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Introduction 

There is considerable interest in the general 
scientific community and in those area of the 
defense program of the Department of Energy 
that are concerned with high-energy-density 
science in scientific studies using high-energy 
lasers. These communities envision programs of 
work that are at once scientifically stimulating 
and accessible to a broadly based constituency. 
The ideas in this document are the result of long 
consultation with many individual researchers, 
from all over the world and from many different 
fields of science. Their ideas focus on future 
applications at the National Ignition Facility 
(NIF). 

This document presents both a concise 
definition of the current capabilities of high 
energy lasers and a description of capabilities of 
the NIF. Five scientific areas are discussed 
(Astrophysics, Hydrodynamics, Material 
Properties, Plasma Physics-, Radiation Sources, 
and Radiative Properties). In these five areas 
we project a picture of the future based on 
investigations that are being carried on today. 
Even with this very conservative approach we 
find that the development of new higher energy 
lasers will make many extremely exciting areas 
accessible to us. 

In the area of astrophysics we find that a 
high-energy laser can generate such extreme 
conditions that it becomes possible to study 
numerous previously inaccessible areas. Among 
these are the radiative opacity of the outer 
envelopes of stars, key to our understanding of 
how stars evolve. Another is the equation of 
state for stellar material, a major determinant 
of how dwarf stars behave. There is a close 
connection between the powerful tools of plasma 
spectroscopy and the astronomer's inference of 
conditions in the violent inflowing spiral of 
material surrounding a neutron star or a black 
hole that may lie at the center of a quasar. 

This very hot material can be recreated in a 
high-energy-density laboratory experiment. In 
other experiments we can study a fundamental 
physical process—mixing at hydrodynamically 
unstable material interfaces—that is important 
in many areas of astrophysics, such as in 
supernova envelopes. 

For the future, high-energy laser facilities 
will furnish excellent opportunities to conduct 
advanced fluid dynamics experiments. The 
ability to study fluids has been amply demon
strated with current experiments, and expanded 
possibilities can be envisioned for the NIF. 
Because a high-energy laser has the capability 
to deposit a large quantity of energy in 
materials over large spatial scales, over long 
times, and at high energy densities, it will 
be able to generate hydrodynamic flow 
conditions more extreme than those obtained 
with other types of machines. This is especially 
true with the creation of very high-density, 
high-temperature volumes of material, which 
may be used to drive strong shocks and high-
velocity flows. 

The capabilities of the future high-energy 
lasers for studying condensed matter physics at 
extreme conditions will make them the most 
important new tools in high-pressure physics. 
For example, we will be able to experimentally 
validate material behavior for pressures 
between 1 and 100 TPa. The NIF will provide 
the combination of drive energy and uniformity 
of drive, with the concomitant large time and 
length scales for real advances. The NIF will 
allow us to substantially improve our under
standing of dense fluids, pressure ionization, 
phase boundaries, and energy partition in 
shocked systems. The basic experimental 
methods for these studies have existed for some 
time—the ability to exploit them at ultra-high 
pressures is still awaiting a NIF-class laser. 
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The study of plasma physics has been 
stimulated over the past four decades by its 
close connection with the goal of creating fusion 
as an energy source and with studying aspects of 
astrophysical plasmas of various types. The 
advanced capability of the NIF will allow us to 
produce hot, dense plasmas that are both large 
and homogeneous, allowing detailed 
characterization. Thus, for example, we will be 
able to determine electron and ion temperature, 
charge state, electron density, and flow 
velocities of plasmas. This information would 
allow a wide range of quantitative experiments 
to be performed. One extremely interesting 
avenue of research would allow better 
quantitative measurements on certain nuclear 
cross sections, and would be made possible by the 
ability of the NIF to create large volumes of 
heated plasma in a controlled manner. 

In the area of x-ray lasers the NIF will 
allow us to extrapolate existing collisional 
x-ray lasers down to wavelengths of -20 A. At 
these wavelengths x-ray laser interferometry 
can be used to measure electron densities in 
plasmas exceeding solid density. Short-pulse 

Richard Lee, Livermore, CA 
Richard Perrasso, Cambridge, MA 
Roger W. Falcone, Berkeley, CA 
January, 1995 

capabilities on the NIF, with pulse lengths in 
the neighborhood of~100 fs, will allow us to 
develop inner-shell pumped x-ray lasers as a 
viable source. This new class of x-ray laser will 
have the potential to be extended down to as 
low as 1 A in wavelength and have a short pulse 
duration. Further, a NIF-class laser will make 
possible a wide variety of x-ray and particle 
sources suitable for addressing numerous basic 
and applied physics questions. The NIF will be 
capable of producing intense broadband thermal 
x-rays from high-Z radiation converter targets, 
coherent amplified x-rays (x-ray lasers) from 
high-gain linear plasmas, intense neutron pulses 
from implosion plasmas, and intense pulses of 
hard x-rays produced by fast electrons. 

The contributions future high-energy lasers 
can make to science that deals with hot and 
dense matter will create a watershed for 
progress in this complex regime so important in 
our universe. This is true whether the research 
derives from the fields of astrophysics, 
material properties, plasma physics, or energy 
generation. 
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Section I 

High-Energy Lasers in the Context of Current Science 

Interest in the development of a broad-based 
scientific community for the use of high-energy 
lasers can be placed in the wider context of the 
already existing scientific user communities in 
the other parts of the world. In the United 
Kingdom, France, Germany, and Japan, there 
exist high-energy lasers, supporting diverse 
programs of work based, to various degrees, on 
scientific user communities. For a combination 
of reasons, the development of the same diverse 
scientific user base has not occurred to any large 
degree in the USA, although we have had 
world-class high-energy lasers since the 
inception of these facilities in the early 1970s. 

First and foremost is the inescapable fact 
that the Inertial Confinement Fusion (ICF) 
program in the USA has had a substantial 
classified component, and this has created an 
impediment to the free transmission of 
information. Although there have been 
unclassified components of the ICF program in 
the USA, the residual effect of classification was 
to stunt growth in the scientific community. As 
mentioned above, this must be seen against a 
worldwide background where scientific-based 
communities have flourished. Thus, a lack of 
development here cannot easily be explained as 
being due to a lack of relevance of the high-
energy laser to basic or applied science or its 
incompatibility with scientific investigations. 

Recent changes have modified the 
prevailing atmosphere and will, hopefully, be 
beneficial to the development of a scientific user 
community. The first of these changes is very 
recent (December of 1993), with the 
declassification of the concept of indirect-drive 
(i.e., radiation-drive) ICF, which was the 
dominant program. This declassification is a 

result of a number of politico-economic 
adjustments, including the easing of the East-
West tension and a commitment from the 
Department of Energy (DOE) to make a 
transition into this less-fhan-Cold-War era. 
Second, there is the active pursuit of a "dual-
use" strategy, which in the present case can 
simply be seen as a concerted effort by the DOE 
and other government agencies to have their 
capabilities utilized more broadly. Third, 
important changes are now taking place in the 
ICF program in response to this new climate. 
There is now a commitment to scientific 
applications of high-energy lasers. These 
applications set the stage for this document. 

The changes that have been occurring in the 
ICF program, the DOE, and in the USA 
generally, only lay the foundation for this quest 
for scientific participation; successful 
development of a user community is not 
guaranteed by our commitment alone. This 
document represents an attempt to catalog the 
many possible uses for a high-energy laser 
facility. Therefore, this effort is in support of the 
broad concept of the development of a user 
community, which has been addressed by the 
organization of workshops and extended 
individual discussions. 

The workshops and discussions have 
produced a number of intriguing possible 
applications, which will be found below. The 
method used to evaluate the many proposed 
topics of interest was a straightforward analysis 
of the applicability of the suggested research to 
the high-energy laser facilities of central 
importance here. We have relied extensively on 
the many contacts mentioned above. 
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Section II 

Overview of Science on High-Energy Lasers 

A. Astrophysics and 
Space Physics 

The reason for considering experiments on 
high-energy-density plasmas in connection with 
astrophysics and space physics is simply that 
such plasmas are a dominant aspect of many 
astronomical objects, whether in our solar 
system, in other stars, or in other galaxies. The 
astrophysicist or space physicist is faced with the 
problem of deciphering the few clues the 
observations provide in order to learn about the 
objects' nature. The clues most often consist of 
plasma radiation, and a full familiarity with what 
plasmas actually radiate is needed to learn about 
the astronomical objects. In other cases the 
theoretical astrophysicist or space physicist 
builds up a complete conceptual structure of the 
object, and then tests aspects of the structure 
against the observations. In this case the 
dynamics of plasmas form one of the basic 
building blocks of the theory, but these dynamics 
require observational support themselves. 

The goal of astrophysically motivated 
laboratory experiments is to create in the 
laboratory a sample plasma similar to what 
would be found in the astronomical body, then 
to study its properties—its radiation or its 
thermodynamic state, whichever is critical in 
the astrophysical picture. The properties that 
are studied will be found under the other project 
headings of this report: Hydrodynamics, Material 
Properties, Radiative Properties, and so on. 
Astrophysics does not, in general, provide new 
plasma properties that need to be studied, but 

rather gives a specific motivation for studying 
certain of the ones already known. 

The discussion in Section IV will highlight a 
few instances in which there is a specific 
astrophysical motivation for studying a particular 
plasma. Among these is the radiative opacity of 
the outer envelopes of stars, key to our 
understanding of how stars evolve. Another is 
the equation of state of stellar material, which is 
a major determinant of the behavior of dwarf 
stars—the white dwarfs left over at the end of 
stellar evolution and the brown dwarfs that are 
the failed almost-stars. 

There is a close connection between the 
powerful tools of plasma spectroscopy and the 
astronomer's inference of conditions in the 
violent inflowing spiral of material surrounding a 
neutron star or a black hole that may lie at the 
center of a quasar. This very hot material can be 
re-created in a high-energy-density laboratory 
experiment. In other experiments we can study a 
fundamental physical process—mixing at 
hydrodynamically unstable material interfaces— 
that is important in many places in astrophysics, 
such as in supernova envelopes, and in terrestrial 
applications as well. 

Astronomy provides some of the driving 
interest in these and other laboratory experi
ments, and it also provides another laboratory 
and an additional data set. Merging the data from 
laboratory experiments with astronomical 
observation will improve our knowledge of the 
universe, as well as our understanding of the 
behavior of matter found here on earth. (See 
Section IV for a full discussion of astrophysics 
and space physics on high-energy lasers.) 
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B. Hydrodynamics 
Interest up to the present in performing 

hydrodynamic experiments can be divided into 
two broad areas. First, there is the interest in 
stable hydrodynamics. This includes the study of 
pressures obtainable, shock characteristics, and 
other aspects of the hydrodynamics problem as 
these affect various aspects of, for example, ICF. 
It includes looking at how these experiments 
permit testing of hydrodynamics simulation 
capabilities. 

Secondly, there is a keen interest in unstable 
hydrodynamic flow. This interest includes 
understanding flow in the linear growth regimes, 
through the nonlinear regimes, to turbulent flow. 
The instabilities that have been tackled include 
Rayleigh-Taylor, Richtmyer-Meshkov, and 
Kelvin-Helmholtz. These experiments have 
attacked the unstable flow problem in a high-
energy-density regime, and that in itself is a 
unique aspect of the work. 

In addition, the dimensionality of the flow 
studied can be changed in the experiments. In 
preliminary experiments, such as those 
illustrated in Section V, the desire is for 
simplicity, but this is a goal and is not always 
achieved. On the other hand, there are 
experiments in converging spherical geometry, 
such as those required for ICF, as contrasted with 
more idealized planar geometry experiments 
performed for basic information. Examples of 
both stable and unstable hydrodynamics in 
spherical and planar geometry are shown in 
Section V. 

For the future, high-energy, laser-based 
facilities can furnish excellent opportunities to 
conduct advanced fluid dynamics experiments. 
This has been amply demonstrated with current 
experiments illustrated here, and expanded 
possibilities for further investigations can be 
envisioned for the NIF. The capability of a laser 
to deposit a large quantity of energy in materials 
over large spatial scales, over long times, and at 
high energy-densities means that it will be able to 
generate hydrodynamic flow conditions more 
extreme than those obtained with the more 
familiar machines such as wind tunnels or shock 
tubes. This is especially true concerning the 

creation of very high-density, high-temperature 
volumes of material, which may be used to drive 
strong shocks and high-velocity flows. 

The extensive set of diagnostics available to 
study laser-produced flows facilitates 
measurements of the quantities of interest, 
including interfacial geometries, velocities, 
densities, and/or temperatures. The NIF will be 
of great interest for the experimental study of the 
physics of high Mach number flow and the 
instabilities associated with the presence of 
certain material conditions and interfaces. 
Typically, large Mach numbers have been 
difficult to attain in the laboratory, because 
achieving the high flow velocities requires a very 
high-enthalpy source, such as very high-
temperature, high-pressure gas, which is 
problematic. The NIF, however, should excel in 
producing a high-enthalpy source (i.e., a 
hohlraum). Using the hohlraum as the source, 
the NIF will be able to generate very strong 
shocks and large Mach number flows. 

This possibility of testing conventional theory 
under extreme conditions opens up a large 
perspective toward the understanding of various 
astrophysical phenomena involving the 
propagation of blast waves and the plasma flow 
such as those generated by supernova explosions. 
Compressibility of the materials studied and its 
relationship to the onset of turbulence is also an 
important connection to be probed under the 
unprecedented conditions attainable with these 
high-energy-density sources. Finally, because of 
the larger spatial scales, longer times, and higher 
energies provided by the NIF, it will permit fluid 
dynamics investigations to be 

• Larger, thereby increasing relative spatial 
resolution. 

• Longer, thereby allowing more growth 
time for the development of features. 

• More energetic, thereby helping to 
maintain drive conditions and reduce 
decompression effects. 

Thus, it will permit the detailed study of 
phenomena that to the present have been studied 
experimentally exclusively by astronomical 
observation, or only by computer theoretical 
simulation. (See Section V for a full discussion of 
hydrodynamics on high-energy lasers.) 
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C. Material Properties 
The interest in material properties at extreme 

conditions has developed from both fundamental 
and applied interest. For, example, the 
challenges of understanding the equation of state 
(EOS) at extreme conditions requires the 
development of a model that can treat strongly 
coupled systems, with all the difficulties of hot, 
dense matter. On the other hand, we know that 
ICF and astrophysical studies require basic EOS 
data in high-energy-density regimes. The 
evolution of the study of material properties has 
come to include, not only EOS studies performed 
in both directly and indirectly driven targets, 
but opacity measurements, and strength of 
materials studies. 

The capabilities of the NTF for studies of 
condensed matter physics at extreme conditions 
of pressure and temperature will make it the 
most important new tool in high-pressure 
physics. While we will describe in the following 
sections vital contributions that only the NIF can 
make to this field, we want to make it clear that 
studies in this field will make an essential 
contribution to other fields as well. Abroad and 
precise knowledge of condensed matter 
properties for pressures between 1 and 100 TPa 
(between 10 and 1000 Mbar) and temperatures up 
to a few hundred electron volts will be essential 
for the design, simulation, and interpretation of 
experiments for other scientific applications of 
the NTF (such as hydrodynamics, planetary 
physics and astrophysics, and radiative 
properties) as well as for the ICF program. For 
example, we have yet to understand the behavior 
of hydrodynamic instabilities in the pressure 
range for which pressure ionization becomes 
important. We must have a "caloric" equation of 
state to interpret the entropy fluctuations and to 
determine the appropriate invariants for high-
Mach-number flows under these conditions. 

