esearch on controlled fusion attempts to mimic in the

laboratory the thermonuclear burn of stars. At Los Ala

mos, Antares, a giant CO,laser, has been dedicated to the

hope that eventually small amounts of matter can be
imploded to densities and pressures exceeding those in the center of a
star by using the power of high-intensity light. Because the physics of
laser fusion involves an enormous range of uncharted phenomena,
our experiments and theoretical simulations have produced many
surprises. For example, in some experiments highly collimated ion
jets are seen streaking from the laser target, reminiscent of the huge
jets that sometimes streak for millions of parsecs from the centers of
distant galaxies. Perhaps we have inadvertently imitated exotic fea-
tures of the heavens other than thermonuclear burn.

We have also learned that laser fusion will not likely be achieved
with CO,lasers. Antares and its lower-energy predecessor, Helios,
were built to take advantage of the reliability, high repetition rate,
and high efficiency of the CO,laser—features that will be needed for
large-scale energy production. With the 10-micrometer (um) light
from these lasers, we have been able to explore pertinent physics
carefully, learning, for example, how that physics depends on the
intensity and wavelength of the light. Among other things, these

the main actors in the drama of high-energy plasma physics are the
intense electromagnetic field of the CO,laser, the strong magnetic fields that
may encircle the laser spot, and the ions driven from the target surface,
sometimes, as depicted here, in the form of a highly collimated jet.

by David W. Forslund and Philip D. Goldstone

experiments have demonstrated emphatically that if laser fusion is to
be achieved, wavelengths much shorter than 10 um are needed. -, % &'
Currently, the laser fusion program at Los Alamos is exploring
possibilities for new types of lasers, including the KrF laser, a
promising, highly efficient gas laser with 0.25-pm light (see “KrF
Lasar”). ;
The theoretical effort at Los Alamos that parallels the experi-
mental one has uncovered many of the mechanisms that drive
the unusual physics. This interplay between experiment and
computer simulation has moved our understanding far
beyond the crude knowledge available when laser fusion
was first proposed about two decades ago, and many of
our original ssimple models have been altered
considerably. Our studies have also greatly
enhanced our understanding of plasmas
with extremely high energy densities,
such as probably exist (albeit on
much greater time and space
scales) in the atmospheres of
white dwarfs or in the
cores of galaxies.

7
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This article, although noting the dif-
ficulties and successes of CO,laser fusion,
concentrates rather on the journey of explo-
ration into a unique state of energy and
matter. Within the hot atmospheres of our
miniature almost-suns, we have generated
phenomena that cannot be easily observed in
the laboratory by any other means. Being
able to produce such exotica has provided an
opportunity to increase our knowledge dra-
matically about the fourth state of matter.
We describe here the current advances
achieved because of this opportunity.

Why is the problem of laser fusion so
complex? Using the energy of a laser beam to
implode microscopic bits of matter requires
precise control of a great variety of
phenomena. The initial absorption of laser
light a the target generates a hot plasma of
electrons and ions, which can be likened to
the corona surrounding a star. Additional
laser light must penetrate this corona and be
absorbed efficiently. The absorbed energy
must then be transported to the inner layers
of fuel in a manner that will produce the
desired implosion. Energy that penetrates the
target too rapidly preheats the fuel, a highly
undesirable effect because it makes the im-
plosion more difficult by greatly increasing
the amount of energy needed to compress the
fuel.

Vast changes in scale immensely com-
plicate the research. We must deal with at
least eight orders of magnitude in density,
understanding the physics of matter from
10°gram per cubic centimeter (g/cm’) in
the tenuous corona where the laser light is
absorbed to 10°g/cm’at the center of the
imploding pellet. Distances range from 10°
cm for charge separation in the plasma to 10°
cm for the distance that hot ions may be
gjected from the target during the laser pulse.
In times as short as 10™ second, the elec-
tromagnetic fields of the laser light and the
plasma change appreciably, yet 10°second
is needed to compress the pellet. Figure 1
shows the range of these three parameters for
one computer simulation.

Vast changes extend to other parameters
as well. Electrons in the cold pellet with
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initial energies of less than 0.1 electron volt
(eV) may be accelerated in the corona to
energies as high as 10°eV. If the target is
illuminated uniformly and no instabilities
develop in the plasma, there will be no strong
magnetic fields. However. some of the
strongest magnetic fields yet generated in the
Laboratory-as high as 10‘teslas—may sur-
round isolated laser spots.

While the physics of laser fusion discussed
here emphasizes the nearly collisionless
physics of very hot plasmas, high-density
collisional physics at the core of the target

mp

Bo

mp

must also be understood. We must include
the effects of spontaneously generated mag-
netic fields, the atomic physics of weakly to
highly ionized materials, and the effects of
these ions and fields on the transport of
particles and photons of al energies. Fre-
guently the processes are far from equi-
librium, requiring elaborate rate equations
for a reasonably accurate description.

Collective Effects. One of the biggest prob-
lems for laser fusion has been how to deposit
light energy in the target efficiently. The very
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properties of lasers that alow production of
the extreme high power and intensity needed
for fusion can work against a desirable form
of energy deposition. In particular, the wave
nature, the high coherence. and the narrow
bandwidth of the light all contribute to
peculiar collective effects in the deposition
that reduce the efficiency. It is the highly
organized properties of the laser light that
tend to drive the hot plasma in the target far
from thermodyamic equilibrium, a state
with potentially serious consequences. Much
of the history of laser fusion is a record of
attempts to predict, measure. and avoid the

deleterious effects of the coherent properties
of the light.

Collective effects arc especially dominant
at the CO»-laser wavcelength of 10 um.
whereas, at shorter wavelengths, plasma-
light interactions tend to be more collisional.
and collective effects are less important.
Specifically, the collective effects of CO,
lasers produce hot electrons in the corona
surrounding the target. These electrons have
very high kinetic energies and penetrate the
target material quickly. As aready pointed
out. energy in this form is not favorable for
laser fusion.

A fusion target bathed in light and plasma during a shot with about 20 kilojoules of
energy from Antares. The target is mounted at the end of an insertion mechanism
that projects from the left; the object to the right is an x-ray pinhole camera; the
circular pattern toward the bottom is a reflection. (Photo by Fred Rick.)
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In the early years of research on CO,laser
fusion, it was thought that the absorption
necessary for implosion could only be
achieved at high laser intensities if collective
absorption processes played a significant
role, Simple estimates implied that the tem-
perature, or average kinetic energy. of the hot
electrons would be high enough to be poten-
tialy harmful. When experiments showed a
lower hot-electron temperature than esti-
mated, optimism for long-wavelength lasers
increased. Computer simulation models con-
firmed and explained the experiments. Un-
fortunately. when more intense lasers and
more sophisticated experimental instru-
ments became available. measurements at
the higher intensities showed a new, dra
matic increase in the hot-electron tempera-
ture. Computer simulations at the new in-
tensitites, using more powerful computers
not available earlier, again agreed with the
experiments.

These latest results have greatly
diminished our confidence in the possibility
of long-wavelenght laser fusion. However,
because hot electrons represent an extreme
non-Maxwellian distribution of’ particles,
these experiments are able to generate a
variety of interesting and complex plasma
phenomena. Here we discuss these
phenomema and outline the mechanisms that
appear to be important in the interaction of
CO,laser light with plasmas.

Laser Light Absorption and
Transport

When lascr light impinges on a target, the
initial effects arc absorption of the light and
production of’ hot electrons. Then energy
flows into and through a variety of energy-
flow channels, including magnetic fields, ac-
celeration of energetic ions, brcmsstrahlung
emission, microwave emission, and heating
of a dense “thermal” plasma. Ultimately, it
is the heating of the dense plasma and the
resulting ablation of thc target surface that
produces the implosion by a rocket-like reac-
tion.



Although our understanding of the later
energy-flow processes has been largely em-
pirical, much of our understanding of the
initial absorption processes has been theoret-
ical (see “The Tools of High-Energy Laser-
Plasma Physics’). This is so because, at the

10-um wavelength, there are only a lit
number of unambiguous experimental
signatures that define specific absorption
processes rather than reflecting an overdll
effect. As aresult. most of the information on
absorption comes from computer simula-
tions and analytic theory that have been
iterated to reproduce macroscopic ex-
perimental data, such as the hot-electron
energy spectrum or total absorption. As a
result, the analysis has, in fact, been a dif-
ficult problem. Fortunately, we have been
very successful in putting together a detailed
picture of specific absorption mechanisms.
What are the main elements of this picture’?

