, respectively. G(kR) is the Green's dyadic
for unbounded space, and R = |r — r’[. Eiis the inci-
dent electric field. E* is the scattered electric field, E3
and H? are the total fields outside the object, and E? and
H? are the fields in the shell. Additional relations be-
tween the fields are obtained by applying the boundary
conditions at the surfaces S| and S3, which require the
tangential components of the fialds to be continuous,
ie.,

Ay X El = Ay x E2 s 3
Ay x B = ay x g2{ 0707 3
M XE} = A xEL

R on ;. 4

The electric field of an incident plane wave can be
expanded as
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vacuum deposition of high quality metal films on porous substrates

Bamy L. Bartheli and David V. Duchane

Los Alamos National Laboratory Los Alamos, New Mexico 87545

{Received 25 September 1981; accepted 8 December 1981}

A composite mandre! has been developed consisting of a core of low density polymethylpentene
foam overcoated with a thin layer of film-forming polymer. The surface tension and viscosity of
the coating solution are important parameters in obtaiming a polymer film which forms a

film formers with surface tensions in the range of 45 dyn/cm and minimum viscosities of a few
hundred centipoises have been found most satisfactory for coating polymethylpentene foam. By
means of this technigue, continuous polymer fims with thicknesses of 10-20 4m have been formed
on the surface of machined polymethylpentene foam blanks. Aluminum has been vacuum
deposited onto these composite mandrels to produce metal films which appear smooth and
generally defect free even at 10 000 times magnification

PACS numbers: 81.15 Ef

1. INTRODUCTION

The substrate plays a key role in the fabncation of thin metal
films by vacuum deposition. since any defects or trregulan-
ties in the surface of the substrate tend to be reproduced in
the film ' Further, 1f a freestanding film is to be produced,
the sbstrate must be removed after deposition of the film
matenial This can readiy be accomplished with parung
agents when fiIms are formed as flat sheets of moderate size,
but when they are to be made with closed shapes such as
cylinders or spheres. removal of the mandrel 1s much more
difficult In these cases mandrels are generally removed by
Jzaching processes which may be vers ime consuming Me-
chamcal agnation 1s often emploved in the leaching process.
but this poses a nsk to the integnty of the thin film. In adds-
tion, the leaching fluid itself must be carefully chosen. Metal
mandrels require lechants which may be carrcsive, difficult
to handle. and prone to attack the thin film uself sf param-
eters such as temperature and pH are not carefully con-
trolled. Polvmenc mandrel matenals, while soluble 1n or-
ganic hquids which pose no danger 1o the deposited metal
film. are usualily siow to dissolve and often swell noticeably
prior to becoming completely fluid. Such swelling can de-
stroy the deposited shell.

The ultimate gaal of the wark reported heren is the devel-
opment of a composite mandrel consisting of a core of low
density. open cell. polymeric foam. overcoated with a thin
layer of a smooth polymer film. Such s mandre] would have
a microscopically smooth surface, an extremely high sur-
face-t0-mass rauo. and an effective void volume approach-
g 95% These qualities would largely obviate many of the
problems associated with the (abrication of metal-walled fu-
sion targets. The smooth surface would permit the deposi-
tion of metallic films of good strength and umiformuty
Leaching would be facihitated by the high surface-to-mass
rato, or could possibly be eliminated enitrely by simply fill-
ing the voids with fuel and leaving the foam core as a perma-
nent structural support.

Coating of polymer foams has been practiced in the plas-
tics industry for a number of years, but microscopically

1341 3. Vac. Sci. Technol,, 20(4), April 1982
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smooth fintshes have not generaliy been among the goals of
coating processes.” Such surface smoothness as has been
achievid often ivolves the use of filiers and relatively thick
coatings * '

It has been the primary object of this work to develop
coating matenals which will form continuous thin films on
the surface of alow density. open cell foam without penetrat-
ing significantly 1nto the body of the foam structure. As will
be shown below, the surface tension and viscosity of the coat-
ing solution are important factors in the success of this
technique

1. EXPERIMENTAL

The polymer foam used in this work was obtained by a
process recently developed at the Los Alamos National Lab-
oratory. It consists of polvmsthylpentene, and 1s onginally
produced as a fitled matenal. For these expenments, the
filled foain was first machined 1nto hollow cylinders 23 mm
long and 13 mm in diameter The filler was then ieached out
to yield a mandrel core of low density (about 0.05 g/cm'i.
open cell, pure hydrocarbon matenal. At this stage of the
process. the surface of the foam was macroscopically smooth
but microscopically rough and porous with an average cell
size of about 28 um.

In each tnal the coatng solution was apphed to the sur-
face of the foam by lowenng the core into the coating liquid
on a rod extended through 1ts center until it was totally im-
mersed. and then withdrawing it at a constant rate of about
15 mm/min. The excess coating fluid was allowed to drain
from the surface while the sample was suspended vertically

The samples were dryed 1n a laminar air flow hood to
minimize dust contaminailon After dryving. each sample
was inspected visually and by scanning electron microscopy
tSEN Aluminum was vapor deposited onto samples of
foam coated with the most promising formulations. and the
alumimzed surfaces again examined by SEM

The coating solutions were prepared by dissolving poly-
mers known to be good film formers 1n water or methanol.
The materials and concentrations were chosen (o give solu-
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Automated computer analysis of x-ray radiographs greatly taciiltates
meaasurement of coating thickness variations in laser fusion targets
D. M. Stupin, K. R. Moore, G. D. Thomas, and R. L. Whitman

Los Alamos National Laboratory. Uni

ity of California. Los Alamos, New Mexico §7545

(Received 20 October 1981; accepted 12 November 1981}

We have built an automated system to analyze x-ray radiographs of laser fusion targets which
greatly facilitates the detection of coating thickness variations. Many laser fusion targets require
opaque coatings | to 20 um thick which have bee- Zz7osited on small glass batloons 100 to 500um
in diameter. These coatings must be uniformly thick to 19% for the targets to perform optimally.
Our system is designed to detect variations as small as 100Ain 1-um-thick coatings by converting
the optical density variations of contact x-ray radiogtaphs into coating thickness variations.
Radiographic images are recorded in HRP emulsions and magnified by an optical microscope,
imaged onto television camera, digitized and processed on a Data General $/230 computer witha
code by Whitman. After an initial set-up by the operator, as many as 200 targets will be

automaticaily characterized.