Presently, no models of material behavior for 
pressures between 1 and 100 TPa have been 
experimentally validated. Impact and static 
experiments provide a wealth of data at low 
pressures, below a few Mbar, and statistical 
mechanical models such as Thomas-Fermi 
theories are believed to be valid at very high 

pressures. The upper bound is approximate, and 
increases with Z. 

At tens of TPa (hundreds of Mbar), the 
models that do exist only agree within about 30% 
in density, and vary by as much as a factor of two 
in temperature along a shock adiabat (Hugoniot). 
These models differ quantitatively and in 
functional form, and the discrepancies between 
the models are functions of density, pressure, and 
temperature. Although a few shock-wave 
experiments have been carried out in this 
pressure range in the former Soviet Union 
(driven by a nuclear device), none have been 
sufficiently accurate to test theory. Over the last 
decade, a few laser-driven experiments have 
probed this region of pressure with even 
less accuracy. 

The NIF will provide the combination of 
drive energy, uniformity of drive, and the 
concomitant large time and length scales for real 
advances. This effort will substantially improve 
our understanding of dense fluids, pressure 
ionization, phase boundaries (such as in 
proposed plasma phase transitions), and energy 
partition in shocked systems. The basic 
experimental methods for these studies have 
existed for some time—the ability to exploit them 
at ultrahigh pressures is still awaiting a NIF-
class laser. 

We need to know material properties over 
wide ranges of density and pressure. Most 
previous experiments have been shock-wave 
experiments on the principal Hugoniot. The 
pulse-shaping capabilities of the NIF are essential 
to reach off-Hugoniot states, especially near the 
isentrope. Cold compression, along the room-
temperature isentrope, will be limited by the 
eventual insulator-metal transition in diamond, 
which will occur at about 1 TPa. 

While experiments and theory have 
emphasized shock properties in the past, these 
are merely the simplest and most fundamental 
measurements. There is yet to be any 
experimental data on transport properties at 
these extreme conditions, such as thermal and 
electrical conductivity, and we note that the 
hydrodynamics itself will depend on radiative 
transport away from the shock front at the 
highest pressures of interest 
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Finally, we note that for the first time an 
intense source of neutrons will be available from 
the ignition process. This will allow us to heat 
along isochores, or paths of constant density, to 
tens of electron volts in many metals, allowing 
access to a region of state space previously 
unreachable in any experimental environment. 
(See Section VI for a full discussion of material 
properties on high-energy lasers.) 

D. Plasma Physics 
The study of plasma physics has been stimu

lated over the past four decades by its close 
connection with the goal of the creating fusion 
as an energy source and with astrophysical 
plasmas of various types. That is, the luminous 
matter in the universe is composed almost 
entirely of plasma, and this makes the scientific 
investigation of plasma of the utmost importance. 
Furthermore, the NIF will allow us to make 
wide-ranging and detailed studies of universal 
plasma conditions, an opportunity, to the best of 
our knowledge, that will not be afforded on any 
other facility. 

The rather large number of experiments that 
high-energy lasers permit in the area of plasma 
physics indicates the close connection among 
many of the applications. A number of the 
interesting phenomena that take place in plasmas 
(such as parametric instabilities) rely on a large 
degree of homogeneity in plasmas that are both 
hot and dense. Most plasma physics experiments 
to date have been complicated by the large 
gradients and small scale of the plasmas 
produced by current lasers. 

The advanced capability of the NIF will allow 
us to produce hot, dense plasmas that are both 
large and homogeneous, allowing detailed 
characterization. Thus, for example, it will be 
possible to determine electron and ion 
temperature, charge state, electron density, and 
plasma flow velocities. This in turn would 
provide a medium in which a wide range of 
quantitative experiments can be performed. 

Some of the laser-plasma interaction 
experiments that will be possible on the NIF will 
be developments of those already attempted on 
smaller, less well-characterized plasmas. 

However, it will be possible to go beyond such 
experiments, which were geared to the needs of 
the current ICF program, and investigate a wide 
range of scientifically important interactions. 

There is general interest in having an 
advanced high-energy laser facility, which 
should include a beamline for short-pulse (i.e., 
pulse durations less than 1 ps) high-power 
experiments. This capability is especially 
important for many basic plasma physics studies. 
These include 

• Relativistic, ultrahigh-intensity regimes 
of laser-matter interaction 

• Ponderomotive effects 
• Relativistic self-focusing and 

filamentation 
• Laser beam channeling 
• Intense harmonics generation 
• Ultrahigh B-field generation with 

ancillary studies of the resultant physical 
processes 

• Strongly driven instability regimes 
• Generation and transport of high electron 

fluxes in a plasma 
• High-gradient accelerator schemes 
• New x-ray lasers 
• High temporal resolution diagnostics 

Many of these will be discussed below. 
Another new area of focus will be the study 

of magnetic fields, as large as 100 MG, which are 
generated by temperature and density gradients 
present in specially produced plasmas. Faraday 
rotation of an optical probe beam and/or Zeeman 
splitting of spectral lines should make it possible 
to investigate and quantify these magnetic fields. 
The generation of large currents of fast electrons, 
produced by SRS and Two-Plasmon decay in 
plasmas at 0.25 of the critical electron density, 
will be a related area of study. Coupling these 
electrons into a high-Z metal converter should 
allow the production of short-duration bursts of 
50- to 100-kV x-rays with numerous potential 
radiographic applications. Further, the feasibility 
of performing nuclear reaction experiments in the 
large, hot, well-characterized plasmas that will be 
produced on the NIF has been demonstrated in 
smaller experiments at the Nova laser facility. 

In general, these larger plasmas will translate 
into longer interaction lengths, greater 
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homogeneity, higher temperatures, longer time 
scales, and reduced velocity gradients. Therefore, 
the NIF laser will make strong contributions to 
fundamental plasma physics. (See Section VII for 
a full discussion of plasma physics on high-
energy lasers.) 

E. Radiation Sources 
The wavelength of current lasers occurs in 

approximately the visible wavelengths. The 
conversion of this visible wavelength into other 
(usually shorter) wavelength radiation has been 
one of the dominant themes of high-energy laser 
experiments. This generation of radiation has 
many practical applications beyond the intrinsic 
theoretical interest in production mechanisms, as 
absorption sources, x-ray heating sources, x-ray 
lasers, etc. 

The development of these light-source 
capabilities will be broken down into three 
generic areas. First, there is the effort to use the 
high-energy laser to make spectrally continuous 
or quasi-continuous sources for use as absorption 
sources and as heating sources for the application 
of radiatively heating matter. Second is the work 
on the conversion of the high-energy laser into 
narrow-band radiation sources. Here the effort is 
usually quantified by the conversion efficiency 
into a single-line transition or into a small, closely 
grouped set of lines. Finally, there is the effort to 
further develop the x-ray laser, which work, 
of course, overlaps with the applications of 
x-ray lasers. 

A NIF-class laser will make possible a wide 
variety of x-ray and particle sources suitable for 
addressing numerous basic and applied physics 
questions. The NIF will be capable of producing 
intense broadband thermal x-rays from high-Z 
radiation converter targets, coherent amplified 
x-rays (x-ray lasers) from high-gain linear 
plasmas, intense neutron pulses from implosion 
plasmas, and intense pulses of hard x-rays 
produced by fast electrons. Accurate energy 
spectra and absolute measurements of the 
conversion of laser energy into all types of 
radiation and particle fluxes will play an 
important role in benchmarking our basic 

understanding of laser plasma interactions and 
atomic physics. 

Broadband x-rays generated from laser-
produced plasmas can be used to produce and 
characterize large and uniform plasmas relevant 
to ICF and astrophysics. Previous experiments 
using this technique have yielded important 
results which can be extended to high 
temperatures and densities. The high 
temperatures and densities produced during 
implosion and subsequent ignition will be an 
unmatched source of continuum x-rays 
extending from the XUV to MeV with pulse 
durations less than 100 ps. 

X-ray lasers, besides being important 
coherent radiation sources, offer a critical test of 
our atomic modeling. On the NIF, x-ray lasers 
will allow us to extrapolate existing neon-like 
and nickel-like collisional x-ray lasers down to 
wavelengths of ~20 A. At these wavelengths 
x-ray laser interferometry can be used to measure 
electron densities in plasmas exceeding solid 
densities. Short-pulse capabilities on the NIF, 
with pulse lengths ~100 fs, will allow us to 
develop inner-shell pumped x-ray lasers as a 
viable source. This new class of x-ray laser will 
have the potential to extend down to 1A in 
wavelength and have a short pulse duration. 
High-order harmonic generation, an alternative 
source of coherent radiation, can be used to 
produce tunable coherent XUV radiation. 

Neutron production will exceed 10 1 8 in single 
100-ps pulses, making the NIF a potentially 
useful source for producing uniform high-density 
and low-temperature plasmas (i.e., strongly 
coupled plasmas). Fast electrons with hundreds 
of keV in energy will be generated by parametric 
instabilities, providing another potential source 
of high-energy x-rays for plasma backlighting 
and probing. 

These radiation sources are supplemented by 
the possibility of using radiation enclosures, or 
hohlraums, for the generation of radiation 
environments and x-ray drive fluxes. Hohlraums 
will be able to produce far in excess of the 200-eV 
equivalent radiation temperature sources now 
available on the current high-energy laser 
facilities. These sources will not only be of higher 
effective temperature but will also be able to 
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provide uniform x-ray drive over far larger areas 
than can now be imagined on present-day 
systems. Thus, the advantages of using x-ray 
heating for the study of hot, dense matter will be 
greatly enhanced with the advent of the NIF. (See 
Section Vm for a full discussion of radiation 
sources on high-energy lasers.) 

F. Radiative Properties 
The importance of the study of radiative 

properties in high-energy-density plasmas 
derives from three separate factors. The first is 
that the radiative property can be the best 
indicator of the level of scientific knowledge in a 
particular area. So, for example, when one is 
interested in the development of new 
descriptions of atomic structure, the most 
important measurements to be made are the 
accurate determination of transition energies. 
Moreover, as with the case of spectral line 
broadening, one can develop sophisticated 
plasma theoretical constructions, kinetic theories, 
or scattering theories and find that the simplest 
place to test the theory is through a prediction of 
a line shape, which can then be measured. 

Second, radiative properties provide the 
classic example of the non-interfering probe. 
Thus one can obtain fundamental information on 
the plasma by looking directly at the emission or 
the absorption spectrum. Spectral formation in its 
most sophisticated forms can provide 
information on the plasma ionization balance, the 
rate processes, the densities, the temperatures 

and the fluctuation levels. The radiative 
properties are therefore a powerful diagnostic of 
the plasma state. 

Third, although radiative properties provide 
an important test bed for theoretical development 
and provide diagnostic information, they are also 
necessary as primary data for numerous other 
studies. For example, spectral line lists are 
inadequate for many of the charge states of 
heavier elements. Therefore, the categorization of 
the energies of highly ionized species becomes an 
end in itself, as data tables are necessary for the 
myriad uses to which spectra are put. In this way, 
line shapes, line widths, and line shifts must be 
measured for use in radiation-hydrodynamic 
simulations of entities as small as an ICF 
microsphere implosion and as large as a galaxy. 

These factors together explain the interest in 
radiative properties of hot, dense matter. It is 
clear that the largest part of the community of 
scientists outside the x-ray laser area that are 
involved in high-energy laser experiments are 
concerned with measuring radiative properties. It 
is a fertile area with much to be gained from the 
existing high-energy laser facilities and even 
more to be gained with the advent of the NIF. 

Some of the possible applications for 
experiments on high-energy lasers are presented 
in the Section on Radiative Properties; here we 
have only broadly summarized a few of the ideas 
to provide an indication of the type of 
experiments being considered. (See Section IX for 
a full discussion of radiative properties to be 
derived from high-energy laser experiments.) 
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Section III 

Experimental Capabilities 

Before illustrating the experimental 
possibilities of high-energy lasers, we will discuss 
the definition of a high-energy laser facility. 

We note that the repetition rate of the 
experiments is relatively low when compared to 
tabletop laboratory experimental facilities. On the 
other hand, the system has, for a high-energy-
density production facility, a fairly rapid 
turnaround time. The inherent problem in using 
a facility to obtain both high temperatures and 
high densities is that it tends to cause various 
high levels of destruction, which increases the 
time it takes to ready the facility for a new shot. 
For this reason, the high-energy laser has a 
relatively low duty cycle (i.e., one shot per hour). 
However, even when compared to the duty cycle 
of tabletop facilities (i.e., greater than one shot 
per hour), the high-energy lasers provide benefits 
that can help offset their comparatively low 
duty cycle. 

The most obvious factor in support of the 
high-energy laser for research work, in spite of 
the relatively low duty cycle, is the fact that the 
diagnostics complement that can be brought to 
bear on a single experiment is very large. Second, 
as a result of the diagnostics and the properties of 
lasers, is the fact that the high-energy lasers can 
perform experiments that cannot be performed at 
any other type of facility. Thus, the high-energy 
laser can be seen as a distinct breed of facility that 
permits novel regimes to be investigated, but 
which allows these investigations to occur in 
real time. 

A. Definition of Existing Facility 
The following definition of an existing high-

energy laser facility is based on the Nova laser 

facility at LLNL. Although this is currently the 
largest facility, it is generically similar to the 
other facilities currently extant. Note that the 
definition of the NIF laser, which is contained 
below in Subsection B), is being developed to a 
large degree with the assistance of the LLNL 
Laser Science program, and most of the facility 
information has been obtained from individuals 
associated with that program. 

The Laser 

Laser Beams 
The Nova facility has ten separate beam lines, 

all of which are roughly equivalent. The laser is 
based on the master oscillator power amplifier 
(MOPA) Nd:YLF configuration, where the initial 
seed laser is generated in a desired temporally 
shaped pulse. The amplification occurs in a long 
chain of amplifiers separated by spatial filtering 
pinholes in increasingly larger diameter sections. 
The 1-COo (1.053-um) wavelength beam arrives at 
the target chamber with approximately 10 
kilojoules of energy in a beam diameter of 74 cm. 
This assumes a pulse that is temporally a 1-ns-
square pulse—that is, the pulse rises in 100 ps to 
a uniform intensity and persists for 1 ns until it 
falls in 100 ps. The frequency of each beam is 
then either doubled (using a KDP crystal) to a 
2-coo (green) beam, or tripled to a 3-Q3Q (blue) 
beam, for final focusing down into the target 
chamber. The conversion efficiency of the 
doubling process is approximately 60%, yielding 
~4000 joules of energy in the beam to be focused 
into the target chamber. The ten beams are 
balanced to produce <5% rms deviation 
in energy. 