The Critical Density. Initidly, the laser
light arrives at the target in a near vacuum
with the intensity adjusted to achieve nearly
uniform illumination. Such uniformity is
difficult to maintain, however, because as the
target heats up, hot plasmais blown off. and
the propagation of light is atered by the
changing density of the plasma. In fact, at a
certain density called the critical density n,
light does not penetrate further.

In more mathematical terms the index of
refraction n of a plasmais given by

p ()

3.
[

N

n=1-

where w is the laser frequency and w,is the
natural frequency of oscillation of electrons
in the plasma. This latter frequency, called
the local plasma frequency, is given by

ne e’ 2

m

W, = 471

where n, e, and m are the electron density.
charge, and mass. respectively.

continued on page 10

The Tools
of High-Energy
| aser-Plasma Physics

he laser fusion program has consider-
T able strength in both theory and ex-

periment, The complexity of the
physics has kept the program at the forefront
in developing new theoretical tools, ex-
perimental techniques, and diagnostics. For
example, it is experimentally taxing to
measure phenomena on a time scale of
picosecond when the entire experiment oc-
curs in about a nanosecond and to resolve
- | phenomena spatially at the It
wavelength of CO,light when targets may be
as large as millimeters.

In addition, many of the phenomena on
the submicromcter, subpicosccond
scale—the truly microscopic-strongly in-
fluence the macroscopic behavior but can't
be readily measured. Computer simulation is
then heavily relied on to couple microscopic
phenomena to macroscopic observables.

Theoretical Tools

Three codes—WAVE, VENUS, and
LASNEX-are used to simulate laser fusion
phenomena. As depictcd in the figure, each
code simulates phenomena occurring within
different ranges of density, time, and space.

WAVE. The code that deals with the most
microscopic aspects of energy absorption
and transport in the target is WAVE. a 2-
dimensional particle simulation code.
WAVE is an explicit code that does a first-
principles calculation; that is, it solves, in a
self-consistent manner. Maxwell’s equations
and the relativistic Newton's laws for parti-
cles in 3-component electric and mag-
netic fields. WAVE typically advances 10°
particles on a grid of 10°cells for 10'time
steps.

only a portion of the absorption problem
can be modeled by WAVE because the time
step must be limited to a small fraction of the
period of oscillation of the laser light (that is.
a small fraction of about 0.03 picosecond).
Thus WAVE can cover only a few
picoseconds in a given problem, even with
the immense power of the Los Alamos com-
puting facilities. In turn. the grid size of one
cell is limited to the distance light travels in
one time step. As a result. the code is used
primarily to study the details of absorption
in the region between the underdense plasma
of the corona and the overdense plasma close
to the surface of the imploding target. At the
very low densities of the underdense plasma,
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absorption lengths become too long; the code
cannot both have the required cells per
wavelength of” light and still span the absorp-
tion length. In the overdense plasma the time
and space scales are so short that it is imprac-
tical to resolve them with WAVE.

Because of such limits to the time and
space scales, the initial conditions and the
boundary conditions for the fields and parti-
cles are unknown and must be put into the
caculation separately. Much of the skill in
using the code involves estimating these con-
ditions correctly: they should be consistent
with themselves, with hydrodynamic calcu-
lations, and with experiment.

Why not expand the time scale by increas-
ing the time step? WAVE calculations arc
performed by alternately advancing the
particles and then the fields. If the time step
becomes much larger than a natural fre-
guency in the problem, the calculations can
become unstable, The problem is avoided by
estimating what the particles are going to be
doing and then plugging these estimates into
the step that advances the fields. This type of
code is caled implicit and forms the basis of
our second theoretical tool.

VENUS. Use of the implicit code. VENUS,
alows the time and grid size to be increased
by about a factor of fifty). Although the in-
crease is obtained by neglecting some high-
frequency phenomena. it alows us to handle
the spatial scales needed for the study of
collective phenomena. In particular,
VENUS has been able to verify a model in
which very strong self-generated magnetic
fields play an important role in electron
transport. These magnetic fields also provide
the mechanism for copious fast-ion emis
sion, that is, for the ion jets that have been
observed streaming from targets. Because of
their success with the ICF program, a new
generation of implicit codes is rapidly being
adopted by the magnetic fusion and space
physics communities.
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This figure depicts the approximate range of parameters dealt with by each of the
computer codes WAVE, VENUS, and LASNEX in typical simulations of laser
fusion. The entire surface is a LASNEX calculation, whereas the thin black line on
the red surface represents the range of a VENUS calculation, and the even thinner
white line represents the range of a WAVE calculation. For example, while the
LASNEX calculation can span a range of time from O to several nanoseconds,
VENUS is confined to a range of only 0.1 nanosecond and WAVE to a range of
0.01 nanosecond.



THE TOOLS

Although quantum mechanics and atomic
physics are not included in the implicit
codes, the fully developed strong turbulence
that can occur in laser-plasma interactions is
still described accurately. Such descriptions
are limited only by the computer resources.
In the last decade the scale of accessible
problems has increased by a couple of orders
of magnitude because of improvements in
both computer hardware speed and the nu-
merical agorithms employed in the implicit
codes. This increase has greatly broadened
our understanding of the physical processes.

LASNEX. The code that deals with
phenomena on the largest time and space
scales is caled LASNEX. This code is a 2-
dimensional radiation flow and
hydrodynamics code. LASNEX is used to
model electron transport. radiation flow,
hydrodynamics of’ implosion. and possible
thermonuclear burn in the target. However.
the models in this code arc phenomenologi-
cal, and the smulation is of relatively macro-
scopic phenomena.

We can see how these three codes mesh by
summarizing the various steps for modeling
the production of hot electrons. WAVE gen-
erates the initial models for such things as the
distribution and energies of the hot electrons,
but only in the limited region between the
overdense and the underdense plasma. To
predict large-scale behavior of the plasma a
model generated by WAVE is used in
LASNEX and adjusted to fit macroscopic
data. However, the time scale of typical
LASNEX calculations is too coarse to re-
solve electron flow in the underdense plasma
with its accompanying generation of mag-
netic fields, As a result, the model is in-
corporated into VENUS to study these im-
portant collective phenomena.

The insight gained from using WAVE and
VENUS to smulate and verify models has
led to two important improvements for

LASNEX. The various physics packages
used in the code have been improved, and a
better choice of input conditions to the code
ispossible.

Experimental Tools

A wide variety of experimental techniques
have provided the basic data against which
the theoretical models must be compared.

Absor ption and Energy Flow. We obtain
the overdll energy delivered to atarget in one
of’ two ways. The scattered 10-yin light not
absorbed by the target can be measured
directly with in infrared-sensitive detectors and
subtracted from the incident energy. Or all of
the ion, electron, and x-ray energy emitted
from the target can be measured using
calorimeters that are gold-coated to reflect,
and therefore reject, scattered CO,radiation.

To determine the ho-electron tempera-
ture and the amount of hot-electron energy,
we can measure either electron or x-ray spec-
tra. Although hot electrons from the target
can be detected with magnetic electron spec-
trometers, only a few electrons actually man-
age to escape. Therefore, the bulk of the
electron energy is studied by measuring the
bremsstrahlung radiation resulting from col-
lisons of hot electrons with atoms in the
solid parts of’ the target. We measure these
hard x rays with a multichannel broadband
X-ray spectrometer that uses an array of
filtered scintillators coupled to visible light
photodiodes. The measurement covers the
spectrum from about 30 kiloelectron volts
(keV) to large fractions of an MeV with
nanosecond resolution. One detector that
responds to x rays of energics greater than
100 keV is used to study the time history of
the hot-electron energy with subnanosecond
resolution.