PACS numbers: 68.55. + b, 67.70. + n, 52.50.Jm

INTRODUCTION

We have built an automated system to analyze x-ray radio-
graphs of laser fusion targets at the Los Alamos National
Laboratory, which greatly facilitates the detection of coating
thickness variatior:s in these targets. The Microradiographic
Analysis System (MIRAS—from the Spanish ook ) is sensi-
tive to 195 variations in coating thickness for nonconcentri-
cities and 2% variations for elliptical defects, and, therefore,
meets the requirements imposed by target designers for these
two types of defects. We have proven the accuracy and sensi-
tivity of this systemn by direct comparison with data taken
with a flatbed microderisitometer and optical interference
measurements. The on-line processing features of MIRAS
give fazt turn-around time for the analysis of the targets and
the automated features of the system mean that the operator
is not required to devote his attention full-time to the
unalyses.
~ Laser fusion targets are typically hollow glass microbal-
loons 100 to 500 um in diameter, coated with 1- to 20-um-
thick layers of various plastics and metals. While the glass
microbalioons are transparent, it is usually not practical to
measure thecoating uniformity or the coating thickness with
optical techniques, because the coatings are usually opaque.
However, the uniformity of the microballoon wall and the
subsequent coatings must be stringently controlled to guar-
antes the performancs of the targets. X-ray radiography has
been shown to be effective in detecting target defects in opa-
“que and transparent coatings,'~ and we are developing the
most sensitive methods to find these defects with x rays.
Coating thickness variations are detected by measuring x-
ray transmission through the targets as shown in Fig. 1. X-
rays incident from the top of the figure pass through the
asymmetric microbailoon and expose the film underneath
the microballoon. However, the intensity of the s rays is
attenuated exponentially by the amount of the material they
pass through. Hence, the x-ray flux to the center of the bal-

loon is not attenuated as much as the flux near the left or”
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X RAYS

ASSYMETRIC
MICROBALLOON

PHOTOGRAPHIC
/ EMULSION

< <

DIAMETRAL DENSITOMETER SCAN
OF RACIOGRAPHIC IMAGE

- OPTICAL DENSITY

POSITION

Fic. 1. Coating thickness vanations are detected by measunng x-ray «.uns-
mussion through the targets The images are recorded 1n photographic
emulsions and the optical densities of the emuisions are s measure of the
transmitted x-ray ux. Therefore, coating thickness vanations are detected
as vanations i the opucal density In this example, an asymmetnc micro-
bulloon gives an unsymmetnic optical density plot.
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TV CAMERA

ﬂoso DIGITIZER

COMPUTER
CONTROLLED
X-Y STAGE

nght edge When the optical density of the radiographic 1m-
age s plotied along the image diameter, as shown at the
bottom of the figure, one typically gets cupshaped plots. Fur-
thermore, because of the asymmetry of the -nicroballoon.
the cup nm 1s higher on the left-hand side of the plot that 1t is
on the nght-hand side. This asymmetry in the optical density
plot can be detected by a computer and quantified.

APPARATUS

MIRAS uses a television camera to digitize the radiogra-
phic tmage of a target as shown n Fig. 2. First, a contact
microradiographic image ts made in photographic emulsion
with an x-ray source Then thisimage s placed in MIRASon
the computer-controlled x-y stage and viewed 1n the micro-
scope by a television camera. The video signal 1s digitized,

TYPE I TYPE 1l TYPE i}t

Fi¢. ¥ Three tvpes of defects are found 1n microballoons Type-! defects are
NORCONCEN MG Detueen the ianer and outer surfaces Type-th s anellip-
tical inner or outer aurface of porh, Tpe-111 are warts or dimples in either
surfac# or crackoar vondsin the coating or density »anas.ony in the coating
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COMPUTER

Fic 2 Miras uses a television camera (o digi-
tize radrwographic images Contact microra-
diographs are placed on the computer-con-
trolied x-y stage and viewed through the
microscope by a television camera. The video
images are digiuzed and stared 10 computer
memory where an analysis program calcu-
lates the sizes of defects and prints the results

— RESULTS

this digital data 1s stored in the computer. and the computer
searches the digital data for defects and prints the results of
the search. Up to 200 images in a single radiographic array
will be analyzed automatcally without further assistance
after the operator has indicated the location of the images
and assigned identification numbers. The computer pnnts
the identification. microballoon diameter. thickness of the
coating. nonconcentncity (Type-1 defects, ellipticity 1 Type-
11 defect), and volumes of the warts and pits ( Type-111 defect!
for each image. A more detailed descripuion of this process is
in the Appendix

PERFORMANCE

MIRAS meets the requirements «7 inertial confinement
fusion target designers for sensinvity 1o Type-1 and Type-11
defects. We have arbitranly divided the types of defects typi-
cally found in microballoons and coatings into three types
which are shown in Fig. 3 The Type-I defect 1s a nonconcen-
tricity between the outer and inner surface. a Type-111s an
elliptical inner or outer surface. or both, and Type-IIT 15 a
small local defect such as a wart or a dimple, cn either sur-
face. or a density vanauon 1n the coating. Target designers
have estimated that Type-1 or Type-I1 defects smaller than
1% 1n A1 /1 will not degrade target performance, where £ 15
the average coating thickness and .17 is the variation about
the average. Defects of Type-111 must be smaller than 0.1
in At /tif they coveranareaof r *. Whitman®* has shown that
the analysis code in MIRA.S is sensttive to 1 92 Type-1defects
and 2% Type-11.