The 1-COo beam is of high spatial uniformity; 
however, the nonlinearity of the up conversion to 
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2 coo or 3 ©o amplifies any amplitude modulation 
in the beam. Several techniques can be used to 
smooth the beam, a major consideration for 
directly irradiating a surface where one desires 
uniformity. First, a random phase plate can be 
used to introduce a randomness in the phases of 
the beam. This creates an effectively smoother 
intensity distribution by overlapping many small 
beamlets of random phase created from the large-
aperture beam. Second, the beam can be split up 
into several pieces using wedges that allow an 
effectively flat intensity distribution over the 
focal spot. Third, it is possible to introduce a 
bandwidth on the normally monochromatic 
beam; when combined with a diffraction grating, 
this will be used to move the focal spot, resulting 
in a temporally smoother intensity. 

The limiting factor in the firing of the beam is 
the cooling-down time for the large disk 
amplifiers. This limits a particular laser beam line 
from firing more than once every hour. However, 
the complexity of the diagnostic setup and 
alignment of the target can be, and often is, the 
limiting factor in the turnaround time of 
the experiments. 

Beam Pointing, Aiming, and Synchronicity 
As the beam enters the target chamber, it is 

focused into the center using an f/4.3 lens that 
will produce a rriinimum spot size of 150 |im in 
diameter. The other option at the present time for 
the beam is the insertion of f/8 lenses. This is a 
rather new option. 

The accuracy of the focusing, or pointing, is 
±30 um rms, with a maximum displacement of 
the beam centerline from target chamber center 
of 2 cm. The beams can be sent to three different 
target areas: a one-beam chamber, a two-beam 
chamber with the beams coming in opposing 
ports, and a ten-beam chamber. In the ten-beam 
chamber the beams come into the chamber in two 
clusters of five beams, with the clusters entering 
on opposite sides of the midplane. The five 
beamlines in a cluster are placed in a five-sided 
symmetry, and come into the chamber in a cone 
with a 50° half angle. The synchronicity is ±20 ps 
at target chamber center. 

Laser Pulse Shapes 
Pulse durations can vary from 100- to 600-ps 

Gaussian pulses to 1- to 5-ns-square pulses. There 
is also flexible pulse-shaping capability, so that 
the energy can be delivered in 2- to 3-ns shaped 
pulses with intensity contrast between peak and 
foot of the pulse greater than ten. Two of the 
beams can be delayed, independently of each 
other, by up to 25 ns after the main beam. This 
last capability has been found useful for 
providing a source of backlighter x-rays. 

Laser Shot Rate 
The laser currently fires at a rate of 

approximately 115 shots per month. This is 
consistent with the fact that the laser fires about 
seven shots per day utilizing a two-shift system. 
The week has four scheduled experimental days 
and one day maintenance. 

Beam Diagnostics 
There are several diagnostics of beam 

performance available. First, the pulse shape is 
monitored in the master oscillator for temporal 
signature and energy. Next, the propagated beam 
can be monitored for the total l-aty energy and 
the temporal variation of the I-COQ energy. 
Further, images can be made of the near and far 
field of the 1-coo beam. 

The up-converted beam, in either 2 COQ or 
3 coo, can be monitored in the chamber for 
absolute intensity as well as temporal intensity, 
and images of the beam front can be produced in 
the far or near field. 

Diagnostic Capabilities 
In contrast to smaller facilities, the 

diagnostics on Nova are engineered to be 
routinely run on any shot by facility staff. Making 
this possible involved applying professional 
engineering standards to the diagnostics. This 
has avoided the more usual operating procedure 
of several Ph.D.-level scientists working for many 
weeks to get their principal diagnostic installed 
for their series of experiments, and after an 
intense campaign of experiments removing 
their diagnostic. 
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In the long run, this is an efficient use of 
resources. Also it is necessary for efficient facility 
scheduling, as the user will run in the mode of 
doing different sets of experiments in any one 
week. This mode of scheduling precludes the 
exclusive use of a target chamber for blocks of a 
week or more, but has the advantage of giving 
experimentalists time to analyze a set of data 
before proceeding with an experimental series. 

To achieve a high standard of engineering for 
the diagnostics, experimentalists work with 
engineers and technicians for many months to 
design, build, and implement the diagnostics, 
with the goal of implementing diagnostics that 
can be routinely run by facility staff for any user. 

The chamber can be quite large—for Nova it 
is 2.4 m in radius. However, the chamber will 
pump to vacuum in less than one hour. It is not 
routinely vented during the four- or five-day 
shooting week. For shots where the target 
geometry does not change, this allows shots to be 
fired without realignment of the laser beams. As 
a result, diagnostics are designed to be operated 
without venting the target chamber. 

For flexibility, all of the x-ray imagers and 
x-ray spectrometers that operate close to the 
target have been made to be interchanged using 
one of six standardized vacuum-load lock and 
manipulator devices, known as SIMs (for six-inch 
manipulators). These manipulators provide a 
standard for several facilities. In excess of twenty 
diagnostics are now mounted on the carts that fit 
into the SIMs. This standardization allows key 
diagnostics to be moved from one location on the 
target chamber to another location over a period 
of about 1 hour, so that the configuration of 
target diagnostics can be rapidly changed for 
different experimental campaigns. Out of the 30 
or so shots that are fired most weeks, diagnostics 
are typically moved every 2-4 shots, the number 
of consecutive shots that are fired in any 
one campaign. 

Overview of Target Chamber Diagnostics 
Table IH-1 lists the diagnostics available on 

Nova. The list includes the dozen different x-ray 
imaging diagnostics, x-ray spectrometers, 
neutron diagnostics, and optical diagnostics. 

The x-ray imagers are reflective grazing 
incidence x-ray microscopes, pinholes or coded 

apertures, or point-projection systems. Because it 
is important to have time resolution, the detectors 
for the imagers are x-ray streak cameras, gated 
microchannel plate (MCP) detectors, or simply 
x-ray film with flash backlighting. 

The x-ray spectrometers available are crystal 
spectrometers (Bragg or Laue), broad-band diode 
arrays, or grazing incidence grating spectro
meters. Again, the detectors are x-ray streak 
cameras, gated MCP detectors, or x-ray film. 

The neutron diagnostics are yield (by 
activation), high- and low-resolution energy 
spectra, emission-time diagnostics, and 
neutron imaging. 

The optical diagnostics are streaked optical 
spectrometers, used mainly for stimulated 
Brillouin and Raman scattering in either one 
location or in an array of different angular 
locations; optical and UV imagers that either go 
onto streak cameras or gated optical imagers; and 
arrays of calorimeter modules. 

Note that in Table DI-l we have listed the 
abbreviated names of the diagnostics, as these 
abbreviations are used in many of the figures. 
The various uses of the diagnostics have been 
covered in the section above. 

X-ray Imagers 
Nova has had for several years reflective 

grazing incidence x-ray microscopes, two of the 
Kirkpatrick-Baez design and one of the Wolfher 
design. The detectors for one of the four-channel 
Kirkpatrick-Baez x-ray microscopes are film. The 
other microscope has four time-gated x-ray 
detectors using gated MCP (microchannel-plate) 
technology.1 

The Wolther microscope has a spatial 
resolution of approximately eight microns, 
although in one direction there is a large scatter 
caused by the surface roughness of the x-ray 
optic. This instrument has been widely used on 
Nova.2 The collecting solid angle of the optic is 
large enough that only a small sector of the 
annular imaging region need be used to form an 
image. Five separate 5° sectors of the annular 
optic are used to make it into a five-channel 
system, with an x-ray streak camera on one 
channel and gated MCP detectors on each of the 
other four channels.3 This instrument has been 
widely used on x-ray backlighting experiments 
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Table III-l. Diagnostics available on Nova, with their abbreviated names. These include x-ray 
imagers and spectrometers, neutron diagnostics, and optical imagers and spectrometers. 

Name Abbrev. Name Abbrev. 
X-ray imaaers X-ray spectrometers 
Wolther x-ray microscope 22X 1 Streaked crystal spectrometers NSCS, 2 
Gated x-ray pinhole camera GXI, WAX, 4 Keanetech 

GACS, GSIX High-resolution streaked HICKS 1 
Gated soft x-ray framing camera SXRFC 1 spectrometer 

Streaked soft x-ray imager NSDSS 1 Static crystal spectrometers Henway, 
POS 
HOPS 
TOPS 
IXUVS 
HETS 
Dante 
FFLEX 

6 

Ring-aperture microscope 
Streaked slit/array imager 
Kirkpatrick-Baez microscopes 
Axial pinhole cameras 
Large-area backlighting 
Point-projection spectroscopy 
Soft x-ray microscope 

RAM 
SSC/SMP 
8X 
APH 

PPS 

1 
2 
2 
2 

2 
1 

High-resolution crystal spectrometer 
Gated crystal spectrometer 
Gated imaging XUV spectrometer 
Laue spectrometer 
Low-resolution x-ray diode array 
Low-resolution high-energy 
fluorescers 

Henway, 
POS 
HOPS 
TOPS 
IXUVS 
HETS 
Dante 
FFLEX 

1 
1 

1 
2 
2 

XRL beam divergence camera 
XRL spatial-coherence diagnostic 

Cube 1 
1 

Spatial coherence diagnostic 
Grazing-incidence spectrometer COFFIN 

1 
1 

High-resolution spectrometer HIRES 1 

Time-resolved soft x-ray 
spectrometer 

SFFD 1 

Gated grazing-incidence 
spectrometer 

McPIGS 1 

Neutron diaqnostics Optical spectrometers and imaaers 
Yield Cu, In scin 3 Streaked/gated imager SOP 2 
Bang time NETMCP, 

GaAs 
NTD & GaAs 
LaNSA 

NTOF 

3 Streaked optical spectrometers SOS, BSS 4 

Burnwidth 
High-resolution high-sensitivity 
spectrometer 
Medium-resolution neutron 
spectrometer 

NETMCP, 
GaAs 
NTD & GaAs 
LaNSA 

NTOF 

2 
1 

3 

Multiple streaked spectroscopy 
Spatially discr. streaked optical 
spectroscopy 
Calorimeter array 
Full-beam backscatter 

MATRES 
SDOSS 

EBM 
SOS5 

1 
1 

1 
1 

Uitrahigh-resolution spectrometer fNTOF 1 
High-resolution high-sensitivity 
spectroscopy 

LANLTi 1 

Neutron imager NPAM 

on Nova where accuracy, ease of alignment, and 
sensitivity are important. Note that the solid 
angle/channel of the Wolfher microscope is 
3 x 10 - 6 sr compared to about 10~7 sr for a 
Kirkpatrick-Baez microscope. 

For higher x-ray energy imaging, simpler 
systems are also being used on Nova. Crucial 
information on symmetry and the mix of pusher 

material into a fuel is obtained from imaging 
implosion cores at higher photon energy and 
better spatial resolution. The higher energy 
implies high sensitivity, and the requirement of 
good spatial resolution implies good time 
resolution to freeze plasma motion. 

To tackle this problem, gated pinhole and 
coded aperture systems have been used. 
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To ensure adequate sensitivity, the 5- to 10-um 
pinholes of the instruments are brought as close 
as 5 cm from the target. Because the instruments 
are used to record signals from >3 keV, relatively 
robust x-ray filters can be used, allowing the 
pinholes to survive for a few shots the target 
shrapnel from the 20-40 kj on target. 

Time resolution is achieved by gating 
0.5-mm-thick coated MCPs. At present, several 
coating configurations are routinely used: 
a four-channel open-ended strip configuration, a 
16-channel serpentine arrangement, and 16 
channels onto four parallel strips. The motional 
blurring is given by 

8x = v8t 
and so the 80-ps gate time that is easily achieved 
is adequate for 10-um resolution with velocities 
of approximately 10 7 cm/s. For improved 
resolution, 30-40-ps gate times are becoming 
available with thinner MCPs. 

X-ray backlighting has been in use for laser-
produced plasmas for several years, but for 
implosions and in-flight measurements of higher-
density planar foils, higher-energy backlighting is 
required. Several developments have made 
higher-energy (~5-7 keV) streaked x-ray 
backlighting possible. The most important are: 

• Random phase plates are now used on 
the backlighting beams to produce a 
smooth, virtually monochromatic source 
of x-rays by irradiating, for example, an 
iron disc at ~10 1 5 W/cm 2 . 

• A slit imager onto a close-in x-ray streak 
camera with the photo cathode about 
50 cm from the plasma allows for 
adequate sensitivity for recording this 
backlighting source. 

For soft x-ray studies, two gated and streaked 
soft x-ray imaging instruments are in use. A 
schematic of the gated soft x-ray framing camera 
is shown in Fig. VI-10 (see Section V, 
Hydrodynamics). For two soft channels, a 
combination of grazing incidence mirrors and 
filters defines two bands of soft x-rays. The third 
and highest energy channel has its passband 
defined by a filter. Images in x-ray bands at 
500 eV, 1 keV and 2.5-3 keV are recorded with 
100-ps gate time at four different times, giving 
twelve images in total. This instrument allows the 

spatial evolution of the soft x-ray emitting region 
of a laser plasma to be accurately measured. 

A major diagnostic technique for obtaining 
spectral and spatial information simultaneously 
is point projection spectroscopy.4 In this 
technique, one or two of the backlighting beams 
are focused onto one or two 15- to 20-um coated 
fibers, to produce a flash of quasi-continuous 
x-rays from a point source. This "point" projects 
a shadow of the object after the x-rays have been 
reflected off a Bragg crystal, forming an image. 
Because reflection only occurs when Bragg's law 
is satisfied, the shadow has spectral resolution as 
well as spatial resolution. 

The x-ray laser researchers are characterizing 
the coherence, both spatial and temporal, of x-ray 
lasers, and beginning to demonstrate biological 
applications. The spatial coherence of laboratory 
x-ray lasers has been measured using a diagnostic 
based on partially coherent diffraction from a 
uniformly redundant transmission slit array.5 

X-ray Spectrometers 
In the crystal regime, there are several static 

survey instruments, called Henways, that use 
convex crystals at a distance of about 1 meter 
from the plasma for survey work from 1.5 keV to 
about 10 keV. 

There are also streaked crystal spectro
meters.6 On the ten-beam target chamber, these 
use flat crystals on the front of a close-in x-ray 
streak camera at anywhere from 3 to 6 degrees 
Bragg angle, or at a much larger Bragg angle for 
high resolution. For implosion work there has 
been an emphasis on high-energy, high-
resolution spectroscopy because of the need for 
the line emission to penetrate the compressed 
pushers. Argon dopants have been successfully 
used to measure density from line broadening, 
but for future implosions, higher energy x-ray 
emission with higher spectral resolution will be 
required. With a large Bragg angle and a PET 
crystal, resolving powers of about 2000 have been 
achieved in streak mode at photon energies of 
about 6 keV. 

For accurate absolute measurements of 
broad-band spectra, an array of fifteen calibrated 
x-ray diodes, called Dante, is used with filters 
and grazing incidence mirrors to isolate channels 
between 100 eV and >1.5 keV.7 This was one of 
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the core diagnostic systems of Nova, and 
although originally designed for 1-ns recording, 
the photocurrent is now commonly recorded 
with fast oscilloscopes (such as the Tektronix 
SCD 5000), giving a time resolution FWHM of 
135 ps with some small ringing at 300-400 ps. 
This allows time-resolved measurements of the 
x-ray conversion efficiency to be routinely made. 