The target. heated by hot electrons, emits
soft x rays (below 1 keV ). This radiation is

detected with separate multichannel spec-
trometers that have filtered vacuum
photodiodes sensitive to soft x-ray illumina-
tion. The diodes arc electricaly designed for
fast response and are coupled to ultrafast
oscilloscopes (developed in the nuclear
weapons program), providing a time resolu-
tion of better than 300 picoseconds.

Spatial details of the intensity or energy of
the x rays from the surface of the target are
resolved with multichannel x-ray collimators
that restrict the field of view of’ the diodes.
Although such collimators arc simple in
principle, the small targets used in the lascr
fusion program require that the collimating
pinholes be machined and positioned
precisely. To achieve the required 25-pm
accuracy, the pinholes, only 150 pm in diam-
eter, arc aligned with respect to the target and
to each other with optical techniques.

The total absorbed energy measured with
ion calorimeters, the fast-ion energy ob-
tained with filtered calorimeters, the energy
deposited in the target as determined from
the hard x-ray bremsstrahlung emission, and
the target surface temperature obtained from
soft x-ray measurements, al help reved the
overall energy flow, in the experiment. The
comparison of these related measurements
has provided considerable information
about the basic physics of plasmas created by
CO,lasers. However, considerably more de-
tailed information is required if the physics is
to be understood on a more fundamental,
microscopic basis.

High-Resolution Imaging and Spec-
troscopy. Optical and x-ray emission can be
imaged, with simple optical or pinhole
cameras, to map thc distribution either of
hot electrons in the target or of the beating of
the corona. These techniques can identify
nonuniformitics in energy deposition due to
imperfections in the laser beam or to plasma
effects. By using film and filter combinations
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to compare images of x rays at fractions of a
keV with images of x raysin excess of tens of
keV, a picture of the hot-electron flow can be
built.

Crystal or grating spectrographs are used
to obtain high-resolution x-ray and vacuum
ultraviolet spectra that offer a wealth of in-
formation on the details of the atomic phys-
ics of the plasma, as well as on the plasma
conditions themselves. For example, we can
identify plasma parameters, such as tempera
ture and density, by selecting specific x-ray
transitions from elements in the target and
then examining the relative intensities of x-
ray lines from different ionization stales, as
well as for lines from a single ionization state.
Spectral line broadening and detailed
lineshapes relate to the density of the plasma
surrounding the emitting atom. Particularly
in the case of extreme conditions far from
thermodynamic equilibrium, line intensities
and lineshapes must be compared to detailed
atomic physics codes to yield accurate tem-
perature and density information. Such in-
formation is very useful for evaluating the
conditions of the imploding fuel.

Specific characteristic x rays can give us
further important information. For example.
hot electrons have enough energy to create
inner electron shell vacancies, giving rise to
K-line x rays, but thermal background elec-
trons do not have enough energy. Therefore,
we can image the target in K-line radiation
and track the flow of hot-electron energy. We
can do this by using two pinholes in a single
pinhole camera with specially matched
filters: one passesthe light of the K line and
one does not. By subtracting one image from
the other, wc can build. in effect, asingle-
wavelength image of the target. A more at-
tractive, state-of-the-art solution is to use the
so-called layered synthetic microstructure
(LSM). The LSM actslike acrystal in that it
reflects, in accordance with its designed lat-
tice spacing and Bragg's law, only selected
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frequencies. Placed between the pinhole and
the film, the appropriate LSM can be used to
reflect only the transition of interest.

Microfabrication techniques can be used
to place materials at strategic locations in the
target, for example, in a spot on the target
surface or as a thin layer on or beneath the
surface. The x-ray emission from these
materials then serves as atracer, allowing us
to determine the amount or the time of
energy flow to thcse locations by observing
the spectral lines characteristic of the tracer
material. This technique also allows us to
examinein detail the plasma conditions of a
well-defined region; we don’t have to be con-
tent with averages over al densities and
temperaturesin the plasma.

In addition, both images and spectra can
be time resolved to less than ten picosecond
with optical or x-ray streak cameras, ena-
bling us to follow the evolution of the plasma
asthe experiment proceeds. For example,
optical streak cameras, filtered to record only
one of the high harmonic frequencies of the
CO,light, can determine if the conditions
producing such harmonics are present
throughout the nanosecond experiment. On
the other hand, infrared optical emission (for
example second harmonic emission from the
steep density gradient, light reflected from
the critical-density surface in the plasma,
light that is Brillouin scattered near 10 um,
or light that is Raman scattered at longer
wavelengths) must be measured with fast
infrared sensors and spectrometers. Because
there is nothing equivalent to a streak cam-
era sensitive to these low-energy photons, it
is difficult to examine, in the detail we would
like, the evolution of these signatures of the
absorption process.

Many of these instruments-particularly
the x-ray pinhole cameras, spectrographs,
and collimators—must be close to the target
and must survive the blast of particle debris
and intense x-rays from each shot. In a typi-

cal Antares shot hundreds of gigawatts of
hard x rays and gigawatts of microwaves arc
emitted. Heroic measures are required to
shield detectors, film, and electronics suffi-
ciently to make the necessary measurements.

The wide range of measurement tech-
niques we have used in this hostile environ-
ment, combined with our ability to modify
target design in a microscopic manner, has
allowed us to develop a detailed empirica
base against which the theoretical picture can
be compared.

Comparison with Experiment

The code that provides the most direct
link with experimental data is, of course,
LASNEX. With its post processing packages,
LASNEX can simulate directly the outputs
of such diagnostic records as pinhole photo-
graphs and streak camera images, as well as
bremsstrahlung, ion emission. and soft x-ray
emission spectra.

The code also calculates the source spectra
and so can be used to help deconvolute ex-
perimental data. For example, it can extract
the electron temperature from the hard x-ray
bremsstrahlung spectrum or extract the com-
pressed fuel properties from the x-ray
pinhole images and x-ray spectra. Using the
code to model a variety of phenomena simul-
taneously on a given target shot greatly
enhances our confidence that we understand
the target behavior.

Matching the experimental data fre-
guently requires an iteration in the input
conditions to LASNEX, and often the search
for a specific signature of a phenomenon
predicted by the code leads to suggestions for
modifying existing diagnostic techniques or
developing new ones. From this interplay
between theory and experiment new target
concepts are developed that might better use
the energy flow. W
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Fig. 2. Absorption of Helios CO,laser light on spherical gold targets of various
diameters as a function of intensity. The targets were illuminated symmetrically by
eight laser beams, and the absorption was measured with fourteen calorimeters
deployed around the target chamber, each sensitive to particle and x-ray fluxes but
not to scattered 10-pm laser light. The decrease in apparent absorbed energy with
larger target diameter is attributed to ion jets that are more directional, returning
toward the focusing mirrors and missing the calorimeters. For small targets ion

emission is more isotropic.

We see from Egs. 1 and 2 that as the
plasma density n.increases, so docs the
plasma frequency w,until eventually w,be-
comes greater than the laser frequency w and
the index of refraction becomes imaginary.
At this point, light will penetrate no further
and is reflected, making this the critical den-
sity surface. The region of the plasma with
density very close to n_plays an important
role in the absorption mechanisms to be dis-
cussed because it is here that the laser and
plasma frequencies essentially match
(w=w,).

How much of the incident light is ab-
sorbed? Fig, 2 shows the absorption on

10

spheres of various sizes as a function of
Helios CO,laser intensity. Typicaly, at
lower intensities the absorption is about 30
per cent, whereas it can exceed 60 per cent at
higher intensities,

Our description of the absorption
processes will start with the simplest form of
absorption, inverse bremsstrahlung. This is
the dominant absorption mechanism only at
low intensities. For higher intensities we
have to invoke more complex mechan-
isms—in particular, those resulting from col-
lective effects. However, the main features of
inverse bremsstrahlung form a necessary in-
troduction to the other mechanisms.

Inverse Bremsstrahlung. Inverse brems-
strahlung is a result of collisions between
electrons and background ions. Electrons os-
cillating in the laser electric field scatter ran-
domly off the ions, absorbing a photon of
laser light in the process. Thus. the coherent
oscillation energy of the laser is converted
into the random kinetic energy of electrons.