The accuracy of MIRAS is proven by companison with
flatbed densitometer data and optical interfersnce measure-
ments. Jn Fig. 4 are shown the measured n- ncentncites
in percent A7 /1 for ten microballoons whi. * «re analyzed
with data taken with both a flatbed densitometer and with
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Summary Abstract: A technique for calculating DT conient in glass

micreballoons from x-ray counts
B. S. Jorgensan

University of California. Los Aiamas National Laboratory. P. O. Box 1663. Los Alamas. Xew Mex:.0 87545
(Received 18 September 1981; accepted 12 November 1981)

PACS numbers: 82.20.Di

The x-ray counting method’ is very useful for determining
DT content of glass microballoons (GMBs). A quextitative
measurement is complicated, however, by the pressure- and
diameter-dependent self-absorption of the beta particles in
the gas anc by wall compasition and chickness effects on x-
ray geueration.>® We have experimentally studied the effects
of wall thickness, diameter, and fill pressure on x-ray count
rate as measured by a Nal detector and, in addition, the
attenuation causzd by a plastic coating on the microballoon.
At this time, the effects of glass composition were not inves-
tigated. A 5% Na, 12% Ca, 2% K. 0.03%B, and 81% Si
composition was used in all cases. The results were com-
bined in an equation which calculates the fill pressure direct-
ly from the x-ray count rate by an iterative process.

The effects of varying the wall thickness, diameter, and fill
pressure were studied by holding two of the parameters con-
stant and varying the third. Several GMBs were filled by
permeation with 50/50 DT for each case. The x-ray attenu-
ation caused by a plastic coating (parylene) was found by
measuring i-ray count rates of individuat microballoons be-
fore and after coating. The data were plotted as shown in
Figs. 1 {(ai through {d}, and expressions were found for the
effects of each variable on the count rate by entering the data
on a curve-fitting program on a programmable calculator. In
each case, a nonlinear, least-squares fit of the data gave a
mimmum confidence of 0.93.

The effects on the x-ray count rate of the wall thickness,
diameter, and fill pressure may be expressed by

C/V=Kue "®" tYorD=D, and P=P., m
Cr¥y=K,122-9%10"*D}), for W=W,

for W=W, and P=Pp, 2

C/HVP)=K,P~°* forW=W.andD=D,, 3

where 7 is the counts per second, V is the volume of the
microballoon in cubic microns, W is the wall thickness in
microns. [ 1s the diameter in microns, £ is the pressure in
standard atmospheres, X is a calibration constant, and the
subscript » refers 1o a reference microballoon.

Combining Eqgs. 1, 2, and 3, and solving for P yields

eDDJWPn\lC

) JE S — 4
K121 —9xi0-"D P ®
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where K is the appropriate combination of K., £,. X,

The equation may be used to calculate the fill pressure of
plastic-coated microballoons by including a factor for the x-
ray attenuation due to the plastic. The attenuation factor 1
the count ratz of a coated m*--robalicon {C; | divided by the
count rate of the microballoon before it was coated (C). As
shown in Fig. 1(d),

7 - 00aMT PR Al It (LR
C,/C=e orC=0C,¢

This relationship is valid for coatings fror U- to at least 100-
um-thick (the upper limit of our measurements). Therefore.
the fill pressure of a plastic-coried microballoon may be cal-
culated by

eU WPPU J‘eumlﬂrcr

P= 15)
K{1.22 —9x107*D ¥

The calibration constant can now be found for a specific x-
ray counter and GMB type by measuring the x-ray count
rate of a DT-filled GMB and then measuring the fill pressure
directly b;, some destructive technique such as mass spectro-
scopy Unknown fill pressures can then be calculated using
the above equation in an iterative process on a programma-
bie calculator. An estimated P. which does not need iobe a
close approzimation to the actual P, is inserted in the equa-
tion and only a few iterations are required to arrive at the fill
pressure. -

The actual effects derived from first principles are much
more complicated,” bur the above corralations hoid at least
for glass microballoons with wall thicknesses varying from
1.5 to 5.5 um, diameters from 150 to 600 um. and pressures
from 10 to 100 atm. The fill pressures calculated using this
equation have been compared to the equilibrium fill pressure
for numerous recently filled targets. We have found better
that 10% agreement. Also, multiple calibrations were made
via destructive measurements and we again found better
than .0% agreement in the range of pressures and sizes
mentioned.