There are several soft x-ray instruments 
enumerated in Table m-1. A particularly high-
resolution grazing-incidence spectrometer, 
HIRES, can achieve a spectral resolution of 8,000-
26,000 in the 100- to 200-A range when used with 
an x-ray streak camera, and up to 35,000 when 
used with soft x-ray film. This instrument was 
recently used to measure the line width of the 
dominant laser transition in neon-like selenium 
x-ray laser plasmas, and to observe the scaling of 
the line width with amplifier gain-length 
product.8 

The Streaked Flat Field Spectrometer (SFFS) 
is a time-resolved XUV spectrometer that utilizes 
a Harada varied line space grating.9 The grating 
has a flat focal plane that lies almost 
perpendicular to the x-ray propagation direction, 
allowing the use of a transmission photocathode 
x-ray streak camera. The instrument is sensitive 
from about 400 A (30 eV) to -10 A (1000 eV). 
With a 1200-line-per-mm grating with high 
efficiency in higher orders, up to 6th order has 
been seen at 44.83 A. In addition, the instrument 
is used to view short-wavelength x-rays, such as 
44.83-A x-ray laser emissions, in multiple orders, 
extending the dynamic range of the spectrometer 
and allowing a resolution of MAX - 500 to be 
achieved in some measurements (e.g., 44.83 A in 
5th order). 

For shorter-wavelength spectra, the SFFS can 
be used with a 2400-line-per-mm grating. Both 
gratings are installed in the spectrometer and 
either can be selected by translating them into 
position. The wavelength range is determined by 
an iridium-coated mirror, midway between the 
detector and the grating and almost parallel to 
the grating surface. The mirror relays the 
spectrum from the grating to the photocathode. 
Unlike similar instruments that rely on moving 
the detector to vary the wavelength coverage, the 
SFFS keeps the detector fixed and moves the 

relay mirror. This feature allows the spectrometer 
to be re-entrant, increasing sensitivity as the 
spectrometer moves closer to the targets. 

Like all the streaked diagnostics on the two-
beam target chamber (Keanetech, XCSS, XRL 
power meter, XRL coherence measurement, 
SOS-3, SOS-5, PCDs, Dante, HSI, High Flux, 
UVTmager, High Res, 2-Beam Incident Streak, 
Laser Diagnostic Station), the SFFS has a fiber
optic timing fiducial that allows the recorded 
spectra to be referenced to the incoming 
irradiation and other diagnostics to a precision of 
-30 ps. The timing fiducial also allows for the 
testing and timing of streak cameras without 
firing the entire laser chain. 

The MicroChannel Plate Intensified Grazing 
Incidence Spectrograph (MCPIGS) is a grazing-
incidence XUV spectrometer with a gated 
microchannel plate detector. The instrument is a 
Rowland circle geometry spectrometer with a 2° 
angle of incidence on the 998.8-mm radius 
grating. The detector is a 150-mm-long curved 
microchannel plate that lies along the Rowland 
circle. It has several configurations of strips that 
are gated off at intervals using a silicon Auston 
switch triggered by the fiducial laser beam. With 
seven gratings available, a broad range of XUV 
spectra can be surveyed with this instrument. 
There are two MCPIGS spectrometers on the two-
beam chamber. One lies in the equatorial plane to 
view x-ray laser output emitted in a narrow beam 
perpendicular to the plane of the Nova foci. The 
other MCPIGS spectrometer views the plasma 
from an off-axis direction. 

Optical Diagnostics 
The optical and UV diagnostics are also listed 

in Table Ht-l. One of the most ubiquitous 
diagnostics is the streaked optical imager, called 
the SOP (for streaked optical pyrometer). This 
instrument is an f/10 Cassegrain telescope with a 
magnification of 8.47, and a resolution that is 
close to diffraction-limited. The instrument is 
most commonly used to record shock breakout 
from witness plates, for which purpose the image 
is recorded onto a UV-sensitive streak camera. 
Alternatively, the image can now be recorded 
onto a gated optical imager. 

There are several streaked optical 
spectrometers at fixed locations on the two target 
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chambers (SOS1, SOS2, SOS3, SOS4 and SOS5). 
These are primarily used to measure the 
stimulated Brillouin and Raman spectra to derive 
density and laser-induced plasma turbulence 
levels.1 0 To make it possible to map out the 
angular dependence of the scattered light, a 
multichannel streaked spectrometer that allows 
the angular position of the detectors to be easily 
varied has been implemented on the Nova ten-
beam target chamber. 

For measurements of the absorption of laser 
light there is a set of energy balance modules for 
use on both the ten-beam and the two-beam 
target chambers. 

Hohlraum Radiation Sources 
As an overview of the capabilities of a laser 

system of this sort we provide the following. 
First, a unique feature of the system is the 
hohlraum. A hohlraum is, in the jargon of the 
Inertial Confinement Fusion (ICF) program, a 
high-Z—usually gold—cylinder with end caps. 
The laser enters the cylinder through the ends 
and is focused on the interior walls in an annular 
pattern. The laser light is converted to x-rays by 
laser-matter plasma creation. A typical hohlraum 
is 2400 um long and has an 800-um radius. The 
radiation temperature equivalent, found by 
measuring the emission from the hohlraum and 
equating it to aT 4 , is -200 eV. 

The temperature and the size and scale of the 
hohlraums can, of course, be changed to 
accommodate experimental needs. See Fig. ITI-l 

Au cylindrical hohlraum - scale 1 

* 2400 urn > 

Laser beams ^ B ^ ^ ^ 
- 2010 at 3530 A ^ ^ ^ ^ ^ Target 

Observation h o l e - " " " ^ ^ 

Laser nulseshaoes Targflts 
• Up to 28 kJ In 10 beams • Gas-filled microspheres 
• Square: 1 ns, Hat top, 100-ps rise • Tamped opacity samples 
• Shaped: 3 to 1 contrast, 2.2 ns • Cylinders for convergent hydro 

Figure III-l. Schematic view of a hohlraum. 
The one shown here is the nominal hohlraum. 
Called a scale-1, it generates a radiation 
temperature of ~200 eV. 

for an example of a hohlraum. The design of a 
hohlraum can affect the radiation temperature 
and conditions of the targets placed inside. 

In Fig. III-2, three different types of 
hohlraums are shown, each of which has a 
different utility. Note that the radiation 
temperature is changed by the hohlraum scale. 
Figure HI-3 shows the scaling of the measured 
radiation temperature vs incident laser energies. 
In the figure there is also a simple fit to the data 
using empirically determined parameters, the 
conversion efficiency of the laser energy to x-ray 
energy, n, and the amount of loss of laser energy 
due to heating of the walls, a; these are 
determined to be 0.7 and 0.8 respectively for the 
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Figure III-2. Schematic view of several different hohlraums. The different types are used to create a 
radiation environment for various purposes. Numerous configurations exist for different tasks. 
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Figure III-3. Measured radiation temperature vs input laser power. Temperature is derived from 
equating the measured energy output to oT 4. The data points are indicated, along with a dashed line 
showing a simple fit to the data using empirically determined parameters. 

scale-1 geometry. The two areas that play a role 
are the area of the walls, A w , and the area of the 
holes in the wall, Ah- The formula is given as 

nP L = ( [ l - a ] A w + A h ) c T 4 . 
The ten beams of the laser typically deliver 

20-30 kj of 0.35-|im light into a cylindrical gold 
hohlraum that is 2.5 mm long and has a diameter 
of 1.6 mm, producing a uniform quasi-thermal 
source of x-rays. X-ray drive produces high 
ablation pressures that are spatially very smooth. 
The radiation can be used to drive capsule 
implosions, drive planar shocks in material 
samples for hydrodynamics, provide a local 
thermodynamic equilibrium (LTE) environment 
for opacity studies, and provide drive for 
equation-of-state studies. The shock pressure 
created by radiation drive is a strong function of 
the temperature: 

P(Mbar) = 2.3 x 104 T 3 5(keV). 
For example, shocks of approximately 100 Mbar 
can be driven in plastic with 200-eV drive. 

The laser is also used for direct illurnination 
of targets. The direct iUumination of low-density 
targets, for example foams or gases, can produce 
plasmas with an electron temperature of a few 

keV. Ablation pressures generated in directly 
driven targets are: 

P(Mbar) = 12 l(l01 4Wcm-2)/A,(um)l 

Thus, for laser light with a wavelength of 
X = 0.53 mm (frequency-doubled light) and an 
intensity of I = 2 x 10 1 4 W/cm"2, the ablation 
pressure generated is about 10 Mbar. Directly 
driven shocks can be made reasonably planar 
over about 1 mm by smoothing the beam profiles 
with random phase plates and SSD. 

To see the radiation environment of a 
hohlraum quantified, refer to Section VIII, 
Radiation Sources. 

B. NIF Facility Definitions 
The following definition of a proposed high-

energy laser facility is based on ongoing work at 
LLNL. This facility will be capable of producing 
1.8 MJ of temporally shaped laser energy on a 
variety of targets. This laser system is being 
developed by the LLNL ICF program, which 
provided much of this information. 
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Laser Beams 

The laser will have four separate beam-line 
bundles, each with a 4 x 42 array of beamlets, for 
a total of 192 beams. The laser is based on the 
multipass amplifier Nd:YLF configuration where 
the initial seed laser is generated in a desired 
temporally shaped pulse. Amplification occurs in 
a series of multipass and single-pass amplifiers 
separated by spatial filtering pinholes in 
increasingly larger diameter sections. The 1-coo 
(i.e., 1.053-um) wavelength beam arrives at the 
target chamber with approximately 10 kj of 
energy in a beam 40 cm square; this assumes a 
pulse that is temporally a 5-ns square pulse. A 
variety of other pulse shapes will be available at 
other energies. 

The beam is then frequency doubled using a 
KDP crystal to a 2-cc>o (green beam) and tripled, to 
a 3-coo (blue beam), for final focusing onto the 
target. The crystal conversion efficiency will yield 
approximately 10 kj of 3-a>o energy in the beam to 
be focused into the target chamber. The 192 
beams will be balanced to produce no more than 
8% rms deviation in power. 

The l-ooo beam will be of high spatial 
uniformity; however, the nonlinearity of the up 
conversion to 2 Wo or 3 ©0 amplifies any 
amplitude modulation in the beam. Several 
techniques can be used to smooth the beam, a 
major consideration for directly irradiating a 
surface where uniformity is desired. First, a 
random phase plate can be used to introduce a 
randomness in the phases of the beam. This 
creates an effectively smoother intensity 
distribution by overlapping many small beamlets 
of random phase created from the large aperture 
beam. Second, the beam can be split up into 
several pieces using wedges which allow an 
effectively flat intensity distribution over the 
focal spot. Third, a bandwidth can be introduced 
on the normally monochromatic beam; when 
combined with a diffraction grating, this will be 
used to move the focal spot, resulting in a 
temporally smoother intensity. 

On the NIF, temporal smoothing will also be 
achieved by overlapping four separate 
wavelengths, separated by 5-10 A, and 
smoothing each one by spectral dispersion 
(adding bandwidth). 

The limiting factor in the firing of the beam is 
the cooling-down time for the large disk 
amplifiers. This limits a particular laser beamline 
from firing more than once every eight hours. 
Diagnostic setup and target alignment will be 
performed within this time. 

Beam Pointing, Aiming, and 
Synchronicity 

The beam as it enters the chamber is focused 
into the target chamber center using an f/8 lens 
that will produce a minirnum spot size of 500 urn 
in diameter. 

The accuracy of the focusing, or pointing, 
will be ±50 Hm rms, with a maximum 
displacement of the beam centerline from the 
target chamber center of 7 cm. The beams come 
into the chamber in 48 clusters of four beams, 
with half entering on each of opposite sides of the 
midplane. Multiple laser beams will enter on 
each side of the hohlraum along two concentric 
cones, with cone half-angles of approximately 27° 
and 53°, and with two-thirds of the beams on the 
outer cone and the remaining one-third on the 
inner cone. The pulse shape can be different on 
the two cones. 

Laser Pulse Shapes 
There will be a flexible pulse-shaping 

capability, so that the energy can be delivered in 
up to a 220-ns shaped pulse with >50:1 intensity 
contrast between peak and foot of the pulse. 
Approximately 20% of the beams can be delayed, 
independently of each other, by up to 30 ns after 
the main beam. This last capability will be useful 
for providing a source of backlighter x-rays. 

Laser Shot Rate 

The NIF will have a capability of 3 shots/24 
hours for 100 shots/year with energy of 100 kj, 
35/year for energy of MJ, and 10/year for energy 
of20MJ. 

Beam Diagnostics 

There will be several diagnostics of beam 
performance available. First, the pulse shape will 
be monitored in the master oscillator for 
temporal signature and energy. Next, the 
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propagated beam can be monitored for the total 
1-OOQ energy and the temporal variation of the 
1-COQ energy. Further, images can be made of the 
near and far field of the l-0)o beam. 

The up-converted beam, in either 2 (Oo or 
3 OOQ, can be monitored in the chamber for 
absolute as well as temporal intensity, and 
images of the beam front can be produced in the 
far or near field. 

C. NIF Facility Modifications 
A central issue that was addressed by the 

scientific community was the desired 
modifications to the original NIF design. To a 
large degree the requests of the scientific 
community were very similar to those of other 
communities. In particular, the group desired 
smaller spot sizes and pulse variation from 100 ps 
or less to 20 ns. In addition, they identified as 
important the need to establish line foci to 
perform x-ray laser experiments and the need to 
have an expanded subpicosecond capability. 
However, the most important request by far was 
the many demands for improved turnaround 
times. This took many forms, but the message 
was the same—a science-based university-
intensive effort that seeks to train students 
requires more than one to three experiments a 
day. The suggestions to improve the turnaround 
included: 

• Additional target areas. 
• More rapid cooling of the amplifiers. 
• More independence of the beams, so that 

a portion of the beams could be used 
flexibly. 

• The introduction of a smaller (e.g., Nova-
sized) beam for independent 
backlighting. 

Each of the special requirements that the 
scientific community asked for is presented 
below with a brief discussion of the requirement. 

Higher Beam Irradiance Requirements 
Some physics experiments will require higher 

beam irradiances than those outlined in the NIF 
design documents. The present laser spot 
diameter requirement for ignition targets, 

utilizing kinoform phase plates for beam 
conditioning, is 500 |im. This will be achieved 
with adaptive optics with a number of actuators 
consistent with this requirement. The NIF 
Functional Requirements and Primary Criteria 
specify the maximum spot size to be 500 um. For 
higher irradiances that will lead to increased 
hohlraum temperatures and the subsequent 
pressures desirable for a subset of the science 
experiments, smaller spot sizes are needed—50 to 
150 urn, or as small as possible and practical (see 
the discussion in Section VII, Plasma Physics). 
Higher irradiances than for the present design 
may be obtained by increasing the number of 
actuators in the adaptive optic. To facilitate point-
projection x-ray backlighting, beams focused to 
the minimum spot size should be able to 
effectively irradiate a 25-um-diameter fiber 
or equivalent. 