The rate at which energy is lost from the
laser field by inverse bremsstrahlung is ap-
proximately equal to the rate at which the
electron plasma is heated, Equating these
two rates leads to an expression for the
dependence of the damping rate v,of the
laser field on the electron-ion collision fre-
quency V.:

Vo=V = 3

e

Because v,is the frequency for classical
Coulomb collisions. it is proportional to
T-32 where T.is the electron temnerature.
Thus, the efficiency of inverse bremsstrahl-
ung will increase as electron temperature
decreases. In other words, inverse brems-
strahlung preferentially heats low-energy
electrons, keeping the plasma close to
thermodynamic equilibrium.

How does absorption by inverse brems-
strahlung depend on the wavelength of the
laser light? At a specific density, long-
wavelength light is absorbed more efficiently
than short wavelengths. However, the sharp
increase in plasma density encountered by
the light as it moves through the corona
toward the target reverses this dependence.

First, as suggested by Eq. 3, most of the
incident laser light is absorbed near the criti-
cal density surface where n.= n_. But Egs. 1
and 2 show that n, and thus the position of
n.in a density gradient, will be different for
different wavelengths. In fact,

M. & KAZ S (4)

which means that shorter wavelength light
penetrates further. encountering electron
plasma that is both denser and cooler. These
features increase the absorption efficiency
for short wavelengths.
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A second consideration is the thickness of
the region of the plasma that is absorbing
significant amounts of light. The sharper the
density gradient. the thinner the region be-
tween outer, underdense corona and the
reflecting surface beneath. A measure of this
sharpness is the density scaleheight L, the
distance over which the density drops by a
factor of l/e. Also, the absorption length for
light, which is proportional to the
~avelength A, must be taken into account. If
these parameters arc incorporated with the
energy-balance considerations that led to Eq.
3, we find that significant absorption occurs
only for intensities, in watts per square cen-
timeter (W/cn’). of

< SX10™ ZL/AY . ®)

where Z is the ion charge state, L isin cm,
ind A is in pm.

For example, in CO,-laser-fusion exper-
iments with gold targets. Z is typically less
than 79, A is 10 pm, and the density
scaleheight L might be as large as 0.1 cm.
which corresponds roughly to the distance
the underdense plasma expands in a
nanosecond. Such numbers show that
absorption of CO,laser light by inverse
bremsstrahlung is negligible at intensities
above 10"W/cm’, an intensity lower than
that at which any of the data of Fig. 2 were
obtained. Essentially, the electron-ion col-
lison rate is too slow to account for the
amount of energy actually absorbed at the
intensities of interest.

The dependence of bremsstrahlung
absorption on wavelength (Eq. 5) was well
known before any experiments or simula-
tions had been performed. Although research
has revealed effects that modify the k'rela-
tion, the basic conclusions remain the same.
To be able to use the CO,laser for laser
fusion, one must depend upon collective ef-
fects. In contrast, for the shorter wavelengths
of visible and ultraviolet lasers, such as the
KrF laser, inverse bremsstrahlung dominates
the absorption process. Forms of collective
absorption are present. but only to a modest
extent.
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Fig. 3. Resonant matching absorption. The sinusoidal line represents the electric
field E of laser light oscillating at frequency w. The sloping surface represents a
density gradient in the plasma that increases toward the target. Because the light is
oblique (at angle 0), it is reflected when the density of the plasma reaches n,, cos0.
Obligque light also has a component of its field perpendicular to the surface, and
that part of the field can tunnel inward to couple with the longitudinal eectrostatic
field of the plasma wave. This coupling occurs most efficiently at the resonant
matching point, that is, the point where the plasma density equals n.and the plasma
frequency w,, equals w. The steeper the density gradient, the smaller the gap between
the reflection and resonant matching points and the more efficient the absorption.

Two basic absorption mechanisms involv-
ing collective effects have been identified as
important: resonant absorption and
parametric instabilities. Both mechanisms
are a work in all laser plasma interactions
but arc particularly prominent at the
wavelength of the CO,laser. Also, both are a
result of the pressure of the incident light
wave, the so-called ponderomotive force.

This important low-frequency force is
proportional to the light intensity and the
density ratio n/n.. For example, a the in-
tensity of 10°W/cm®achieved at Antares.
the pressure of the light at its reflection point
is about 5 megabars. Such alarge force is able
to distort the flow of expanding plasma at
low densities. It is thus responsible f-or most
of the instabilities induced by the incident

radiation in the outer layers of underdense
plasma and plays a critical role in the collec-
tive absorption mechanisms.

A Mechanism for Moderate
Intensities. Resonant Absorption

The first collective absorption mecha-
nism, resonant absorption, is a linear cou-
pling of the electric field of the laser beam to
longitudinal electron-plasma waves. This
coupling will not occur unless the electric
field of the light has a component paralel to
the density gradient. Thus. the light must be
oblique to the surface of the plasma (Fig. 3).

An electromagnetic wave with incident
angle 6 is reflected not at the critical density

n. but at the lower density 1, = n, cos’®. If
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the absorption is to be efficient, the light
must reach the resonant-matching point at n,
where w = w,, In plasma with a steep density
profile, these two points are close together,
and a significant part of the wale may tunnel
quantum mechanically to the resonant-
matching point. Once there, the component
of the electric field vector that lies along the
density gradient induces density fluctuations
a the local plasma frequency w,. This cou-
pling acts as a source of plasma waves, ex-
tracting energy from the incident elec-
tromagnetic wave.

The efficiency with which resonant
absorption converts light energy to plasma-
wave energy depends sensitively on the inci-
dent angle and the length of the gap between
the reflection point and the resonant-
matching point. For example. simulations
show that at atypical angle of incidence of’ 20
degrees, this length must be less than a
wavelenght of light to obtain an absorption
greater than 20 percent, If the pondero-
motive pressure is large, the reflecting light
and the locally generated plasma wave
together produce a sharp density gradient in
the region. In other words, the pressure of the
light creates a sudden wall in the plasma that
keeps the length short. This alows resonant
absorption to be an effective process.

Figure 4, a simulation using our WAVE
code, illustrates the enormous density gra-
dients that can be produced. At the pesk of
the gradient, the density has increased to
sixty times critical density with most of this
increase happening over a distance of only 1
r2 pm!

Although resonant absorption is a linear
coupling between electric field and plasma
wave, the gradients involved are so extreme
that nonlinear phenomena abound. In fact.
resonant absorption at high laser intensities
is identified experimentally by a nonlinear
phenomenon: the emission of second har-
monic light (Fig. 5). How does this occur?

If laser energy is coupled resonantly into
the plasma wave, density fluctuations begin
growing that cause the index of refraction of
the plasma to also change with frequency w.
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Fig. 4. A calculation by WAVE of the density n,, of electrons in the plasma close to
the critical density surface n.. (a) The density gradient rises to a peak value sixty
times n,, over a distance of only a few micrometers. (b) This detail shows a stream of
hot electrons being gected from the surface of the density front.
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Fig. 5. Second harmonic emission as a
function of the intensity of incident
laser light at the target. This emission
is experimental evidence for resonant
absorption and a sharp density gra-
dient in the plasma. (Adapted from H.
A. Baldis, N. H. Burnett, G. D.
Enright, and M. C. Richardson, Ap-
plied Physics Letters 34(2979):
327-9.)

The incident light interacts with this mod-
ulated index in a nonlinear or enharmonic
manner, generating light at the second har-
monic frequency 2w. The intensity of the
second harmonic is proportional to both the
incident light intensity and the plasma wave
intensity and is thus a direct measure of the
amount of energy in the plasma wave.

Wave Breaking. Once energy is placed into
the plasma wave by resonant absorption, a
number of mechanisms quickly dissipate the
energy throughout the plasma. In particular,
hot electrons are generated that are shot
outward from the sharp wall formed by the
density gradient (Fig. 4(h)). What produces
these electrons and how energetic will they
be?

The primary mechanism is a process
known as wave breaking that is analogous to
a surfer riding a wave, only here it is an
electron riding a plasma wave. In wave
breaking only a few electrons arc accelerated
by the plasma wave and only over distances
of less than a micrometer. However. these
few electrons gain energies of hundreds of
keV in less than one laser cycle (about 10™
second), becoming the hot electrons.