We have found this method to be quick and easy for assay-
ing the fuel content of glass microballoons to be used for
laser fusion targets. With the increasing use of plastic coat-
ings on targets, the factor for x-ray arttenuation due to the
rlastic is extremely useful since the fill pressure can bz calcu-
lated from the x-ray count rate of the finished target. The
effects of varying the glass composition still need to be stud-
ied, since other glass types are frequently used for targets
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D.W. Camoll and W. J. McCreary

Los Alamas National Laboratory, Los Alemos, New Mexico 87545
{Recived 1S September 1981; accepted 21 October 1981)

To meet the requirements for plasma physics experiments in the inertal confinement fusion (1CF:
program. chemical vapor deposition (CVD! in fluid beds was used to fabricate freestancing
tunguten spheres and cylinders with wall thicknesses less than 5.0 um. Molybdenum and
molybdenum alloy iITZMi mandrels of the desired geometry were suspended 1n a carrier bed of
dense microspheres contained in an induction-heated fluid-bed reaclor.v"l;hke mandrels were free 1o
fleat random)s through the bed, and using the reacion WF, + 3JH."— W —~ 6HF. very fine
grained tungsten was deposited onto the surface at 8 rate and 1n a grain size determined by
temperature. gas flow rate. system pressure, and duration of the reacuon. After coaung. a portion
of each mandrel wa~ exposed by hole drilling or grninding The mandre! was then removed by acd
leaching. leaving a freestanding tungsten shape Experimental procedures, mandrei preparation,

Fabrication of thin-wali, freestanding inertiat confinement fuaion targets by
chemical vapor deposition

and resulis obtained are discussed

PACS numbers 81 15 Gh. 52.50Jm

1. INTRODUCTION

The use of metal foils as inernal confinement fusion {ICFi
targets has recently gained importance in physics experi-
ments applhcable 10 thermonuclear 1gnition."* The current
requirements for these foils dictate that they must be a spe-
cific size and geometry. freestanding, defect-free. less than
5.0-pn umform wall thickness, and be capable of withstand-
ing manipulation during the fixtunng process. To produce
fouls sausfying these spectficauons, a fluid-bed techmique in
combination with chemical vapor deposttion {CVD) was uti-
hzed.'* Molybdenum or molybdenum alloy (TZM, man-
drels machined 1o the destred size and shape were placed ina
bed of dense spherical particles. Hydrogen was passed into
the bed to begin flmidization. This action provided support
for the mandr=ls and caused them to move through the bed
n a random manner. After the luid bed was stabilized at
temperature. tungsten hexafluoride (WF,) was admitted.
Using the reaction WF, + JH:H—"-“W + 6HF, strong,
smooth tungsten coatings exhibiting fine grain structure
were deposited on the mandrel. Subsequent mandrel remov-
al by acid leaching yielded thin-walled (typically 1.5 t0 3.0
um,. freestanding hoilow tungsten cyhinders and spheres.
This paper will describe the apparatus required and the spe-
cialized techniques developed 1o produce such unique tung-
sien foils.

. EXPERIMENTAL

Hollow cylindrical mandrels were machined and polished
from molybdenum tubing using conventional techmiques.
Molybdenum was chosen because of 1ts close coefficient of
thermal expansion match with tungsten and because it
would selectively acid leach without affecting the tungsten
coating. Approximately 0.5 mm was agded to the length of
cylinders as allowance for polishing back to the mendrel pri-
or to leachinz. Although cylindrical mandrels of various
sizes were tungsten coated, the coating process described

1087 J. Vzc. Sci. Technol., 20(4), Aprii 1982
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applies specifically to mandrels 10.0-tnm diam X 13.6-min
long.

After vltrasonic cleaning, a single molybdenum cyhnder
wes placed in a bed fludized by hydrogen. A typical fluid
bed was contained within a graphite coater and consisted of
8 cm® of ~350-um-diam spherical uranium carbide coated
with tungsten. Average bed density was 12 g/cm’. One
umgque espect of this process is that by varying bed compos:-

——=E x haust

_ Molybdenum
" Mandrel

__Fuid Bed
(»80 cm3)

___—Graphite Coater
~-—50° Typical

water-Cooled
Gas Iniet

L—WFG + Hy In

Fic | CVD coating spparatus, cross section through coater

& 1982 American Vacuum Soclety 1087

150




Preparation of multishell ICF target plastic foam cushion materiais by
thermally induced phase inversion processes
A T. Young, D. K. Moreno, and R. G. Marsters

University of California, Los Alamos National Laboratory. PO Box 1663, Los Alamas, NM 87545
{Reczived 21 September 1981; accepted 30 October 1981)

Homogeneous, low-density plastic foams for ICF targets have been preparea oy tnermally
induced phase invarsion processes. Uniform, open cell foams have been obtained by the rapid
freezing of water solutions of modified cellulose polymers with densities in the range of 50-7
mg/cm® and respective average cell sizes of 2 to 40 um. In addition, low-density, microcellular
foams have be=n prepared from the hydrocarbon polymer polyi4-methyl-l-p via a simil
phase inversion process using homogeneous solutions in organic solvents. These foams have
densities from 20 to 50 mg/cm’ and average cell sizes of 20 um.

PACS numbers: 82.70.Rr, 81.20.Sh

1. INTRODUCTION

Several laboratunies have recent ¢ been tnvolved in the devel-
opment of multishell fusion targets for laser mnteraction ex-
periments. - Initial designs consist of a DT-fuel-filled. gold-
coated. hollow glass microsphere centerad n the intenor of
an cuter pusher-ablative shell 1IFig. 1). Nonconcentricity be-
tween the inner and outer shells must be 29 or less. Between
the two shells is a low-Z cushion layer, which. depending on
the particular design, requires densities from 0.01 to | g/cm’
or more. This cushion layer can be a gas, a small-cell plastc
foam, or a full-density plastic.

Multishell fusion targets have been fabricated using a gas
cushion layer with a thm plastic film supporting the inner
snell.' Zonsiderable effort has been 2xpended to fabricate
low-Z. law-density, microcellular foams for this cushion lay -
er.’ ' In the study by Rinde and Stone' a cellulose acetate
foam was prepared by extrusion of an acetone solutton of the

POLARIS PRIME

INNER PUSHER, - —-
30LD, 24mTHIZK

MANDREL 5LASS — - ~ .
MICROBAL LOON, tum TH'CK 7

FLEL.ZT 2. - — ——
“1Qum TwilK

OVERALL DIAMETER®35Cur
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polymer intoa “'phase inversion" environment. This process
1s similar 10 the methods for making asymmetnic, reverse-
osmosis membranes for water desalination.* Rinde and
Stone were able to produce cellulose acetate foam strands
with densities about 50 mg/cm® and cell sizes of 1 to 2 ym.