Variations in 
Lens-Focusing Requirements 

The NIF should have the capability of putting 
cylindrical lenses on at least 20 beamlets for 
experiments utilizing x-ray lasers. These lenses 
should nominally produce a focus of 
~150 um x 5 cm. These lenses should be capable 
of being easily inserted and removed. The 
beamlets should also be able to operate at 2co at 
power levels consistent with those required for 
x-ray lasers. 

Target Chamber Insertion Mechanisms 
The target chamber should have two target 

insertion mechanisms. The second target inserter 
does not have to have cryogenic capability. 

Added Target Alignment Capabilities 
The scientific community envisions the use of 

targets that may be, in general, more complicated 
than ICF targets, so additional target alignment 
capabilities may be needed. This is most simply 
specified by requiring the capability to view all 
sides of the targets(s) during target alignment. 

Reduced Time Between Experiments 

To accommodate the expected large number 
of users, the time between shots should be 
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reduced below the maximum specified eight 
hours. The facility should incorporate the 
improvements that are developed from these 
programs to ensure greater access to the 
user communities. 

Flexible Time Intervals Between 
Experiments 

Finally, it is important to note that the largest 
possible timing and pulse duration flexibility 
needs to be incorporated for the NIF to reach full 
utilization. Individual beamlet pulse-length 
flexibility, as presently designed, is highly 
desirable, with range-of-pulse widths from 
<0.1 ns to >20 ns. NIF design should permit each 
cluster of four beams to be independently timed, 
with arbitrary time delays among the clusters. 
The time interval between the first and last beams 
should be >200 ns. If possible, delays of up to 
4000 ns would be useful to some users. 

Short-Pulse Beams 

There was a decided interest in having the 
NIF contain as many short-pulse beams as 
possible. Because of its size, the projected single 
short-pulse beam was considered interesting 
enough to warrant involvement by the 
community. However, scientists interested in the 
short-pulse experiments felt that a single beam 
was far too limiting. As can be witnessed from 

the discussions of short-pulse experiments in 
both Section VII, Plasma Physics, and Section 
VHI, Radiation Sources, there are a large number 
of topics in this category, and the possibility that 
one or more may become of primary interest in 
the future is thought by the participants to be 
rather large. Hence, additional short-pulse 
beamlines would be strongly supported. 
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Section IV 

Astrophysics and Space Physics 

The level of feasibility of possible high-
energy laser-based experiments discussed here 
ranges from a straightforward extrapolation of 
well-established Nova techniques, to rather 
speculative possibilities that will probably 
require technology beyond the presently 
proposed NIF capabilities before useful results 
can be obtained. Nevertheless, we discuss in this 
section the important scientific issues in 
approximately descending order of feasibility of 
application on the NIF facility. 

A. Opacify 
The radiative opacity of the material in stellar 

interiors plays a key role in determining how 
stars evolve—what the maximum mass of a 
stable star is, how hot and how luminous the star 
is while it burns its hydrogen fuel, what pulsa-
tional instabilities it may fall prey to, whether it 
loses much of its outer envelope in outbursts of 
one kind or another, and during which stage of 
its evolution it might explode as a supernova. 
The star's energy budget dictates these other 
consequences, and because the radiative flux is 
inversely proportional to it, opacity sets the flow 
of heat through the star. In particular, the 
instability of the star is especially sensitive to 
nuances in opacity, and is most sensitive in the 
temperature range of a few hundred thousand 
degrees Kelvin. Opacity is very complex in this 
region, and has stood as a formidable challenge 
to theoretical atomic physics. A brief discussion 
of recent advances is presented in Section VI, 
Material Properties, Part B. 

Some of the regimes of temperature and 
density for which a star's structure and evolution 

are very sensitive to opacity are reachable in a 
laboratory high-energy-density facility such as 
the NIF, as illustrated in Fig. IV-1—temperatures 
from tens of electron volts to several hundred 
electron volts, and densities from normal solid 
density to a few hundred times less. 

The figure shows two regimes possible on the 
NIF, one with the laser only (shown in light gray) 
and the other using ignition within a deuterium-
tritium capsule (shown in black). These are 
compared with conditions for four phases within 
stars (shown in dark gray): hydrogen burning; 
helium burning; carbon burning; anci neon, 
oxygen, and silicon burning. The phases shown 
progress toward increasing temperature because 
the Coulomb barrier that keeps the nuclei apart 
gets higher as the nuclear charges increase. 

This progression toward increasing 
temperature is also an evolutionary sequence for 
stars. A star first gets hot enough in its interior to 
burn hydrogen (the main sequence starts), and 
only when the hydrogen is used up does the 
interior get heated and compressed sufficiently to 
ignite helium burning. At this point the star may 
be a red giant. 

When the helium is exhausted, the interior 
again is heated and compressed until carbon 
burning begins via a suite of reactions beginning 
with 1 2 C + 1 2 C —> 2 4 Mg as well as other possible 
products. Among these products are a particles, 
which can be captured by the 1 2 C to build up a 
number of other nuclei, including oxygen, neon, 
and silicon. 

When the carbon is exhausted and the star is 
a red or blue supergiant, it may undergo a phase 
of burning in which the 2 0 Ne is photodissociated 
to produce oxygen and a particles; the a particles 
are quickly captured again by the nuclei, and the 
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Figure IV-1. Comparison of the regimes of temperature and density that will be attained on the NIF 
with typical conditions found in stars as they progress through their successive nuclear burning 
stages. Two NIF regimes are shown. The broader regime (light gray) is for the NIF laser only, and 
extends up to about 14 keV. It shows the temperatures that may be reached in a laser-heated hohlraum 
on the NIF, or within an imploding capsule, even if there is no nuclear ignition. The second NIF 
regime (in black) shows the conditions that might exist in a deuterium-tritium capsule after ignition, 
with temperatures between between 9 and 60 keV. The dark gray areas show conditions within stars 
for four phases: hydrogen burning; helium burning; carbon burning; and neon, oxygen, and silicon 
burning. These phases progress toward increasing temperature. Although it doesn't always happen, 
this sequence of phases is also an evolutionary sequence for stars, from an initial hydrogen-burning 
phase, through the helium-burning and carbon-burning phases, to a phase where neon, oxygen, and 
silicon are burned. 

oxygen reacts with itself to make a number of 
elements between magnesium and sulfur. This is 
indicated by the neon-oxygen-silicon box. 

Whether this last phase occurs in a given star, 
or even whether carbon burning occurs non-
explosively at all, differs from star to star. In 
lower mass stars the nuclear evolution is cut off 
by a hydrodynamic instability that causes all the 
star's outer layers to be expelled, after which the 
star lives out its life as a white dwarf. In massive 
stars a thermonuclear instability turns the star 
into a supernova after the carbon-burning phase, 
or perhaps after the oxygen-burning phase. 

The radiative opacity of interest in stars is a 
harmonic mean of the spectral-dependent 
opacity, which means that the opacity of interest 
is dominated by those windows in the frequency 
spectrum that lie between the strong absorption 

features. The kind of experiment that addresses 
the opacity is a spectral absorption measurement 
of a thick sample, centered on these frequency 
windows. The ability of the NIF to provide a 
stable temperature environment for a long 
enough period, combined with high-quality time-
resolved x-ray spectrometers, makes it perfect for 
this kind of experiment. 

The variation of temperature and density 
with depth for some detailed stellar models is 
shown in Fig. IV-2, which illustrates the 
structures for stars in late stages of evolution. 
Four late stages are shown: a possible MACHO 
(massive compact halo object), a 1-solar-mass 
white dwarf, a 25-solar-mass pre-supernova, and 
a star undergoing core carbon burning as well as 
helium and hydrogen burning. 
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Figure IV-2. Variation of temperature and density with depth for models of stellar structure for four 
late phases. A) A possible MACHO—massive compact halo object. B) A 1-solar-mass white dwarf. 
C) A 1-solar-mass star at the tip of the red giant branch. D) A 25-solar-mass pre-supernova, a star 
undergoing core carbon burning as well as helium and hydrogen burning. Each curve shows several 
different dominant energy mechanisms—the dashed line for convective transfer, the solid line for 
radiative regions, and the gray line for regions in which the hydrogen has been completely depleted 
by nuclear burning. 

Opacity has the most effect on stellar 
structure in the intermediate zone between the 
convective outer envelope and the hydrogen-
depleted core. The temperature here ranges from 
106 to 10 8 degrees K (100 eV to 10 keV) 
depending on the position in the star and the 
stellar mass. The corresponding range of density 
is from 10~* to 10 2 g/cm 3. 

The stellar material is rich in hydrogen and 
helium, which do not dominate opacity in these 
ranges, but there are also significant amounts of 
carbon, nitrogen, oxygen, and iron. The carbon, 
nitrogen, and oxygen ions are important 
contributors at 100 eV, but iron is very important 
over the whole temperature range. A first 
measurement of the opacity of iron has already 
been made with Nova, as described in Section VI, 
Material Properties, Subsection B. With the NTF, 
the temperature range up to a few keV without 
ignition, or to more than 10 keV with ignition, 
will be available, which means that conditions at 
the centers of the stars will be reachable. 

Another area in which NIF-based 
experiments could be useful is with regard to 
opacities and x-ray cross-sections relevant to 
compact x-ray sources such as cataclysmic 
variables, x-ray binaries, and quasars. Direct 
measurements of inner- and outer-shell photo-
absorption cross-sections of carbon, nitrogen, and 
oxygen could be made in well-characterized 
laser-produced plasmas via a backlighter 
method. These cross-sections have not been 
measured in other ways because of the difficulty 
of producing a sufficiently large column density 
of the desired ions. Such measurements would 
complement theoretically calculated cross-
sections and aid in the modeling of x-ray ionized 
material in and around compact sources. 

In the last few years a group at LLNL has 
made new calculations of the radiative opacity 
for stellar interiors, and this work has been 
incorporated into theoretical models of stellar 
evolution and pulsation by a number of 
astrophysicists around the world. As a result, 
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some outstanding astrophysical problems have 
been solved. 

The problems solved are ones that appeared 
when stellar structure and evolution calculations 
made with the tables of opacity generated using 
the then state-of-the-art opacity codes at LANL 
were compared with observations. Previous 
stellar evolution calculations for the most 
massive stars had predicted that the range of 
surface temperature for the hydrogen-burning 
phase of evolution was narrow—that the stars 
were all quite hot at this time, but lower 
temperatures were observed. With the new 
opacity calculations, the range of temperatures 
predicted is extended to lower temperatures 
as observed. 

When the massive stars evolve from blue 
supergiants to yellow supergiants they pulsate 
for a while as Cepheid variables. The former 
evolution calculations led to a relation between 
stellar luminosity and mass that gave the wrong 
pulsation periods; this problem is solved with the 
new opacities. The evolution calculations of the 
low-mass stars in globular clusters formerly led 
to inferred ages for the clusters that were greater 
than the age of the universe; with the new 
opacities, this problem has now disappeared. 
Even though these and other pieces of 
astrophysical evidence support the new LLNL 
opacities, the opacities embody many 
approximations, like the LANL opacities from the 
1960s and 1970s that preceded them. They should 
be confirmed in as many ways as possible, 
including by direct experiment. 

B. Equation of State 

Stellar structure and evolution are governed 
by three physical properties of the star's 
material—the opacity just discussed, the nuclear 
reaction rates, and the equation of state. The last 
of these means the relations between the density 
and temperature of the material on the one hand 
and its pressure and internal energy, specific 
heats, etc., on the other hand. Under many 
circumstances, the equation of state in stellar 

interiors is quite simple—most of the gas consists 
of hydrogen and other light elements, and these 
have lost most of their electrons. Furthermore, 
the gas density is low enough that the atomic 
ions seldom interact, so ideal gas physics is a 
good approximation. 

This situation is a happy one for the 
astrophysicist, but unfortunately it is not always 
the case. In the very centers of stars, particularly 
those in the later stages of their evolution, density 
is quite high and the plasma becomes strongly 
coupled. That is, the various ions interact 
strongly and no longer behave as free particles. 
This is often accompanied by electron 
degeneracy—the plasma electrons tend to fill up 
the states allowed by Pauli's exclusion principle, 
which forces some electrons to become very 
energetic. These energetic electrons dominate the 
pressure and internal energy; however, the ions 
still play a major role in the specific heats. 

The theory of stellar evolution is affected by 
uncertainties in the equation of state in a few 
areas. The white dwarf stars are the remnants— 
the nuclear ashes—of stars that have run through 
most of their evolution and have at some point 
ejected their outer layers containing all the 
unburned nuclear fuel. They are the compressed 
former cores of their parent stars. A white dwarf 
of the sun's mass is the size of the earth. With 
no more nuclear heat source, the white dwarf 
simply cools off, a process that takes many 
millions of years. 

Through most of the white dwarf, the 
pressure of degenerate electrons supports the 
material against gravity, but near the surface the 
electrons become less degenerate and the ions 
become important. The ions are also important in 
setting the specific heat and thus the rate at 
which the white dwarf can cool. 

White dwarfs are also sometimes 
pulsationally unstable. Pulsation is a process 
that is sensitive to specific heats, and indeed 
white dwarfs are often in several pulsation 
modes simultaneously. The precise measurement 
of the pulsation frequencies gives a sensitive 
probe (asteroseismology) of the interior structure 
of the star. 
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See Fig. IV-3 for an example of the 
importance of improved opacity and equations of 
state on the understanding of stellar evolution. 
The figure shows the effects of opacity on 
Cepheid pulsations. Until the early 1990s, there 
remained a discrepancy between the predicted 
mass of pulsating Cepheid stars and observation. 
The mass should be predicted from the ratio of 
the first harmonic, Pi, to the fundamental, Po; 
however, until the opacity of the stars was 
corrected the discrepancy remained. The figure 
shows calculated results both with older opacities 
(upper, lighter lines) and with opacities corrected 
(solid lines), and the observed ratios (dots). 
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Figure IV-3. Effects of improved opacity and 
equations of state on understanding Cepheid 
pulsations. Until the early 1990s, there remained 
a discrepancy between the predicted mass of 
pulsating Cepheid stars and observation. The 
mass should be predicted from the ratio of the 
first harmonic, Pi, to the fundamental, Po; 
however, until the opacity of the stars was 
corrected the discrepancy remained. The ratio of 
PJ/PQ is presented as a function of the 
fundamental PQ. The upper (lighter) lines 
represent the results with the older opacities, 
the solid lines are the older results with the 
opacity corrected, and finally, the dots are the 
observed ratios. The results of the comparison 
indicate that the new opacities resolve the 
problem, putting the observations and the 
theory in agreement. The ability to verify 
opacity at astrophysically relevant conditions 
will be greatly enhanced with the NIF. 

The results of the comparison indicate that the 
new opacities resolve the discrepancy, putting 
the observations and the theory in agreement. 
The ability to verify opacity at astrophysically 
relevant conditions will be greatly enhanced 
with the NIF. 