10°
Background

Electrons

107

104~

Electron
Distribution

10®

Hot
Electrons

Energy (MeV)

Fig. 6. This calculation with WAVE of the energies of electrons clearly shows two

components: large numbers of cooler background electrons and small numbers of

hot electrons distributed over a wide range of energies. Even though the hot
electrons are few in number, they carry essentially all the energy deposited in the

plasma by resonant absorption.
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The energy gained by electrons via wave
breaking is proportional both to the electric
field in the plasma wave and to the width of
the plasma wave. Although a steepened den-
sity profile increases the efficiency of reso-
nant absorption. it also causes that absorp-
tion to occur in a physically narrower region
of the plasma, generating a narrower width
for the plasma wave and reducing the energy
of the accelerated electrons. In other words.
this effect should make the hot electrons
generated by resonant absorption somewhat
cooler than originaly thought.

Initial experimental evidence that showed
the scaling of hot-electron temperature with
intensity to be much weaker than expected
spurred a detailed exploration of the effect
with simulations and experiments. The theo-
retical results can be summarized by looking
at the scaling predictions with respect to
mtensity / and wavelength A, Before the

studies, it was thought that hot-electron tem-
perature would scale as IA-. Afterwards, 1t

was thought that the temperature would
scale as (/A7) that is, the production of
highly energetic electrons would be much
less dependent on laser wavelength. This
result implied that resonant absorption
could help achieve the needed conditions for
CO,laser fusion.

What else did computer modeling predict?
Although wave breaking is a coherent ac-
celeration process, there is a small random
change in the acceleration from cycle to cy-
cle. This stochastic clement produces a near
Maxwellian distribution of hot electrons. but
the region in the plasma where significant
wave breaking occurs is very thin. In the
larger region of lower density plasma the
fraction of electrons that get accelerated is
small. The result, overall, is plasma that
typically has two components. one compo-
nent consists of a large number of cooler
background electrons. and the other consists
of a small number of energetic electrons
spread over a broad energy spectrum. De-
spite their small numbers, it is the hot elec-
trons that carry most of the energy.

A WAVE calculation of the distribution of
electrons at high intensity is shown in Fig. 6.
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A major uncertainty in such a calculation is
the value of the cool background tempera-
ture. We cannot use WAVE-our most rigor-
ous simulation code—to determine this tem-
perature self-consistently, because the tem-
perature depends on the radiative cooling
processes. the expansion of the solid mate-
rial, the ionization rates, and so forth. Never-
theless, wave breaking can be modeled in a
relatively simple way with our LASNEX
code, and such modeling provides a reason-
able match to experiment.

What isthe match to experiment? First,
theory predicts the nearly constant absorp-
tion of 20 to 30 per cent observed at in-
tensities from 10“to 10°W/cm*(Fig. 7).
Further, at these intensities scaling with
wavelength is weak: that is, a large number of
measurements of hot-electron temperature
from x-ray emission and ion emission are
consonant with the predicted (/A9 de-
pendence (Fig. 8). At lower intensities,
steepening of the density profile is weak, and
the original strong scaling holds.

The observation of high harmonics of the
incident laser light is our most spectacular
confirmation of wave breaking and the steep-
ness of the density gradient. Put simply, the
incident laser energy, strips electrons from
the density gradient wall in the plasma (Fig.
4(b)). generating many harmonics because of
the highly nonlinear nature of the process.
One might say that incident light is pressing
at the density gradient in a manncr
analogous to fingernails scraping across a
blackboard. More than thirty-five harmonics
of the incident light have been detected ex-
perimentally in the scattered light (Fig. 9).
confirming the presence of the steepened
density gradient.

Figure 10 illustrates the anharmonicity
that gives rise to these high harmonics. An
electron, attempting to oscillate at the
plasma frequency within the thin region of
the sharp density gradient, sees a highly
asymmetric environment. It moves from low
to high density, from a region of low restor-
ing force to one of high restoring force, ex-
periencing extremely enharmonic accelera
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tion. In effect, the electrons of the plasma
wave see a restoring force that is essentially
yroportional to ;.

How many harmonics should we observe?
The highest plasma frequency equals the fre-
quency of the maximum harmonic that gets
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Fig. 7. Resonant absorption explains
the almost constant absorption ob-
served for intensities from 10“to 10°
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Fig. 8. Asthe intensity | of the light increases, measurements of hot-electron
temperature show different I\’ dependencies, where ). is the wavelength. In 1977
the low-intensity hot-electron temperature scaled as I)\°. About that time fast-ion
data indicated a weaker scaling at higher intensities, motivating calculations that
showed a weaker scaling for T,,in a steepened density profile. By 1979 x-ray data
at higher laser intensities was published that revealed the scaling to be proportional
to (I)})!7, that is, consonant with resonant absorption in a density profile
steepened by the ponderomotive force. These results encouraged researchers to
think the hot-electron temperature might not be too serious an impediment to laser
fusion. The most recent data, at even higher intensities, show a scaling that is
proportional to (I)*)"7. Besides increasing the difficulty of CO, laser fusion, these
last data imply the onset of another absorption mechanism. (The data in the figure
are taken from: C. Stenz C. Popovics, E. Fabre, J. Virmont, A. Poquerusse, and C.
Garban, Le Journal de Physique 38 (1977):761; D. W. Fordlund, J. M. Kindel,
and K. Lee, Physical Review Letters 39 (1977):284 (which cites further original
data sources); G. D. Enright, M. C. Richardson, and N. H. Burnett, Journal of
Applied Physics 50 (1979):3909; and W. Priedhorsky, D. Lier, R. Day, and D.
Gerke, Physical Review Letters 47 (1981):1661.)
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Fig. 9. Harmonics of the laser light frequency w are experimental evidence for a
steepened density gradient and acceleration of electrons by wave breaking. The
highest harmonic, here 35w, is a measure of the height of the upper density shelf
(see Fig. 10).

Anharmonic
Motion of

o Electron

i
E

=

0o+ i

Upper Density

Density n1,

P
Oscillating |
Electron |

I

LI

Lower Density

Y

Radial Distance

LOS ALAMOS SCIENCE Spring/Summer 1985

quency occurs at the highest density, the
maximum harmonic should equal w,in the
upper density shelf. Since u)é x 1. (Eq. 2). the
square of the highest harmonic is a measure
of the density in the upper shelf. We have
observed close to 40 harmonics. implying
that the plasma wave is seeing densities up to
1600 times critical density, that is, essentially
solid density.

In recent years both experiments and more
extensive calculations have indicated that
the very steep density gradient may dissipate
quickly. Ultrafast optical streak cameras
show that the high harmonics last only dur-
ing the rise time of the laser pulse. about 200
picosecond. Such transient behavior is due.
in part. to the outward expansion of high-
density plasma, which eliminates the
enharmonic environment that the plasma
wave sees.

In addition, experiments above 10°
W/em?showed that absorption increased
dramatically (Fig. 11), contrary to the predic-
tion of a nearly constant coefficient for reso-
nant absorption, and that hot-electron tem-

Fig. 10. An electron oscillating within
the thin region of the sharp density
gradient undergoes extreme
enharmonic motion, experiencing a
restoring force that is essentially
proportional to wl. The result of this
anharmonicity is the generation of
scattered light containing the higher
harmonics nw of the laser frequency
(Fig. 9). The highest plasma fre-
guency—w, in the upper density
shelf—determines the highest possible
harmonic frequency. Because the den-
sity of the plasma is proportional to '’
(Eq. 2), the density of the upper shef is
proportional to the square of the high-
est observed harmonic. Thus, the ob-
servation of the 40th harmonic implies
a density for the upper shelf that is
1600 times n..
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perature scaled as (7A%)!/? rather than (/A7)
(Fig. 8). These facts and the short lifetime of
the density gradient suggests that an addi-
tional absorption process—another type of
collective mechanism—occurs at these high
intensities.

High-Intensity Absorption and
Parametric Instabilities

Resonant absorption involves a linear
coupling of light to the plasma wave.
Parametric instabilities, on the other hand.
result from a nonlinear coupling with plasma
waves. As before, the coupling is through the
ponderomotive force, but now light couples
to plasma wave frequencies different from
the resonant frequency.