Coudeville eral.,* have reported coating of stalk-mounted
glass microspheres with a dextran foam with a density of 50
mg/cm* and average cell sizes of | to 2 um. Their process
involved the rapid cooling of a water—dioxane solution of the
dextran polymer to a temperature well below the freezing
point of the solvent mixture. The solvent mixture was then
removed via sublimation under vacuum {1.¢., freeze-drying,
to give the polymer foam structure.

In a parallel study at this laboratory, plastic foams have
been made from a water solution of the ammonium salt of
carboxymethyicetiulose (Figs. 2 and 3} via this processovera
range of densities from 50 mg/cm’ with 2-um cells to 16
mg/cm® with 10-um cells. In addition, foams with a density

ABSORBER/ABLATOR,
PLASTIC, 75um THICK

-~ QUTER PUSHER/SHIELD,
GOLD, 75kmTHICK

— CUSHION, GAS OR
PLASTIC FOAM,
280,m THICK FiG. 1. Cutaway view of & typical multishell

ICF target
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71G. 2. Carboxymethylceltulose foam; density = 50 mg/cm®; average cell Fi1G. 4. Methylczilulose foam; density = 7 m/em”; average mean free path
aze = Qum. distance between ribs = 40 um.

»f 7 mg/cm® (Fig. 4| were prepared from a water solution of  critical miscibility zone. For polymers having a broad mo-

nethylcellulose. lecular weight rainge, the zone may OCCUT Over a temperature
range rather than at a single temperature.

1. THERMALLY INDUCED PHASE INVERSION

AROCESSES 1. EXPERIMENTAL

The process employed by Coudeville and in our laborato- Since dextran and the chemically modified celluloses con-
-y falls into the general category of tiiermally induced phase tain appreciable oxygen {an undesirable constituent in some
nversion processes. In these phase inversion processes, a  target designs), we have studied thermally induced phase
homogeneous polymer solution is cooled in order to force inversion foam generation with solutions of pelymers con-
separation of the solvent from the polymer to form a con- taining only carbon and hydrogen (CH). We have been able
tinuous polymer matrix in which is dispersed discrete cells of to develop CH polymer foams with densities in the range of
soivent. Removal of the solvent droplets from the matnx S0 mg/cm’ and cell sizes frorn 10 to 30 um. In addition, we
generaily results in an open cell plastic foam structure where have developed a process whereby these delicate foams can
the voids are replicas of the solvent droplets. In a thermally be readily fabricated into desizable configurations via con-

induced process the solvent is selected from a class of sol- ventional micromachining techniques.

vents which are good solvents at one temperature and poor Poly{4-methyl-1-pentencl, which is manufactured by Mit-
solvents at a lower temperature. Controlled cooling of a sui Petrochemical Co. in Japan under the trade name
polymer dissoived in this solvent can yield a polymer foam. “TPX,” is a lincar CH polymer having a density of 0.83

During the cooling step. the temperature region at which g/cm’. The polymer is relatively insoluble in most common
solvent-polymer phase separation occurs may be defined as organic solvents, and only racently have solvents been pub-
lished for TPX."

We have found tha: homogeneous TPX solutions can be
obtained with particular solvents by extended heating at ele-
vated temperatures. Such solutions are then cooled at a rate
and to a temperature such that nonequilibrium liquid-liquid
phase separation is initiated. As the solutions are cooled, it is
necessary that no mixing or any other form of agitation be

T am & L Salvents used 1n prepaning TPX forms

Physical state Bosling posnt or

Solvent al ToOm temperature melring pnt
Dipheny Imethane Liyuid 264°C
Phenyl ether Liquid 89°C
Cyuluhe s thenzene Ligud AL
1-Phens lnclane Liguid 1 °C
Mibensyl Salid 406°C

F1G 3} Carboxymethylceliulose foam: density = 16 mg/em’; average mean Hewmethyibensone Sulid 162°C

free path distance between ribs = 10 um
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The frequency dependcnce of a thermal radiation
field complicates the computation of radiative energy
transport in optically thin media because the spectrum
may be uncoupled from local thermodynamic con-
ditions. A model for combining the effect of the
Jfrequency dependence into a radiation temperature
chosen to represent the temperature of both local and
nonlocal emitting regions is described. The deriv.d
equations are much easier to solve thax Lhe frequency-
dependent equations and can be applied 1o a brocd
class of problems. The equations are used to invesii-
gate the response of a gas in an inertial confinement
Jusion 'ICF; reaction chamber to target explosions.
The response is compared for ambient densities of
1.77% 10" and 1.77 x 10’7 atom‘cm?. The error in
using che brightriess temperature instead of a color
temperature to evaluate the opacinies is illustrated. An
analvtic analvsis shows the cooling wave observed
Jrom energy releases >10'" erg will not occur in an
ICF cavity. This is confirmed by the numerical cal-
culations.

1. INTRODUCTION

There are a variety of models for computing
thermal radiation transport. The model that best
applies to a particular application depends on the
opacity of the transport medium. For example. if
the mean-frae-paths of emitted photons are much
smaller than he distancz over which the temperature

NUCLEAR TECHNOLOGY 'FLSION VOL. & JAN 1984

changes significantly, then the radwation field is
tsotropic and the frequency spectrum is determined
by the local temperature, Under these circumstances,
the: dependence on angle and f{requency can be
integrated out of the radiation transport equation.
However, in many applications the medium is op-
tically thin to emitted radiation, and the angie and
frequency variables must be retained.