Another kind of dwarf star—the brown 
dwarf—is poorly understood, owing in part to 
our imperfect understanding of the equation of 
state. Brown dwarfs are stars with masses so low 
that they never get hot enough inside to burn 
hydrogen, but simply condense from the 
interstellar medium and shine dimly for awhile 
as they get rid of the heat formed in condensing. 
Brown dwarfs are very difficult to detect, but it is 
possible that they are so numerous that they 
comprise as much as half of all the mass in our 
galaxy. This is mass that is inferred to exist from 
the dynamics of the galaxy, but that has not been 
discovered in luminous form. Their internal 
structure and their cooling time depend on the 
details of the equation of state at densities 
approaching solid density and temperatures of a 
few eV; these conditions are easily reached in a 
laser experiment. 

Equation-of-state (EOS) experiments fall into 
two classes. One class might be thought of as 
"direct" EOS experiments, in which for a certain 
experimental setup the experimental data yield 
a quantity that can be compared with the 
tabulated functions of pressure, energy, etc. The 
second class is of "indirect" EOS experiments, 
which measure some of the detailed intermediate 
data that enter into theoretical expressions for 
the thermodynamic functions. Experiments of 
the second kind serve as benchmark tests of the 
EOS theory. Experiments of the first kind 
are described in detail in Section VI, 
Material Properties. 

The indirect kind of experiment could, for 
example, seek to validate the model of plasma 
screening—very important in dense plasmas—by 
diagnosing the occupation probabilities of atomic 
states close to the ionization limit. This is 
discussed at greater length in Section IX, 
Radiative Properties. 
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C. Plasma Spectroscopy in 
High-Energy Astrophysics 

High-energy astrophysics refers to x-ray and 
gamma-ray, and to some extent optical and UV, 
observations of stars and galaxies for which the 
source of the radiation is a violent event, or a 
plasma very far from thermodynamic 
equilibrium. Among these are quasars and other 
exploding galaxies, and neutron stars that are 
ingesting material from a companion star. The 
technique used to study them is to investigate 
their spectra—in the x-ray or gamma-ray range, 
or whatever is available—to find the signatures 
that reveal the nature of the emitting object. The 
astronomer's problem is to obtain a spectrum 
showing as much detail as possible. However, a 
second problem is to have the knowledge base on 
non-equilibrium spectra that allows inferences to 
be drawn from the data. Here is where the NIF 
has a role, working together with first-principles 
plasma-modeling tools. 

An area where our modeling of plasma is 
relatively weak concerns low-temperature 

radiation-dominated plasmas. These are plasmas 
irradiated by dilute radiation sources—that is, the 
illuminating radiation field is much weaker in 
absolute intensity than the blackbody that 
matches the spectral shape. The radiation, while 
strong in absolute terms, is still weak in 
comparison with the very high implied 
temperature. Such plasmas are very far from 
local thermodynamic equilibrium (LTE). One 
uncertainty is of the plasma energetics. Perhaps a 
lot of energy is tied up in states that are not 
evident in the spectrum. 

The Bowen Mechanism 
Because the plasmas are radiation-

dominated, the thermodynamic state of the 
matter and the appearance of the spectrum itself 
depend strongly on the flow of radiation through 
the plasma. The re-absorption of radiation 
emitted elsewhere plays a major role. A 
particularly notable example of this is the Bowen 
fluorescence mechanism, which is discussed in 
some detail below and shown schematically 
in Fig. IV-4. 
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Figure IV-4. Grotrian diagram for the Bowen mechanism. The observed fluorescence occurs when the 
emission from the Hell Lyman a transition pumps the 2p 2 3 P state of OIII to the state 2p3d 3 P. This 
leads to the enhanced emission from the transition down to the states 2p3p 3 P, 3 S, and 3 D. There is 
also enhanced emission from these states to the 2p3s 3 P level. In addition, it has been pointed out that 
the emission from the OIII 2p3s 3 P 2 to the Ip13P can pump the ground state of NIII 2p 2 P to the 
2d 2D5/2 level, which then can decay via the 3p 2 P level with enhanced emission in the visible. This 
latter part of the mechanism is not yet confirmed. The NIF would be required in order to generate 
both the large volumes of plasma necessary and a radiation source sufficient to create the plasma in an 
appropriate state to provide experimental verification of the Bowen mechanism. 
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Ira Bowen found, in 1924, that in some 
nebulae (the planetary nebulae that are shells 
ejected by red giant stars) the emission lines of 
OIII arising from the upper states 2p3d 3P°2 were 
greatly enhanced relative to other members of the 
same multiplet. The lower levels of these 
transitions, namely 2p3p 3P2,i, 2p3p 3Si, and 
2p3p 3 D 3 / 2 / i fed transitions to 2p3s 3P°3,2,l that 
were also enhanced. Bowen found that there was 
a coincidence between the Hen Lyman a line at 
X303.78 and the OIII line A303.80 that excites 2p3d 
3P°2. Furthermore, the decay of 2p3s 3P°i 
produces A374.436, which can pump the line 
A374.441 in NIII that excites 3d 2D 5/2, producing 
still more fluorescence. 

The NIF would be required in order to 
generate both the large volumes of plasma 
necessary and a radiation source sufficient to 
create the plasma in an appropriate state to 
provide experimental verification of the Bowen 
mechanism. The uniform heating of material to 
extreme conditions, when the plasmas require 
x-ray heating, is energy-intensive, because 
large proportions of the flux are needed for 
volumetric heating. 

The Bowen mechanism was analyzed in the 
1960s and 1970s, not with a full collisional-
radiative model, but with some radiative transfer. 
The NIII branch is not considered well-
established, but at least the first lines in the Oni 
branch are. The line coincidences have 
mismatches of 16 km/s between Hen and Om, 
and 4 km/s between Om and NHL The HeH/Om 
difference is larger than the Doppler width, 
which is about 9 km/s for helium at 20,000°K. 
Most nebulae also have an internal velocity 
dispersion of about 10 km/s due to general 
expansion, or to turbulence, and there is opacity 
broadening, especially in the Hen Lyman a line. 
These two factors combine to ensure coincidence. 

The Oni lines, at M3100-3400, are seen in 
x-ray binary stars like Sco X-l (a low-mass x-ray 
binary) and AM Her (a cataclysmic-variable-like 
white dwarf binary), and also in some Seyfert 
galaxies (spiral galaxies that are relatively 
ordinary but with a black-hole-like object in the 
center that makes x-rays and excites a lot of line 
emission in the nearby interstellar gas— 
mini quasars). 

The Bowen mechanism still does not have a 
secure theoretical footing, and needs some 
experimental verification. The full network of 
atomic kinetic rates connecting these levels of 
Hen, Oni and NHI is complex enough to be hard 
to calculate. An experimental exploration of the 
Bowen mechanism will create a large volume 
of plasma with a temperature of 2-3 eV and in 
which oxygen and nitrogen are mostly doubly 
ionized. This may be illuminated by a second 
region of hotter plasma that serves as a light 
source for the first. The column density of the 
large plasma, perhaps 10 2 0 cm - 2 , would be 
ample to provide the necessary optical depth in 
HeH Lyman a, and perhaps also in Oni X374.436 
as well. 

Low-Mass X-ray Binaries 
Low-mass x-ray binaries (LMXRB) consist of 

a neutron star in orbit with a 1- to 2-solar-mass 
star; the x-ray spectra are relatively hard—10 keV 
or so. Considerable modeling work has been 
done on these, with particular attention to the 
iron spectrum—first the K-shell lines, and more 
recently the L-shell emission. This is a formidable 
task, especially the dielectronic recombination, 
and experimental confirmation is very desirable. 
The iron K and L lines are seen in spectra that 
have been obtained of x-ray binaries like Sco X-l 
using BBXRT and two Japanese satellites. Similar 
lines are hinted at in the few decent x-ray spectra 
of Seyfert galaxies, which, if confirmed, would 
corroborate the theory of an accretion disk 
surrounding a black hole in the nucleus of 
the galaxy. 

Figure rV-5 illustrates the relevant process of 
dielectronic recombination. The dielectronic 
recombination process is shown by the two 
arrows. A free electron in the 2s continuum (on 
the left), whose energy is indicated by the blue 
line, is captured into one of the 2pnl states (on the 
right) at exactly the same energy, as shown by the 
first arrow. This state can decay by ejecting the 
free electron again, or, as shown by the second 
arrow, by radiating a photon and making the 
transition to a singly excited 2snl state, typically 
with the same n. This two-step process is 
dielectronic recombination. 
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Figure IV-5. Illustration of the process of 
dielectronic recombination for the 
recombination of C + 3 to C + 2 . On the left side are 
the levels of C + 2 converging to the series limit, 
which is the 2s state of C + 3 . Most of these levels 
belong to the configurations 2snl, with n = 3, 
4,.... On the right side are the levels of C + 2 that 
converge to the 2p state of C + 3 . These belong to 
the configurations 2pnl, again with n = 3,4, .... 
Because the 2s and 2p states of C + 3 have the 
same principal quantum number, their energy 
difference is slight, and therefore many of the 
2pnl states lie below the 2s series limit and 
some of the 2pnl states lie just barely above the 
2s limit. The dielectronic recombination process 
is shown by the two arrows. A free electron in 
the 2s continuum, whose energy is indicated by 
the blue line, is captured into one of the 2pnl 
states at exactly the same energy, as shown by 
the first arrow. This state can decay by ejecting 
the free electron again, or, as shown by the 
second arrow, by radiating a photon and 
making the transition to a singly excited 2snl 
state, typically with the same n. This two-step 
process is dielectronic recombination. 

When the available doubly excited states lie 
high up in the ground-state continuum, the 
number of free electrons with the right energy is 
sharply limited by the Boltzmann distribution 
unless the electron temperature is high. In cases 
like the one illustrated, though, the An = 0 
transition of the upper ion allows doubly excited 

states very close to the ionization limit, which 
makes them accessible at even quite low electron 
temperatures. The total rate of dielectronic 
recombination for ions like this is very large. 

In the next five years there will be two new 
high-resolution x-ray astronomical observatories: 
XMM and AXAF. These will, for the first time, 
obtain spectral detail of the iron K and L features 
sufficient to distinguish different types of 
excitation. The line shapes in these objects, and, 
for the binaries, their time variations, can be 
analyzed to provide information about the radial 
and azimuthal structure of their accretion disks, 
provided the atomic model itself is sufficiently 
well understood. 

An experimental approach to the iron L 
spectrum would be of great interest. The 
problem, in laboratory sources, is to avoid large 
optical depths in these lines, which is undesirable 
when basic line intensity data are being sought. 
The laser-produced plasma has the advantage 
over other sources, such as the Electron Beam Ion 
Trap (EBIT), in that the temperature can be kept 
as low as the astronomical situation indicates. 

One of the key issues involving iron is the 
dielectronic recombination through the near-
threshold resonances that comes about with 
An. = 0 capture (Koster-Kronig transitions)—for 
example, the capture onto lithium-like iron in 
which the 2s electron is excited to 2p. This 
dielectronic rate is very large, and a proper 
calculation of it requires a careful calculation of 
the energy of each resonance and its 
autoionization width; large departures from the 
general formulae for dielectronic recombination 
rates are found. A schematic of the process is 
shown in Fig. IV-5. In beryllium-like iron the 
states 2pnl with n greater than about 11 are auto-
ionizing. The spacing of states differing by one in 
n is about 11 eV, so there are certain to be a few 
autoionizing levels within 10 eV or so of the 
ionization threshold. 

It would be quite interesting to produce a 
plasma with abundant Uthium-like iron but with 
an electron temperature less than 50 eV, in order 
to study this process. The color temperature of 
the radiation would need to be a few hundred 
eV in order to produce this ion, which has an 
ionization potential of 2048 eV. We note that it 
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is true that in accretion disks of x-ray binaries 
and Seyfert galaxies this ion of iron is probably 
found where the electron temperature is hotter, 
of order of a few hundred eV to 1 keV, so the 
near-threshold dielectronic recombination is 
relatively unimportant. 

Shock-Wave Ionized Media 
Another radiation transport study possible 

with the NIF involves shock waves in the target 
chamber to study photo-ionized nebulae. A wide 
range of experiments can be done to simulate the 
effect of energetic events in circumstellar and 
interstellar gases by utilizing a low-density gas 
fill in the 10-m-sized laser target chamber. The 
deposition of laser light onto a small target at the 
center of the chamber will lead to a bright UV 
and/or x-ray source (80-90% of the laser light can 
be converted to x-rays). In a low-opacity gas a 
photo-ionized nebula will be created. 

Detailed study of such processes will serve to 
benchmark models that are used in astrophysical 
contexts, such as quasars. Processes such as 
photoionization and excitation, radiative and 
dielectronic recombination, and line trapping 
would be studied. For a high-opacity gas, the 
x-rays will shortly be re-absorbed, leading to the 
creation of a shock wave in the chamber gas, 
similar to a supernova remnant in the interstellar 
medium. Similar work has already been done 
on a small scale at the Naval Research 
Laboratory.1 Fundamental studies of the 
propagation of such shocks, including effects of 
an applied magnetic field, can be done. 

D. Supernova Instabilities 

Hydrodynamic instabilities play a major role 
in determining the efficiency and performance of 
inertial confinement fusion implosions. In laser-
driven implosions, high-performance capsules 
require high aspect ratios (the ratio of the radius 
to the shell thickness). These capsules are 
susceptible to hydrodynamic instabilities of the 
Rayleigh-Taylor, Richtmyer-Meshkov, and 
Kelvin-Helmholtz varieties, which can in 
principle severely degrade capsule performance. 
Recently the growth of the ablatively driven 

Rayleigh-Taylor instability has been studied by 
indirect-drive experiments using a shaped x-ray 
drive pulse.2 

The x-ray and gamma-ray observations of the 
famous supernova 1987A have indicated that 
radioactive cobalt is far more thoroughly 
distributed among the explosive debris in the 
envelope than was predicted by model 
calculations of thin-shell nucleosynthesis in the 
pre-supernova star. These observations of 1987A 
have strongly suggested the occurrence of large-
scale mixing in the ejecta during the explosion.3-4 

A larger scale mixing in the ejecta has also been 
suggested for Type Ib/Ic supernovae by light 
curve modeling and spectrum analysis. 

The most promising mechanism for 
explaining mixing in the ejecta is a combination 
of the Rayleigh-Taylor and Kelvin-Helmholtz 
instabilities. The Rayleigh-Taylor instability can 
arise in the supernova envelope when the 
outwardly moving shock wave from the initial 
explosion propagates through layers of the star 
with radial stratification of the heavy elements. 
As the shock passes through the composition 
interfaces (i.e., oxygen/silicon, 
helium/carbon+oxygen and hydrogen/helium), 
a rarefaction front moves back into the star, 
resulting in an effective reversal of gravity as 
low-density composition is pressure-accelerated 
into the underlying high-density composition. 

Any perturbation at the interface 
(i.e., velocity perturbation or spatial perturbation) 
will get amplified by the Rayleigh-Taylor and 
Richtmyer-Meshkov instabilities and result in the 
overturning of light and heavy elements. This 
results in the mixing of heavy elements 
throughout the envelope of the supernova 
remnant, with associated observational 
consequences in the light curve. 

A further mixing will occur as the dense 
"tongues" of the heavy elements experience 
differential shear with the lighter elements, 
resulting in Kelvin-Helmholtz instabilities. Thus 
the fingers of heavy and light fluid that 
developed initially get far more distorted and the 
mixing layer increases its width. 