In general. the conditions for a parametric
instability are met when the frequency of a
scattered wave w,, the laser frequency w, and
the plasma frequency w,satisfy conser-
vation of energy,

W= W~ Op, ®

and the wavevectors k, k, and k,satisfy
conservation of momentum.

ke=k —ky. @

In essence, part of the energy of the laser light
appears in the plasma as an oscillating mo-
tion of particles-either in electron-plasma
waves or in ion sound waves. The remaining
energy may appear as scattered light or as
another plasma wave, but, in either case. it
will be at the lower frequency w..

One concern about this type of mecha
nism is that a significant fraction of the laser
energy may be backscattered away from the
target as light at frequency w,. However, as
we will explain in a moment, a more serious
concern is the generation of very energetic
hot electrons.

In general, parametric instabilities occur
in the underdense plasma farther out than
the critical density surface (Fig. 12). That this
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should be the case is obvious from the fact
that the plasma-coupling frequency w,is
necessarily lower than w, so the matching
must occur in plasma of lower density than
n.. The effect then is to reduce the energy of’
the laser light before it can reach the resonant
matching point. Depending on the in-
stability!;. overall absorption may be either
increased or decreased.

Scattering processes. The most important
parametric modes appear to involve cou-
pling of light waves to electron-plasma waves.
When the scattered wave is light. the mode is
known as stimulated Raman scattering.

In Raman scattering the conservation rela
tions require the light to interact with a range
of plasma waves whose frequencies are less
than or equal to half the light frequency. This
means the interaction occurs in the plasma at
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Fig. 11. The dramatic rise in absorp-
tion above 10°W/cm’requires the
introduction of other collective absorp-
tion mechanisms: parametric in-
stabilities.
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Fig. 12. Resonant absorption occurs in the plasma close to the critical density
surface where w,= w. Parametric instabilities couple to plasma waves with
frequencies equal to or less than w,, with most occurring in the underdense plasma
below w/2. Parametric instabilities include stimulated Raman scattering, two-
plasmon decay, stimulated Brillouin scattering, and filamentation instabilities.
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densities less than one-fourth n where the
gradient is not as steep and the interaction
region is longer. Thus a broad spectrum of
electron-plasma waves are excited that, again
through wave breaking, accelerate electrons
to high energy. However, in contrast with the
short acceleration distances of less than a
micrometer for resonant absorption, ac-
celeration distances for Raman scattering
can be as long as a millimeter.

.4 process, called beat wave acceleration, is
being developed that will take advantage of
these relatively long acceleration distances to
produce extremely energetic particles. Two
lasers with a frequency difference equal to
the appropriate plasma frequency are used to
enhance the plasma-wave amplitude over
that generated by Raman scattering itself.
The resulting high-velocity and large-
amplitude plasma waves may be capable of
accelerating particles to the energies en-
visioned for the next generation of high-
energy physics experiments. Although nu-
merous practical problems must be solved,
this scheme could produce a relatively com-
pact high-energy accelerator.

When the plasma frequency is exactly half
the laser frequency, a parametric interaction
called two-plasmon decay occurs. In this
case, the incident light decays directly into
two electron-plasma waves, both of fre-
guency o/2, and no light is scattered. Be-
cause two-plasmon decay depends even
more strongly on the density scaleheight and
the temperature of the plasma than does
Raman scattering, it is not considered to be a
significant absorption mechanism.

The longer interaction regions for Raman
scattering imply that the hot-electron tem-
perature should be much higher than that
predicted for resonant absorption. Our
simulations (Fig. 13) confirm this prediction,
with hot-electron temperatures climbing to
over 10°keV at intensities of 10°W/cm’.
This, of course, is very detrimental for laser
fusion.

On the other hand. it should also be noted
from Fig. 13 that absorption due to these
mechanisms drops to less than 1 per cent of

LOS ALAMOS SCIENCE Spring/Summer 1985

the laser light at 10°W/cm®. Apparently, the
extreme energies of the hot electrons cause a
strong damping of the electron-plasma
waves, which, in turn, reduces the absorption
by these mechanisms. Thus, stimulated
Raman scattering must not be responsible for
the dramatic increase in the observed overall
absorption.

There are several mechanisms that. poten-
tidly, could explain the increased absorp-
tion. The first is Brillouin scattering, which is
identical to Raman scattering except the light
couples to ion sound waves rather than elec-
tron-plasma waves. Our calculations in-
dicate. however, that the heating rate from
such an ion-based mechanism is significantly
lower than for Raman scattering and may be
of importance only for the shorter wave-
lengths.

Extreme intensities also produce self-
focusing and filamentation instabilities of
the incident light, which, at least in the gen-
eral sense, are viewed as parametric in-
stabilities. At high intensities, the
ponderomotive force of the light literally
pushes plasma aside to form channels of less
dense plasma but of increased light intensity
(Fig. 14). Because the index of refraction is
directly related to n, such action causes the

index to decrease and curves the beam even
further into the high-intensity region. Self-
focusing refers to the case in which most of
the beam is pulled together into a single,
intense region; filamentation refers to the
case in which intensity peaks are in-
dependently reinforced so that the beam
bresks into severa individua beams. Both
of these effects have been observed in nu-
merous experiments at both long and short
wavelengths. However, our calculations
show that these instabilities build only about
as rapidly as Brillouin scattering, and thus
they cannot account for the increased
absorption.

Theoretically, a number of other
parametric instabilities at the critica surface
have been identified. Our origina simula
tions, however, showed that the steep density
gradients induced by the ponderomotive
force severely reduced the instabilities, mak-
ing them negligible. What then was the
mechanism responsible for the dramatic in-
crease in absorption above 10°W/cm®? Per-
haps the key to the puzzle was the behavior
of the density gradient for longer times. If, as
suggested earlier, the steep gradient dis-
sipated, absorption due to parametric in-
stabilities could become important.
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Fig. 13. WAVE simulations showing the effect of Raman scattering on hot-
electron temperature absorption, The solid circle in the hot-electron temperature
plot isfor a somewhat lower density plasma than the open-circle points but all
results show very high temperatures at laser intensities of 10°W/cm’.
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Fig. 14. Sdf-focusing. All four panels depict a WAVE
simulation at the same region in space. The top pand shows
electric field lines at 16 picosecond. Although the “laser
beam” for this simulation is actually two colinearly
propagating beams, the results clearly illustrate self-focus-
ing by the way the inner contours converge as the beam
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moves toward the right. The lower three panels show the
distribution of the electron plasma at 12, 16, and 28
picosecond. Here we see plasma pushed aside as time

progresses, resulting in a channel in which the light is
focused to higher intensity.
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A Mechanism for High Intensities

The recent acquisition of more Cray com-
puters at Los Alamos has made possible
simulations that run for tens of picosecond
rather than only a few picosecond. Figure [ 5
shows contour plots of the density surface
from such a simulation at 1.5 X 10"W/cm”.
Note that the density gradient, which was
originally smooth, has broken up and be-
come rough.

Apparently, a bootstrap effect occurs that
starts with a small amount of energy being
absorbed through parametric instabilities
and deposited in plasma waves. The varied
motions of these waves roughens the surface

s Distance (um)

of the steep gradient, the roughness causes
the gradient to have less effect on reducing
the instabilities, and more energy is ab-
sorbed. The result is a substantial increase in
absorption from about 25 to 60 per cent. At
the same time the hot-electron temperature
increases by a factor of 2 or 3 over that
calculated for resonant absorption on the
initially smooth surface. Also, with a rough
surface the angle of acceleration for the hot
electrons becomes much broader, and these
particles arc shot out in al directions. includ-
ing inward toward the target.

At 10°W/cm’the effect takes place much
more rapdily, and the surface becomes even
more turbulent. The parametric instabilities

‘Radial Distance (um)

Fig. 15. A WAVE simulation that illustrates with ion-density contours the
roughness that builds up on the surface of the density gradient after twenty
picosecond, The laser light here has an intensity of 1.5 X 10*W/cn’, is incident
at an angle of 20 degrees to the surface normal, and is polarized in the plane of the

figure. At higher intensities the roughness builds up even more quickly.
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at the critical density that were suppressed by
the sharp gradient now, at high intensity.
appear to become dominant. This process
best explains both the increased hot-electron
temperatures and the rise in absorption ob-
served at high intensities.