This paper describes a method of integrating the
frequency variable out of the transport equation
when the medium contains optically thin regions.
The integration leaves a parameter called the radia-
tion temperature to represent the frequency spec-
trum, where the radiation temperature is chosen to
reflect local and nonlocal emitting regions. The model
is referred to as a two-temperature model because
both the local and radiation tzmpsrature appear in
the equations. The equations are idzntical in form
to thoss set forth by Moses and Peterson.! but the
dermmation presented here sugpests a method of
evaluating the radianon temperature that avoids
problemms associated with the previous two-tempera-
ture model. The model derved here is partucularly
well suited to a medium composed of altzrnataly
transparent and opaque layers, bui 1s an economical
first estimats for any application where net energy
transport is of prmmary interest. and a detaled
dascnption of the frequancy spectrum is not needed.

The twe-temperature equations are derived
Sec. 1. Thermal conduction and motion of the
medium are ignored in that section because neither
influences the derivation. The 2quations are used in
Sec. I 1o analyucally study the phenomena fol-
lowing the explosion of an neruial confinement
fusion (ICF) target n a gas. The trzads revealed

-
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PROPAGATION OF IONS THROUGH
CONDUCTING FLUIDS WITH

IMBEDDED MAGNETIC FIELDS
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DONALD O. DICKMAN Los Alamos Narional Laboratory

Analvsis and Assessment Dwision, P.O. Box 1663
Lus Alame:s. New Mexico 87545

Received May 24, 1982
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Studies of applications of inertial confinement
fusion motivated the development of a plasma model
composed of

1. perfectly conducting fluid

2. relatively energetic ions not in thermal equi-
librium with the fluid

3. an electromagnetic field.

The fluid is modeled as a continuum, buf the
trajectories of the ions are determined from integra-
tion of the equations of motion for a statistically
representative sample of simulation particles because
the ion ranges in the fluid are comparable to
characteristic dimensions of containment vessels. The
model constituents interact electrodynamically. col-
lisionally, and through ionization and recombinarion
orocesses. The model of the collisional interaction
is based on the stopping power of the fluid; it leads
ra rechnical difficulries because of the widely differ-
ent characteristic lengths associated with collisional
interactions and with macroscapic fluid phenomena.
These difficulties are resolved with a specially con-
structed elementary one-dimensional model of the
collinional interaction. The finite difference equcrions
describing the evolution of the complere ion-plasma
system are integrared numerically for an isotropic
ion source located on the cvlinder axis. The solutions
indicare different ion behaviors for low- and high-
fluid densities. The ions expand as a diffuse cloud
through low-density fluids, but aggregaie into per-
pendicular-to-the-magnetic-field sheets in high-density
fluids; the discovery of these strikingly different
behaviors constitutes the main contribution of this
work.

NUCLEAR TECHNOLOGY/FUSION VOL. 4 JULY 1983

1. INTRODUCTION

In the inertial confinement fusion (ICF) process,
the reaction occurs sufficiently fast (in <10 s) to
resemble a small explosion (called a microexplosion)
that produces relatively high-energy (1- to 100-keV)
ions. [nvestigations of the expansion of these ions
and their interaction with an externally generated
magnetic field imbedded in a residual background
fluid led to the study of a plasma model composed of

1. an ionized fluid

2. relatively energetic ions not in thermodynaraic

equilibrium with the surrounding fluid
3. an electromagnetic field.
The assumptions implicit in this model are:

I. The background medium is collision-domi-
nated, behaves as an ideal gas with a constant ratio
of specific heats, and is ionized to a degree at which
its elecrrical resistivity may be neglected.

2. The discrete ions do not directly interact with
each other and are not in thermodynamic equilibjum
with the surrounding fluid in which their ranges are
comparable to the characteristic dimensions o1 inter-
est.

3. The interaction force between the jons and
the surrounding fluid is always tangent to the ion
trajectory, i.e., scattering is neglected.

4. An adequate number of sufficiently mobile
electrons are available to ensure tozal chargs neu-
trality and to short out any elec.rostatic field.

5. The electric and magnetic fields are always
and everywhere perpendicular.

6. High-frequency phenomena are ignored, i.e.,
the displacement current is neglected.
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CYCLIC TEMPERATURE AND THERMAL
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FUSION REACTORS
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Cyclic thermal loads and stresses in two critical
components of fusion reactors. including fusion-
fission hybrids. are modeled and calculated The
two critical components are the solid wall adjacent
to the fusion plasma (“first wall”) and the fissile
fuel elements in the high-power density region of
the blanker. These two componenis exemplifyv two
limiting cases of thermal loading: The first-wall
loads are generated by predominantly shallow energy
deposition that may be approximaied with a flux
across the surface and the fuel elements loads are
generated by volumetric heating.

Two approaches are used to solve the hear con-
duction equation and to calculate the resulting
stresses in rerms of svstem parameters. The firs:
is expansion into Founer senes and determingrion
of periodic solutions: the second is analvsis and
superposition of single-pulse responses weigr:led with
appropriate time delay and decay factors. Approx-
imate closed-form expression for temperature ex-
cursions and cthermal siresses zre derived: :hese
expressions may be evaluated convenien:ly and
rapidly for comparison of different svstemns. The
results provide a quantitative basis for trade-off
studies and comparacive cssessments of differen:
fusion reactor sysrerns.