Eventually these instabilities become so 
nonlinear that the mixing layer appears to 
become fully turbulent. The properties of 
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turbulently mixed layers may be equally 
important in understanding how interstellar 
clouds get reprocessed back into the interstellar 
medium. Efficient mixing of cloud and inter-
cloud matter has been shown to occur after 
clouds get crushed by the interaction of strong 
shocks from supernova remnants . 5 ' 6 ' 7 

Experiments at the NIF would be ideally suited 
to detailed studies of this important astrophysical 
phenomenon. Densities and temperatures 
reached in the supernova-shocked envelope are 
well within the range attainable with the NIF. 

The experimental techniques to study the 
development of Rayleigh-Taylor-induced mixing 
well into the nonlinear regime using streaked 
x-ray radiography of the unstable region have 
already been demonstrated by Remington et al. 2 

The NIF is ideally suited to producing the 
extremely strong shocks with Mach numbers 
M » 1 that occur in the supernova envelope. The 
shocks would be produced by shaped laser 
pulses ablating a foil or cylinder consisting of a 
sequence of material interfaces with density 
differences matching those in the supernova 
envelope. The shock wave would traverse the 
composite interfaces, which can be suitably 
perturbed, resulting in instabilities and mixing 
like those thought to occur in the supernova 
envelope. Shocks of sufficient strength are far out 
of the regime that is currently possible in 
standard shock-tube experiments, but will be 
relatively easy to achieve at the NIF. 

Recent advances in high-resolution 
multidimensional hydrodynamics using adaptive 
mesh refinement (AMR) techniques now make it 
possible to accurately model the experiments 
with detailed three-dimensional simulations. 
Using newly developed AMR algorithms, 8 recent 
calculations 6 ' 7 have studied the development of 
shock-induced Rayleigh-Taylor and Richtmyer-
Meshkov instabilities far into the nonlinear 
mixing regime. Calculations such as these, 
combined with NIF experiments, will allow a 
thorough study of the mixing in supernova 
explosions as well as studies pertaining to mixing 
in the interstellar medium. 

Figure IV-6 (reproduced from Muller et al. 9) 
shows the typical scenario for how Rayleigh-
Taylor mix enters into supernova modeling. The 

expanding inner core of nickel and silicon is 
being decelerated by the surrounding layer pi 
lower density carbon and oxygen, which in turn 
is being decelerated by the outer layer of helium. 
At each interface one effectively has a heavy fluid 
"sitting on top of" a light fluid. Because of this, 
the interfaces are unstable to the Rayleigh-Taylor 
instability, and imperfections will grow. Typical 
growth factors are 100-1000. 

Figure TV-7 shows how a similar situation 
could be set up on the NIF. Since the usual 
experiments focus the lasers into the hohlraum, 
the hohlraum in this case would be shot in an 
inside-out fashion. The drive lasers would 
impinge upon a thin (approximately 10-um) 
cylindrical nickel hohlraum with sinusoidal 
perturbations imposed on the outer surface. The 
outer surface of nickel would be coated with 
=100 urn plastic, and the whole package would 
reside in a =10-atm fill of helium. 

As the drive turns on, a strong shock 
(=100 Mbar) would be launched radially 

Figure IV-6. Rayleigh-Taylor mix in supernova 
modeling. The four quadrants show contours of 
total density times the mass fraction of 4He at 
four instants during a supernova explosion. The 
four times proceed counterclockwise beginning 
with the upper right section. Note that the 
original sphere of helium is already breaking 
up in the first instant shown. 
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outwards through the various layers. Each 
interface would be unstable to the Richtmyer-
Meshkov instability, and perturbation growth 
would begin. Then as the hohlraum explodes 
radially outwards, the nickel core would be 
decelerated by the lower density plastic layer, 
which in turn would be decelerated by the 
helium fill, in much the same fashion as for the 
supernova shown in Fig. IV-6. 

Diagnosis would be from face-on, edge-on, 
and end-on radiography, in the standard fashion 
currently utilized on Nova. A large-area copper 
backlighter, with Ka emission at 8.4 keV, might 
be suitable. If this "direct-drive" approach to 
accelerating the nickel hohlraum proves to 
imprint an intolerable level of non-uniformity 
on the nickel-plastic interface, a hybrid indirect-
drive approach would be the fall-back. Here, 

Cu backlighter disk 

Polyimide-, 
(0.5 urn) \ 

Backlighter 
beam 

He fill (500 urn) 

CH (100 urn) 
Ni (10 tim) 

-5 mm-

, = | e -pKZ(x) | | 

n Gated 
x-ray imager 

Drive 
beams 

Figure IV-7. Schematic setup of an astrophysical mix experiment to mimic the mixing in a supernova 
explosion. The drive lasers would impinge upon a thin (approximately 10-um) cylindrical nickel 
hohlraum with sinusoidal perturbations imposed on the outer surface. The outer surface of nickel 
would be coated with =100 |im plastic, and the whole assembly would reside in a =10-atm fill of 
helium. As the drive turns on, a strong shock (=100 Mbar) would be launched radially outwards 
through the various layers. Each interface would be unstable to the Richtmyer-Meshkov instability, 
and perturbation growth would begin. Then as the hohlraum explodes radially outwards, the nickel 
core would be decelerated by the lower density plastic layer, which in turn would be decelerated by 
the helium fill, in much the same fashion as oc in a supernova. Diagnosis would be from face-on, edge-
on, and end-on radiography. 
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the lasers would hit an inner solid high-Z 
cylindrical rod, generating an x-ray drive. 
The x-ray drive would in turn drive the nickel 
hohlraum outwards. 

Note that already on Nova with a =20-30-kJ 
drive, growth factors of nearly 100,10 shock 
strengths of = 50 Mbar, and Mach numbers of 
=35 have been achieved.11 On the NIF, with 
1.8 MJ of drive energy, achieving growth factors 
of 100-1000 with 50- to 100-Mbar shocks, as 
suggested by the supernova modeling, should 
be straightforward. 

E. High-Velocity Cratering 
One of the interesting issues in lunar and 

planetary physics is that of crater formation— 
surface damage—by high-velocity impacts. The 
velocities of projectiles in the solar system range 
up to 50 km s _ 1 (for projectiles in retrograde 
orbits), which is out of the range for gas guns. 
This kind of high-velocity projectile impact study 
can easily be done using the laser-driven flyer 
plate technology possible on the NIF, as 
discussed in the Hydrodynamics and Material 
Properties sections. The physics issues to be 
studied include the systematics of crater 
dimensions with projectile shape and size—the 
nature of the damage mechanism. An example 
would be the dependence of the cratering on the 
type of material forming the target. 

A further set of issues is related to 
electromagnetic effects caused by the impact. It is 
known that electromagnetic noise is produced at 
the time of impact. It is also found that there are 
substantial magnetic anomalies in the rock 
underlying lunar impact craters. The mechanisms 
of these phenomena can be studied by 
performing the flyer plate experiments with 
weakly magnetized targets. 

The suitability of this project to the NIF arises 
from the ease of attaining the high impact 
velocity and the availability of larger projectile 
sizes. On Nova the projectiles with a suitably 
large velocity are so small that edge effects 
obscure the phenomena to be studied. 

F. Thermonuclear Reaction Rates 
in Stars 

Although nuclear reaction rates have been 
the subject of intense studies for decades, it 
remains true that few direct experimental studies 
have been made at the actual energies at which 
reactions occur in stellar environments. 
Figure V-l summarizes a number of astro-
physical thermonuclear environments and their 
associated temperatures. The actual energies 
relevant for the nuclear cross-section s are given 
by the so called Gamow window, which repre
sents the interplay between the Maxwellian tail 
of the reactant velocity distribution and the 
rapidly diminishing reaction cross-section at 
energies below the Coulomb barrier. 

The relative merits of the NIF for obtaining 
information on nuclear reaction rates, as opposed 
to the more usual accelerator technique, can be 
determined as follows. Consider the problem 
count rate. For a conventional accelerator 
experiment, the reaction rate for projectile a plus 
target nucleus b to produce some product nucleus 
c can be written: 

r(a+b, Accelerator) = IaaabnbAx, 
where Ia is the incident projectile current, aab is 
the cross-section for the reaction between 
projectile a and target nucleus b, while nb and Ax 
are the target density and thickness, respectively. 
Consider a typical reaction, the 1 2C(p/y) 1 3N 
reaction, which plays a role in the CNO cycle. 
The hydrogen burning temperatures for this 
reaction are from about 1 to about 3 keV. At 
3 keV, the Gamow window for this reaction is at 
approximately 40 keV, for which one expects a 
cross-section of order 0.01 picobarn.1 2 

For optimistic accelerator conditions with an 
incident current of 100 uA on a carbon target of 
density 10 2 3 cm - 3 and a thickness of 10~* cm (the 
approximate range of protons in carbon for this 
energy), the reaction rate would be at most five 
events per day, quite difficult to pick out of the 
cosmic ray background. 

On the other hand, the reaction rate in a 
thermalized NIF capsule can be written: 

r{a+b,NIF) = (ov)Nanb, 
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where <o~v> is the Maxwellian-averaged product 
of cross-section times relative velocity, n\, is the 
density of nucleus b, and Na is the total number 
of nuclear species a that can react with b. At the 
temperature of 8 keV that might be attained in a 
capsule imploded using the NIF, the expected 
Maxwellian averaged reaction rate 1 3 would be 
Na«xv> =10 - 5 cm 3 mole _ 1 s - 1 . At a hydrogen 
density of 102g cm - 3 , reacting with 10 1 7 carbon 
atoms (2 ug) for =100 ps, =104 reactions would be 
expected in a single event. This number of 
radioactive 1 3 N nuclei would have a half-life ti/2 
of =10 min, so it would be possible to count them 
after an event. Alternatively, the pulse of =2-MeV 
gamma rays might be detected with scintillators 
positioned around the target. The fact that the 
events are produced all at once avoids the usual 
low signal-to-noise ratio associated with 
conventional accelerator experiments, in which 
the reactions occur one at a time and are 
therefore difficult to distinguish from ambient 
room background. 

Of course, such experiments would not be 
without their own difficulties. The various state 
variables are changing rapidly and it is necessary 
to have accurate diagnostics and simulations of 
the thermodynamic evolution of an event, 
including departures from equilibrium. The 
reaction rates are so sensitive to temperature that 
it will be difficult to know the burn temperature 
to sufficient accuracy. It is possible to envision, 
however, a relative measurement of several 
species at once, making it possible to fix the 
temperature with the most sensitive reaction. 

Also, these are explosive environments not 
easily amenable to conventional nuclear counting 
techniques. Backgrounds are also certain to 
develop. Nevertheless, it is possible to develop a 
class of nuclear experiments in which a catcher 
blanket that could collect radioactive products 
would be placed at some distance from the 
capsule explosion. The catcher material could 
later be removed from the chamber and counted 
for accumulated radioactivity. The final step 
would be to compare the nuclear yields produced 
in the experiment with the yields predicted by 
applying thermonuclear network codes to the 
conditions one believes occurred in the event. 
This comparison could be used to test both the 
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codes and the reliability of the thermonuclear 
reaction rate data. It could also aid as a diagnostic 
of the capsule history, because the thermonuclear 
reaction rates are quite temperature sensitive. 

Interesting nuclear reactions to study besides 
1 2C(p,7) 1 3N would be 3He(3He,2p) 4He, and 
3He(4He/y) 7Be. These latter two are part of the 
proton-proton chain of hydrogen-burning 
reactions in solar-type stars, while the first is part 
of the CNO cycle. The competition between the 
proton-proton reaction and CNO cycle for the 
destruction of 3 He determines how much 7Be is 
produced (and ultimately how much 8B), and 
therefore how great the flux of neutrinos should 
be, as detected in the Homestake Mine solar 
neutrino experiment. 

The reaction rates that take place in the CNO 
bi-cycle are illustrated in Fig. IV-8. The primary 
loop is shown as the outer loop, the secondary 
loop is shown within. In both loops, the energy 
generation is the energy gained by creating the 
He 4 from the four H 1 , with the residual loss of 
the two neutrinos, v, divided by the time it takes 
to circle the cycle. The times for the radiative 
decays of the N 1 3 , 0 1 5 , and F 1 7 are fixed but the 
remainder of the rates will depend on the 
temperature and density of the constituents. The 
densities accessible to the NIF will permit the 
critical determination of these rates in regimes 
relevant to astrophysical situations. 

This branching ratio continues to be a 
significant uncertainty in the interpretation of the 
solar neutrino experiment, and a refinement of 
our knowledge here would be of great value. The 
particle decay rate of the ^He^He^p) 4 He 
reaction is some 10 5 times greater than that of the 
radiative decay rates of 1 2C(p,y) 1 3N and 
3He(4He/y) 7Be. In order to diagnose 3He(3He,2p) 
4 He it will be necessary to measure the activation 
produced by the =5-MeV protons in a witness foil 
placed near the target, or in the wall of the 
hohlraum itself. 

Figure IV-1 showed the way in which NIF 
conditions overlap various stellar burning 
phases. Temperatures up to carbon-burning are 
achievable with ignition. Even with the driver 
alone (i.e., without ignition), hydrogen burning 
and helium burning temperatures are obtainable, 
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Figure IV-8. Reaction rates that form the CNO bi-cycle. The primary cycle is shown as the outer loop, 
cycling around C 1 2 , N 1 3 , C 1 3 , N 1 4 , 0 1 5 , and N 1 5 . The secondary loop connects the N 1 5 , O 1 6 , P7, and O 1 7 . 
In both loops the energy generation is the energy gained by creating the He 4 from the four H 1, with 
the residual loss of the two neutrinos, v, divided by the time it takes to circle the cycle. 

as are the density regimes for both hydrogen and 
helium burning. 

Figure IV-9 shows the evolution of the early 
universe through the big bang. Lines are drawn 
for both baryons and electrons for baryon 
densities corresponding to both 0.01 and 1.0 
times the present closure density of the universe 
Q-b- It seems that with an appropriate capsule 
design, it would be possible to nearly reproduce 
various conditions in the early universe during 
much of the critical epoch (first three minutes) of 
primordial nucleosynthesis. 

G. Electron-Positron Plasmas 
Thermally produced electron-positron 

plasmas are thought to play an important role in 
the evolution of the cores of massive stars, 
neutron-star and black-hole accretion disks, 
pulsars, quasars, astrophysical gamma-ray 
bursters, and in the big bang. Although it is not 
likely that the NIF could be used to produce a 

pair plasma with the currently proposed design 
parameters, it is possible that some pairs will be 
produced in a way that is similar to the formation 
of pairs in such astrophysical environments. 
Hence, experiments with the NIF may shed light 
on pair-plasma formation and radiation transport 
issues. We therefore include here a brief 
discussion of some of the physics issues 
regarding pair production. 

In the last few years, discoveries of intense 
broadened 511-keV annihilation lines from 
several galactic black-hole candidates suggest 
that in addition to transient-pair production, 
steady-state thermal pair plasmas may exist. 
Since pairs annihilate on short time scales, 
maintaining such steady-state conditions requires 
the copious production of pairs, in order to 
balance the annihilation rate. Such pair-balanced 
steady plasmas represent a new state of matter 
with unique radiative and thermodynamic 
properties different from ordinary plasmas. 