What, then, is our overdl picture? We see
that the large amplitude of the laser radiation
drives the plasma into a highly nonequi-
librium state. It is so far from equilibrium
that classical shock waves are atered. The
region of resonant absorption corresponds
essentidly to a phase transition between hot
plasma with laser light and colder plasma
without laser light. In this region rarefaction
shocks are generated that have very different
properties from conventional shock waves.
Matter is thus put into an extremely unusual
state that is probably only reproduced in
exotic astrophysical environments.

Fast-lon Generation

One of the more exciting features of this
unusual state of matter is the generation of
ion jets (depicted in the opening artwork). As
it turns out, these jets are another manifesta-
tion of collective effects, because, just as
collective effects from the light control the
absorption of laser energy, collective effects
in the plasma dominate the transport of elec-
trons. Specifically, the pressure of hot elec-
trons in the corona can collectively ac-
celerate coronal ions to extremely high
energies by collisionless processes.

In the simplest model a small number of
hot electrons are stripped from the face of the
density gradient and leave the target. These
few electrons create an imbalance of charge,
and electrostatic potentials of hundreds of
kilovolts develop that are unable to bleed off
through the target support stalk. Thus, an
electrostatic sheath of positive coronal ions
is formed that confines the remainder of the
electrons. Initialy, hot electrons are still pro-
jected outward, but they must work against
the high potential of the sheath, The net
result is a “bounce” in which electrons are
redirected inward and positive ions are ac-
celerated outward.
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Experimental measurement of the fast-ion
energy shows that a substantial fraction of
the absorbed laser light goes into fast ions.
particularly at high intensity (Fig. 16). Theo-
retical calculations based on the fraction of
energy lost by an electron when it is reflected
indicate that, if an electron has only a single
chance to bounce off the electrostatic sheath.
the fraction of energy in fast ions cannot
exceed 5 to 10 per cent. Thus we infer that a
mechanism exists to trap the electrons in the
corona, alowing them to lose more of their
energy to fast ions. Known generically as
flux-limited transport, this mechanism must
somehow reduce the mean-energy penetra
tion velocity to less than that for simple
diffusion. One potential candidate for this
process is the generation of intense magnetic
fields by the high-energy electrons them-
selves.

If illumination of the target is not uni-
form, as is the case for afinite laser spot, the
beam creates a temperature gradient V7
tangent to the illuminated surface and a
strong density gradient of electron plasma
Vn. normal to the surface. As shown in Fig.
17 (@), these mutually perpendicular gra-
dients generate a magnetic field B, with field
lines encircling the spot, at a rate given by

—=—V xE=(Vn.x V)/n.. (8)

Typical values of the parameters in Eq. 8
yield an extraordinarly high value for 4B/dr.
For example, with a density gradient of 10
inverse um, a laser spot size of 100 um, and a
peak temperature in the plasma of 50 keV, a
magnetic field equal to a full megagauss can
be reached in 1 picosecond. In the time it
takes an gjected hot electron to cross the laser
spot the field is strong enough to reduce its
gyromagnetic radius to less than the density
scaleheight. As a result, hot electrons can no
longer stream freely from or into the target
but are confined by the magnetic field close
to the surface.

Furthermore, simulations with our
VENUS code show that the electric and mag-
netic fields can drive the trapped electrons
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Fig. 16. These data from the Helios laser facility clearly show that at higher
intensities a significant fraction of the total absorbed energy appears in the form of
fast ions. Targets included spheres that ranged, in diameter, from 200pm to several
millimeters and, in material, from plastic to gold. Much of the scatter in the data is
due to small-scale fluctuations in intensity across the target and to finite sampling
of ions with respect to angular distribution. Within this scattering, there is little
difference in fast-ion energy due to changes in the atomic number of the target.

along the target surface at velocities close to
the speed of light (v = ¢E/B). This rapid drifi
(Fig. 17 (b)) reduces the inward transport of
electrons under the laser spot and carries
some of the electrons and their energy great
distances across the target. Moreover, elec-
trons drift along surfaces of constant magnet-
ic field, and a considerable number of them
end up circulating around the edge of the
spot where the field is strongest.

The result of this pileup of electrons
around the spot is a dramatic increase in
their effective pressure P that produces a
strong electric field, E =~ VP/n,, directed
parallel to the density gradient over the spot
(Fig. 17 (c)), This field accelerates ions,
producing an ion jet, or plume, normal to the
target surface.

Figure 18—despite the resemblance, noted
by thc Antares experimental team, to a cer-

tain extraterrestrid—is an x-ray image of a
spherical target at Antares. The target is be-
ing hit with six laser beams simultaneously,
and five of the impact regions can be seen in
the photograph. The resulting distribution of’
emitted x rays demonstrates in a vivid man-
ner the existence of the intense magnetic
fields that circle the laser spots. Between the
“eyes’ of the extraterrestria is a narrow re-
gion of significant x-ray emission formed
where the magnetic field lines from adjacent
spots meet and, because of their opposite
polarity, cancel. Asa result of the null mag-
netic field, electrons arc no longer trapped.
and energy can be releascd. This effect was
first seen dramatically! on spheres, flat
targets, and cylindrical targets in experi-
ments at Hclios where, in reference to the
Martian features, they were dubbed
“canas.”
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ANTARES EXTRATERRESTRIAL

Fig. 18. An ~ I-keV x-ray image of the surface of a target being hit simultaneously
by the six laser beams of Antares. The narrow region of x-ray emission at the center
of the photo is evidence of strong magnetic fields encircling each laser spot; here the
fields from adjacent spots cancel, allowing the electrons to move freely into the
target rather than being trapped above the surface.

Fig. 17. (a) At the surface of a target, a finite laser beam creates mutually
verpendicular density and temperature gradients (Vn, and VT, respectively) that
generate an intense magnetic field B encircling the spot. (b) This magnetic field
confines hot electrons close to the surface of the target, but they are free to drift
sideways under the influence of both magnetic and electric fields with a velocity v
given by cE/B. In this manner electrons are driven away from the center of the spot
at velocities close to the speed of light with many concentrating at the edge of the
spot where the magnetic field is highest. (¢) The resulting electron pressure P,
generates high electric fields over the region, and these fields accelerate ions
upward, forming the ion jet.
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lon Jets. To summarize, then, in-
homogcneities of tcmpcraturc and density
around a laser spot create intense magnetic
fields that trap and channel the flow of the
hot electrons. The pressure from these
trapped electrons generates intense electric
fields normal to the surface that accelerate
ions, forming a jet. A partial image of one jet
has been captured (Fig. 19) with a pinhole
camera that separately images x rays emitted
from the target and ions accelerated out of
the plume. What are the properties of such a
jet?

Figure 20 shows the angular distribution
of ions leaving a flat disk target that is largc
compared to the size of the laser spot. These
data were gathered on a single laser shot.
using three sets of calorimeters filtered to
give different energy thresholds for the ions.
The plume has a halfwidth at half maximum
of about 10 degrees. in excellent agreement
with particle smulations using VENUS.

For targets smaller than about a milli-
meter. including small spheres, the effect is
washed out and the ion angular distribution
becomes more isotropic. The effect is aso
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.

The acceleration of’ ions in a jet is equiva
lent to that achieved using intense pulsed-
power ion diodes, only here the intensity is
much higher than for any conventional
diode. In fact, these accelerated ions might be
directed at a second target to drive a fusion
reaction, except that the collimation of the
ion jet is not sufficient.