1. INTRODUCTION ANO SUMMARY

A number of polential applications of fusion
reactors have been identified and investicated: several

*The views expressed in this paper are those of the author and
do not necessarily represent the views of the Department of
Energy.
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that appear technically and economically feasible
are production of electricity, process heat, synthetic
fuels, und fissile fuels. Realization of these applica-
tions requires solution of many outstanding and
challenging scientific and engineering problems. One
of the sutstanding problems for most fusion systems
1s the modeling and analysis of cyclic thermal stresses
with a view toward reducing their effects on avail-
ability. reliability. and component lifetime.

From the mechanical engineering point of view,
one fundamental difference between the fusion and
fission reactors (including advanced fuel breeders)
is the tvpe of operation: Fission reactors operate
in a steady state while fusion reactors, in general,
are expected to operate <yclically. The cycle time
or period may range from tens of minutes to small
fractions of a second and the fraction of the cycle
during which fusion energy is released may range
from nearly unity to 107% or less. Consequently,
the charactaristies of cyclic thermal and mechanical
lcads n fusion reactors wili span a wide range of
parametar valuss.

In this paper we model and analyze cyclic thermal
loads and strasses in the complete potential range
of operatuing conditiens. Wz examine two critical
components of fusion reactors (including fusion-
fission hybrids): namely. the solid wall adjacent
to the fusion plasma {(“first wall™) and the fuel
eiements jocated in the hich-power density region
of a2 blanke:. These itwo components exsmplify
two Limiting cases of thermal loading: The first-
wall loads are gesneratzd by predominantly shallow
2nergy depositicn that may be approximated with
a flux across the surface and the fuel element loads
are generated by predominantly volume energy
deposition or volumetsic heating. For these two
tvpes of loading, we derive approximate closed-form
expressions for lemperature increases and thermal
stresses that may be evaluated conveniently and
rapidly for comparison of different systems.
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Consistency of Neutron Cross-Section Data, Sy
Calculations, and Measured Tritium Production
for a 14-MeV Neutron-Driven Sphere of
Natural Lithium Deuteride

William A. Reupke* and D. W. Muir

Los Alamos National Laboratory, P.O. Box 14663
Los Alamos, New Mexico 87545

and

J. Narl Davidson

Georga Instirute of Technology School of Nuclear Engingenng
Atlarua, Georgua 30332

Received SMarch [, 1982
Accepred Julv 5, 1982

ke presenr algorthms, describe a compurer program, end ghe a mmpur-lwri
procegure for the scanstical consistency anzlvsts of neurron cross-section 23°3, By caleula-
tions, and mecsured tritwm production in [4-MeV neutron-Zriven inregrai assemblies.
Alporithms presented inchude 1 reduced matrix manipulanion technique sauabie for many-
group, 14-MeV neuiron transport calculztions. The computer program inchrporates these
alporirh™s and is expanded end vmproved 1o facilizre analvsis of such integral experimenss.
Derails of tne comourztional pracedure are given for a natural lithium deuterde experiment
perjor=ed a: the Los Alamos Nanoral Laborstory. Resul:s ae expinned in terms of
caleulsrel crost-section semsunities and uncertatnty estirmzres. They tnclule ¢ dowrward
ciusrment of the Li'n.xt] 12-MeV cross secion from 328 = 2210 252 = 24 mk, which
s supperied £y the teend of rezenr 2:fferentual ars m(eg-r:l messuremen:s. I. is concluled
fRat w R Z=prosmcte refinemen:s, the techrigues of corsistency cnzivus can be useiully
eopiied io the anzlvns of 14-MeV neurron-dm en rirum production intesTn! expervien:y.

INTRODUCTION tronics zaloulat
irg only &:if:
14-\1-\ neuron -dr'\=n u‘.._g.-l
refined methodelogy
nzlysis and consistancy
> comain of adjustimant frem the
various -'h-Jl-St‘ fission reactors to the energy range

ment s\m-m-s a gensralized Ieas squar:s procecur2  tnitium fusion reactors.
that adjusts the combined differentuial and integral In the higher snergy regime of the fusion reactor,
cata can sigificantly improve the accuracy of neu-  several problems in the application of consistency
analysis can be expected. Because of the higher
*Present address RIPCO, 535 Cordova Road. Suie 428, energies imvolved, a lurger number of cross-section
Santa Fe New Maxico 8750, energv groups are used. Moreover, t* . ‘gher energy
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Power plant design for inertial confinement tusion: Implications for pellets

T.G. Frank and J. H. Pendergrass
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D. L. Cook

Sandia Navional Laboratory. Albuguerque, New Mexico 87185

J. H. Pitts

Laurence Livermore National Laboratory. Livermore, California 9435¢

[Received 11 Ssptember 1981; accepted 19 Ociober 1981)

Potential commercial applications of inertial fusion include the production of elestricity and
fissile and chemical fuels. In all these applications, a significant amount of high-temperature heat
will be produced and converted 1o electricity. Most of the implications for fusion peliets are
common to all applications; the emphasis in this discussion is on central station electric power
plants. The requirements and constraints on fusion pelicts for power plant applications include:
survivability in hostile reaction chamber environments, the ability to withstand large acceleration
forces encountered in high-velocity injection, sufficiently large energy releases for economic
power production, and high-rate automated manufacture at costs whch are noi a farge fraction of

the value of the fusion energy released.

PACS numbers: 28.50.Re, §2.50.Jm

1. INTRODUCTION

Potential commercial applications of inertial fusion include
the production of electricity and fissilz and chemical fuels. In
all these applications, a significant amount of high-tempera-
ture heat will be produced and converted 1o electricity. Be-
cause most of the implications for fusion peflets are common
to ail applications, the emphasis in this discussion is on cen-
tral station eleciric power plants.