Experiments also suggest that at high in-
tensity the ion emission may remain high
even when the illumination is more uniform.
At this point no theory has been devised that
conclusively reproduces this effect.

lon Energies. Measurements of the ion ve-
locity distributions with magnetic analyzcr
spectrometers indicate that, independent of
the target material, much of-the ion energy is
carried by hydrocarbons that arc surface con-

22

lon Jet

Fig. 19. A sideways image of a portion of an ion jet is captured here by
superimposing two negatives. the first is a record of x rays emitted at the surface of
the target during one shot, and the second is a record of ions scattered sideways out
of the plume during another identical shot. The scattered ions create tracks in a
plastic emulsion that is viewed with dark field imaging techniques. The early part
of the jet closest to the target is not visible because essentially all the ions are
accelerated in the direction of the jet; only after the plume has developed turbulence
do a significant number of ions get accelerated sideways toward the emulsion. The
later part of the jet is obscured by the round port through which the event was
recorded.

taminants. Such energy partitioning is due,
in part, to the favorable acceleration of ions
with low atomic number. Although the
energy spectrum of’ this multispecies ion ex-
pansion is remarkably complex-and thus
difficult to calculate theoretically-its gross
properties arc deceptively simple.

The mean energy of the ions is not far
above that required to penetrate a nickel
filter with a thickness of 0.5 um, so we can
determine an “ion spectrum” in the form of
transmission curves using filtercd
calorimeters (Fig. 21). Not only are the re-
suiting curves well behaved, but the data can
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readily be fit to an isothermal expansion
model. This model works well using
parameters obtained directly from brems-
strahlung measurements if we assume that
Z/.4, the ratio of atomic number to atomic
mass, is approximately 1/2 (a value more
typical of light ions such as carbon than of
heavy ions). The transmission data are useful
in evaluating target design concepts, for ex-
ample, in determining what fraction of the
ion energy will be absorbed, and thus ex-
ploited, by the various masses of a specific
target design.

Very heavy ions (such as tantalum and
gold) have appreciably shorter stopping
range than protons or carbon and are thus
more effective in driving the implosion of
target material. An analysis of the multi-
species ion expansion showed that if low-Z

Fig. 20. These data represent the
angular distribution of ionsin a jet for
a single shot at the Helios facility.
Three sets of calorimeters were used to
measure the relative numbers of ions as
a function of angle, each filtered for a
different energy threshold in keV per
atomic mass unit. The width at half
maximum of the angular distribution
for all ionsis about 10 degrees, and, as
the energy E of the ions increases, the
angular distribution narrows further.
The dotted line is a prediction for the
angular distribution of all ions from a
VENUS simulation.

Fig. 21. lon-range, or transmission,
curves for fast ions through nickel
filters. The lower intensity shot pro-
duced ions of shorter range, that is,
lower sound speed, in agreement with a
lower temperature in a simple iso-
thermal expansion model.
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surface contaminants could be removed,
atoms of high-Z target material could be
accelerated to similar velocities (the velocity
of the fastest proton in a typical expansion is
about 2 X 109 cm/s). In an experiment in
which hydrocarbons were driven off the sur-
face of tantalum targets by heating to white
heat with electron bombardment. we ob-
served energetic tantalum ions, the fastest of
which corresponded to an energy of 500
MeV. Spectrometer data confirmed the
absence of protons in the expansion and
implied that the tantalum ions were as much
as 60 times ionized. All this from 10-um, or
0.1 eV, photons!

Astrophysical and Other
Implications

The Antares CO,laser is able to generate
some of the highest energy-density plasmas
yet produced in the laboratory. The hot elec-
trons themselves are equivalent to a high-
current, low-impedance electron-beam
source that has a current in excess of 10°
amperes but voltages only in the hundreds of
keV. This results in a source impedance of
about a thousandth of an ohm, much lowcr
than for any conventional pulsed-power
source.

In part because of this low impedance,
which prevents very many free electrons
from escaping into free space, the intense
“thermal” electron beam just described
produces our familiar ion jet, which can be
described as space-charge-neutralized
plasma. traveling at speeds of 10°to 10°cm/s
with collimation maintained over distances
of at least 4 meters. In essence. the electron
beam is the highest current-density particle
accelerator available in any laboratory).

It has been speculated that the extreme
high voltages responsible for the acceleration
of ions over incredibly short distances could
also bc harnessed to produce a compact,
high-voltage ion accelerator. By using a num-
ber of laser beams to strike many targets with
appropriate delays between beams, a staged
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Fig. 22. A comparison of the emitted power as a function of frequency for the Crab
Nebula and its pulsar and for CO,laser targets. The Crab Nebula spectra were
adapted from “ Galactic Gamma-Ray Sources’ by G. F. Bignami and W.
Hermsen. Annual Review of Astronomy and Astrophysics 21(1983):67-108.)

ion accelerator might be built in which the
ions from one target are successively ac-
celerated by subsequent targets. This process
might be competitive with the beat-wave
accelerator described earlier.

The ion jets themselves, although perhaps
25 orders of magnitude smaller in time and
distance, are reminiscent of the galactic jets
that have been so clearly identified from
high-resolution radio wave photographs. In
fact, an intense emission of microwaves ac-
companies the laboratory generation of ion
jets. There is a striking similarity between the
normalized electromagnetic spectrum from a
typical Antares target and the equivalent
spectrum from the Crab Nebula (Fig. 22). Is
this similarity a coincidence or are there

common features for both emissions ?

Plasmas created at Helios and Antares
were found to be incredibly bright in micro-
waves: from frequencies of O.1to 5 gigahertz,
over a gigawatt of power was observed; from
26 to 40 gigahertz, 1 to 10 gigawatts were
observed. These powers imply that about
0.01 to 0.1 per cent of the incident laser light
was converted to microwavcs. The source of
the microwaves appears point-like. and the
pulse shape, with a rise time of 0.2
nanosecond, nearly follows the laser pulse
shape, so the conversion is very rapid. Such
surprising emission efficiency may be due to
an enhancement in the expanding corona of
those plasma waves that couple efficiently to
microwave emission.
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A mechanism of this type is a strong can-
didate for explaining microwaves emitted
from both galactic jets and from solar flares.
Although galactic jets are detected and
studied primarily from their radio or micro-
wave emission, a wide variety of processes
could generate microwaves in these extended
objects. .4 more detailed laboratory in-
vestigation of these processes could help us
discriminate between the various theories of
astrophysical microwave emission.

The ability to directly measure in the labo-
ratory not only the emission of elec-
tromagnetic radiation but aso the ion mo-
tion of such objects makes study of ion jets
particularly attractive and highly com-
plementary to the elegant astrophysical
measurements of galactic jets. For example.
we can follow the motion of ion jets through
other ambient plasmas imposed in the target
chamber, learning how energetic ions
propagate through ionized plasmas. Does the
plume maintain its physical integrity? Is
microwave emission atered as the jet strikes
another plasma? Theory suggests that the

emission in the submillimetcr part of the
spectrum will be much higher than at longer
wavelengths, a fact that may help explain the
match between the spectra for Antares
targets and the Crab Nebula

Also, the intense magnetic fields that help
generate ion jets are known to be important
for the accretion of matter in white dwarfs.
Although we cannot study this process
directly, we can study, on a small scale but in
great detail, various acceleration mecha-
nisms. then use our results to verify theoret-
ical models. Such verifications would have a
profound impact on astrophysical models.

And what of fusion. the initial goal of the
Antares research? One very appealing idea
(based on a concept that was brought to our
attention by Fred Mayer of KMS Fusion.
Inc. ) combines features of laser and magnetic
fusion. Devices that usc magnetic field mir-
rors have difficulty maintaining stable
plasmas for the necessary length of time.
Theory for these devices predicts a stable
plasma state at high plasma pressures. This
state will have particle confinement times

substantially greater than those at lower
pressures. Unfortunately, conventional par-
ticle heating techniques cannot heat the
plasma rapidly enough to reach this state
without having the confinement destroyed
by instabilities at lower pressures.

The extremely rapid heating rate of the
CO, laser is ideally suited for creating almost
instantaneously the high-pressure plasma
state predicted to be stable. The direction
and energy of the ions can be accurately
controlled to produce just the desired condi-
tions. Such atechnique would provide both a
variety of new options for achieving mag-
netic fusion energy and interesting combina
tions of phenomena important to inertial
and magnetic fusion.

We have thus discovered a wealth of
exotic plasma behavior at high laser in-
tensities. These newfound phenomena allow
important experiments to be performed that
were not even imagined a decade ago, includ-
ing bold new approaches to the intricate
problem of imitating the thermonuclear burn
of stars. m
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