1a an inertal fusion electric power plant, fusion pellets
contaning deuterium and tritium (DT} will be injected into
one or more reaction chambers at rates of 1-10/s at high
velocity where they are intercepred, in flight, by laser or par-
ticle beam driver pulses. The fusion fueld is compressed and
heated to conditions necessary for fusion reactions to take
place Energy is reieased from the peller as x rays, high-ener-
EY neutroms, and enerzetic pelist debris. The x rays and pellet
debris 1ons deposit their energy very near surfacss of inci-
dence, whereas neutron energy deposition occurs volumetri-
cally in relatively thick blanket regions surrounding the re-
action chambers. Special provisions are requirad 10
accommodate the x-ray and pellet-debris energy deposition
without severs damage 10 the interior surfaces of reaction
chamber: of reasonable sizs. Pellet cnergy reieases are con-
varted to sensible heat in reactor structures and coolants and
are transparted by a flowing coolant to appropriate power
conversion equipment.

The requiremsents and constraints on fusion pellets for
power plant applications include: survivability in hostile re-
action chamber environments, the ability to withstand largs
acceizration forces encountered in high-velocity injection,
sufficiently large energy releases for economic power pro-
duction. and high-rate automated manufacture at costs
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which are not a large fraction of the value of the fusion ener-
gy released. These raquirements and their dependence on the
severa) possible combinations of generic reactor-driver cam-
binations are discussed in this paper.

1. PELLET COHCEPTS

The basic concept for producing energy from fusion pel-
lets is illustrated in Fig. 1. Driver energy is deliversd 1o a2
fusion pellet by intense, short-pulse laser or particle beams.
An outer layer of the pellet is heated very rapidly causing 1t
to expand with high velocity. The fusion fuel is compressed
and heated. due to the recoil impulse of the expanding mate-
rial, to high density (1000 to 10 000 times liquid densiy) and
temperature, with ignition occurring at 3-5 keV. The ther-
monuclear burn spreads rapidly through the compressed
fuel releasing many times the driver input energy.

At the present time, research is being conducted to estab-
lish the technical {easibility of the basic process through sin-
gle-shot physics and peller experiments using high-energy
lasers and light-ion-beam azcelerators. Coraprehensive re-
views of the experimental programs are given in Refs. | and
2. Studies of conceptual designs of ineruial fusion power
plants are based on theorencal fusion pelist designs capable
of fusion gains (fusion energy ouzout divided by driver sner-
gy input to the pelieti ranging from approximatsly 50 1o sev-
eral hundred with driver pulse snergics in the 2-10 MJ
range. Although pellet designs appropriate for power plant
arplication have not yst been demonstrated, work to date
does permit projections to be made on design and quality
control requirements.” Figure 2 shows the general features
of several generic designs of fusion pellets. In addition to the
designs shown, pellets having multiple fuel regions are being
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(511 ABSTRACT

In a method of forming a thin (<2 um) unbacked metal
foil having  desired curviplanar shape, » soluble poly-
meric film. preferably comprising polyvinyl alcohol, is
formed on = supporting structure having a shape that
defines the dexired shape of the foil praduct. A layer of
metal foil is deposited onto one side of the soluble film.
preferably by vacuum vapor deposition. The metallized
film is then immersed in a suitable soivent to dissolve
the film and thereby leave the metal foil as an unbacked
metal foil element mounted on the supporting structuie.
Aluminum foils less than 0.2 um (2,000 A) thick and
having an areal density of less than 54 ug/cm? have
been obtained.
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[57] ABSTRACT

A composite polymeric film and a method for its use in
forming and installing z very thin (< 10 pm) polymeric
film are disclosed. The composite film consists of a thin
film layer and a backing layer. The backing layer 1
soluble in a solvent in which the thin film layer 1s not
soluble. In sccordance with the method, the composite
film is installed in a device in the same positicn in which
it is sought to finally emplace the thin film. The backing
layer is then selectively dissolved in the solvent to leave
the insoluble thin film layer as an unbacked {ilm. The
method permits a very thin film to be successfully in-
stalled in devices where the fragility of the film would
preclude handling and instzllation by conventional
methods.
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57 ABSTRACT

Very smooth polynieric coatings or fiims graded in
atomic number and density cin readily be formed by
ﬁmprep-nn;:h:m.orﬂh&omduduued
manomeric | and thea cting it witk a fluid
conwining & aetal or a mixture of metals for a tme
sufficient for such metal or metals to sorb snd diffuse
izto the coating or film. Mewl resinete sofutions are
particularly advantageous (or this purpose. A metallic
coating can in turn be produced on the metal-loaded
film or ing by expoting it to 8 low p plssma
of air, oxygen, or nitrous oxide: The process permits a
metallic costing to be formed on a heat seasitive sub-
strate without the wse of elevated temperarures.
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[57] ABSTRACT

Super-smooth rounded or formed articles made of ther-
moplastic  matenials including various poly(methyl
methacrylate) or acrylonitrile-butadiene-styrene co-
polymers are produced by immersing the articies into a
bath. the composition of which 1s slowly changed with
ume. The starting composition of the bath 1s made up of
a1 least one solvent for the polymer and a diluent made
up of at least one nonsolvent for the polymer -and op-
tionat materials which are soluble in the bath. The re-
sultir.g extremely smooth articles are useful as mandrels
for laser fusion and should be uscful for a wide vanery
of other purpases, for example lenses
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{57 ABSTRACT

Coating of woven materials 30 that not only the outer
surfaces are coated has been a problem. Now, a solution
to that problem is the foilowing: Woven matetials ure
onated with materials, for example with metals or with
pyrolytic. carbon, which materials are deposited in
Chemical Vapor Depasition (CVD) reactions using s
fNuidized bed 30 that the porosity of the woven material
is rewined and 3o that the tiny filaments which make up
the strands which are woven (including inner as well as

‘outer filaments) are subctantially uniformly coated.
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