For a plasma to be in a steady state, the 
heating rate must be balanced by the cooling rate, 
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Figure IV-9. Trajectories in temperature and density parameter space for some big-bang 
nucleosynthesis models. The boxes indicate the overlap between cosmological models and plasmas 
the NIF can produce. The models are for two different baryon densities. The thick lines indicate the 
present baryon density of the universe that would be needed to close the universe, while the thin lines 
indicate a model with 0.01 of the critical density to close the universe. The dashed lines are the baryon 
density and the solid lines are the sum of the electron and positron densities. The upper abscissa is the 
time from the big bang. Note that the baryon curves start at the point of "weak freezeout" at 1 MeV, 
below which the weak interaction processes depart from equilibrium and the neutron-proton ratio 
becomes locked in. 

which consists of bremsstrahlung, inverse 
Compton scattering, and pair annihilation. It 
turns out that for a pair-balanced plasma there 
exists a fundamental limit to the temperature 
of =10 MeV for hydrogen, above which pair 
creation can no longer be balanced by annihila
tion and pair density will exponentiate rapidly, 
leading to a pak-dominated plasma and net 
cooling of the system. This limiting temperature, 
referred to as the BKZS limit, is much too high for 
NIF-based experiments; however, the limiting 
temperature can be lower for a high-Z or high 
magnetic-field plasma. 

The laser intensities available at the NIF 
may permit the formation of some pairs out of 
the suprathermal electrons during a high-
temperature deuterium-tritium (DT) burn. In 
equilibrium, at a temperature of 50 keV, the 
vacuum pair abundance is suppressed by only 
a factor of exp(-mec2/tT) = 10~5, implying a pan-

density as high as =10 2 1 cm"3. This factor will be 
reduced, however, by the ratio of the burn time 
(of order =10 ps) to the equilibration time. The 
equilibration time is of order of the time scale for 
pair creation. 

The most promising avenue to the produc
tion of a pair plasma seems at this time to be to 
use the petawatt laser under development as an 
adjunct to Nova. One of the Nova beams is 
intercepted partway through the amplification 
chain and is subjected to pulse compression, 
producing a pulse of 1.06-um light containing 
about 1 kj of energy in a pulse length of 1 ps. 
If this can be focused to a spot size limited only 
by diffraction, then an intensity of 10 2 1 W/cm 2 

can be produced. The paper by Wilks et al.1 

shows how such a laser pulse can produce 
relativistic electrons and confine them through 
a combination of the optical fields and the 
ponderomotive force. 

Astrophysics and Space Physics 35 Section IV 



At very high laser intensities I, satisfying 
IX^2 > 1.4 x 10 1 8 W cm"2 |im 2 where X^is the 
laser wavelength in microns, the electron jitter 
momentum becomes relativistic and scales 
roughly as the square root of the intensity. If the 
jitter energy E of the electrons is larger than 2mc2, 
as it is for IX^- » 1.4 x 10 1 8, then collisions of the 
electrons with ions of charge Z in the plasma will 
produce pairs; the cross-section for this process is 
of order 10~ 3 0Z 2 cm2, weakly dependent on 
electron energy in this range. This would be 
sufficient in a critical-density gold plasma to 
produce in 1 ns a pair density of order lO - 5 -!© - 4 

times that of the electrons. 
This fraction would be increased if a density 

substantially above the critical density could be 
used, as is suggested by Wilks et alM It may be 
important in the experiment design to provide 
laser illumination from opposing directions; this 
allows the pairs that are created to be trapped by 
the optical field and be themselves accelerated, 
producing more pairs in turn. The pairs would 
annihilate over a time likely to be longer than the 
laser pulse, so the result would be a temporally 
broadened annihilation line in the gamma-ray 
spectrum. The line profile plus the Comptonized 
bremsstrahlung continuous spectrum will form 
the most useful diagnostics of the pair plasma 
(e.g., Liang and Dermer1 5). 

An extension of the peta-watt concept to the 
NIF—providing compressed pulses and 
diffraction-limited focusing capability on some 
number of the NIF beams—would extend the 
spatial and temporal scales for this relativistic 
plasma, and perhaps make creation of a pair-
dominated plasma a reality. 
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Section V 

Hydrodynamics 

A. Techniques 
Experience gained by researchers on the 

existing high-energy lasers has demonstrated that 
a variety of fluid-dynamics experiments may be 
carried out on such facilities. In particular, two 
types of experiments have emerged as the 
leading hydrodynamic experimental 
approaches—those that involve radiography and 
others that utilize self-emission. 

To provide enough background to 
understand the belief that the high-energy lasers 
provide a vehicle to open novel areas of 
hydrodynamics not possible at other facilities, we 
provide the following illustrations of technique, 
which show clearly the current limitations as well 
as the advanced state of the techniques 
developed. These particular examples are 
selected from work conducted on Nova, because 
many of their features are shared with other 
experiments and thus they permit some general 
observations to be drawn. 

Radiography—A Typical Configuration 

In a series of experiments, we can investigate 
the quasi-two-dimensional flow of a jet formed 
by the passage of a shock over a hemispherical 
protrusion on a density interface. A side view of 
the configuration for these experiments, shown 
end-on to the hohlraum, is depicted in Fig. V-l. 

The experimental package—the object to be 
observed—consists of a beryllium tube with an 
insert of bromine-doped plastic joined to carbon 
foam, two materials with different densities. The 
inner diameter of the beryllium tube is 700 Jim, 
and its length is 2000 urn. There is a 
hemispherical feature at the interface between the 
bromine-doped plastic and the carbon foam, to 

seed the instability .The hemispherical feature is 
produced by using a lathe to machine a 
hemispherical hole in a bromine-doped plastic 
cylinder and a matching hemispherical bump 
(which has a radius of 150 um). A photograph of 
the carbon part is shown in Fig. V-2. 

The tube is abutted to the center of the 
exterior of a gold hohlraum, which provides the 
x-ray drive. A hole exposes the end of the 
package to the hohlraum interior. A large-area 
titanium x-ray backlighter provides back-
illumination for an x-ray framing camera, which 
images the materials during transmission of the 
shock wave. 

Au hohlraum 
(end-on) 

'i x - r a y ^ ^ ^ I 
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Figure V-l. Side view of the jet experimental 
arrangement, shown end-on to the hohlraum. 
The experimental package (target) is abutted to 
a gold hohlraum. The target is composed of a 
beryllium tube in which bromine-doped plastic 
is joined to a carbon foam cylinder with a 
hemispherical feature on the interface. A large-
area titanium x-ray backlighter provides back-
illumination for an x-ray framing camera, which 
images the materials in transmission. 
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Figure V-2. Microscope photographs of the 
cylindrical carbon foam piece, showing the 
diamond-turned hemispherical feature. The 
hemisphere radius is 150 |im. 

The temporal sequence of events in the 
experiment is as follows. Eight of the Nova laser 
beams are focused into the hohlraum, which 
heats up rapidly to a temperature of 220 
to 240 eV. The bromine-doped plastic end of 
the experimental package, exposed to the 
interior of the hohlraum, rapidly ablates. The 
ablation causes a strong shock wave to be 
launched into the plastic. The shock travels 
outward through the experimental package, and 
encounters the density interface between the 
plastic and the carbon foam. Upon crossing 
the interface, the shock-induced acceleration 
produces an instability between the two 
different-density materials, seeded by the 
150-um-radius hemisphere. 

Shortly before the time chosen to image the 
flow, the ninth and /or tenth Nova beams are 
used to illuminate an x-ray backlighter foil. 
Titanium and iron are typically used as foil 
materials; they produce 4.7- and 6.7-keV x-rays, 
respectively. 

The x-rays are used to radiograph the 
experimental package sideways, using either a 
two-dimensional framing camera or an x-ray 
streak camera. The brominated plastic is more 
opaque to the backlighter x-rays than the 
undoped plastic, so it appears darker in the 
images. Shocked, or compressed, material also 
appears darker because of its larger density. 

When the opacities of the various 
components are known, the transmission can be 
unfolded to provide material distributions. This 
knowledge of the opacity is central, as it is one of 

the fundamental limitations of the experimental 
technique for providing quantitative data. The 
diagnostic technique is discussed in more detail 
in Hammel et al. 1 

The passage of the shock from the plastic 
ablator section over this "bump" generates the jet 
by the same mechanism as the Richtmyer-
Meshkov instability. As the jet propagates, it 
experiences shear on its edges, leading to a 
Kelvin-Helmholtz roll-up. 

Experiments were conducted that imaged the 
jet at 19.5 ns and 25.8 ns after the initiation of the 
drive beams. Comparison of the data and 
simulated radiographs from two-dimensional 
hydrodynamic simulation are shown in Figs. V-3 
(for 19.5 ns) and V-4 (for 25.8 ns). The data 
quality is limited by several factors, including the 
small size of the jet, the short gating time of the 
available detector, and the availability of only a 
single backlighter beam at late time (that is, at a 
time greater than 8 ns), when these data were 
acquired. The picture at 25.8 ns is among data 
with the longest time delay between firing the 
main laser and taking an image that was ever 
carried out on Nova. 

The comparison between the data (left) and 
the calculation (right) for early time is shown in 
Fig. V-3. The data shows two dark bands, 
associated with the swirls, of similar size and 
location as the features in the simulation. The 
comparison at the later time shown in Fig. V-4 is 
not as striking. The experimental picture shows a 
single, wide, dark band below a large U-shaped 
feature. The calculation displays much more 
structure, and is a little narrower and more 
advanced down the tube. The effect of the shocks 
can be seen in the simulations, but not in the 
data. It is noted that the comparison of "swirls" 
and other gross features in the experiments is not 
commensurate with the need to obtain 
quantitative data on the underlying physical 
processes involved in the hydrodynamics. 
However, the development of these techniques, 
which are extremely complex, can be undertaken 
in preparation for future quantitative work. 

Figures V-3 and V-4 show that radiography is 
quite advanced, but also (and most important) 
that there is a real need for the advantages to be 
accrued from the NIF, as these will allow much 
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Figure V-3. Comparison of experimental data 
with simulation at t = 19.5 ns (early time) for the 
jet experiment shown in Figs. V-l and V-2. On 
the left is the x-ray image showing the evolving 
jet. On the right is the simulated x-radiograph 
showing the features of the jet. The comparison 
shows relatively good agreement between the 
actual data and the simulation. 
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Figure V-4. Comparison of experimental data 
with simulation at t = 25.8 ns (late time) for the 
jet experiment shown in Figs. V-l and V-2. On 
the left is the x-ray image showing the evolving 
jet. On the right is the simulated x-radiograph 
showing the features of the jet. The comparison 
shows agreement that is not as striking as for 
earlier time (Fig. V-3). 

better data to be obtained. The relaxation of size 
limitations, the duration of drive pulses, and the 
use of numerous beams for backlighting, all to be 
available on the NIF, will make these types of 
experiments more realistic. 

Shock Planarity 
To investigate possible methods for making 

shocks planar for future studies, a number of 
hohlraum/package variations have been tested. 
These illustrate the flexibility of the high-energy 
laser experiments and also some of the 
limitations of the current methods. 

An experimental package was constructed 
for the shock planarity experiments. The package 
used a thickness of 150 or 300 |im. Eight beams of 
the laser were focused onto the inside of a gold 
hohlraum to create an x-ray drive. That drive 
impinged on the breakout target, and an optical 
streak camera was used to view the package from 
its end, rather than its side. With this scheme, the 
absolute time of the break and the uniformity of 
the shock that traverses the target can be 
measured. See Fig. V-5 for a schematic of 
the experiment. 

The principle of the experiment is that shock 
breakout through the rear surface of the package 
is accompanied by heating, and the resulting 
radiation is detected by the optical streak camera. 
If the shock is curved with the central portion 
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Figure V-5. Schematic of a shock breakout 
experiment to measure the planarity of a shock 
front. Eight beams of the laser are focused onto 
the inside of a gold hohlraum to create an x-ray 
drive. That drive impinges on the breakout 
target, which is imaged onto a streaked optical 
pyrometer (streak camera), viewing the package 
from its end rather than its side. 

leading when it reaches the rear surface, the 
breakout occurs first at the center then proceeds 
radially as the rest of the shock front reaches the 
surface. When the optical streak camera is used to 
image a diameter of the rear surface, the resulting 
streaked image of a curved shock is also curved. 
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Two of the candidate mounting schemes 
tested to determine the effects of mounting on the 
planarity of a shock are shown in Figs. V-6, and 
their corresponding data from the streaked 
optical pyrometer are shown in Fig. V-7. One 
scheme, the standard scheme, consists of simply 
abutting the package against the flat of the 
hohlraum, over the hole. The second is a version 
of a design that is called a "tophat" because of its 
appearance. The standard scheme will be 
shadowed by the hohlraum wall, whereas the 
tophat mount provides for a uniform 
illumination of the target. 

It is clear from the data (Fig. V-7) that the 
breakout in the standard mount is not flat—the 
breakout takes over 1.7 ns from first arrival to the 
edges of the package. The tophat mount, on the 
other hand, has a very flat shock that breaks out 
over the entire diameter in 400 ps, with breakout 
over the central 80% occurring in only 100 ps. 
Note that the central region, on the position scale 
between 0.2 and 0.6, represents the breakout data, 
while the bright sidebands are artifacts of the 
experiments, not related to the shock breakout. 

Hohlraum wall 

^ 
4ym 

^ 

Standard mounting scheme 

Hohlraum wall 

^ 

Tophat mounting scheme 

Figure V-6. Two candidate mounting schemes 
to study planarity of the shock generated by 
x-ray drive impinging on the brominated plastic 
from above. The upper scheme is the standard 
scheme, where the package is simply abutted 
against the flat of the hohlraum, over the hole. 
The second scheme is called a "tophat" mount 
because of its appearance. 
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Figure V-7. Breakout data for the two different mounting schemes, standard and tophat, shown in Fig. 
V-6. Note that the central region, on the position scale between 0.2 and 0.6, represents the breakout 
data, while the bright sidebands are artifacts of the experiments, not related to the shock breakout. The 
breakout in the standard mount is not flat—the breakout takes over 1.7 ns from first arrival to the 
edges of the package. The tophat mount, on the other hand, has a very flat shock that breaks out over 
the entire diameter in 400 ps, with breakout over the central 80% occurring in only 100 ps. 
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B. Stable Hydrodynamics 

Planar Geometry 
A series of experiments has been performed 

to investigate the hydrodynamic motion of 
plasmas. The goal is to design an experiment 
where the hydrodynamics could be rigorously 
investigated without other complicating factors. 
In particular, the desire is to avoid any problems 
arising from laser-plasma interactions or 
strength-of-material complications. Therefore, it 
is considered essential to deposit the initial 
energy in a well-defined manner. These 
considerations led to the use of a short pulse of 
penetrating x-rays to provide the initial heating 
for the samples. 

The x-rays were produced by focusing one or 
more of the beams of Nova onto a thin gold foil 
approximately 2000 A thick. The laser pulse 
length was 1 ns long. It was found that about 10% 
of incident laser light was converted into gold 
M-band x-rays with a photon energy between 
2 and 3 keV (see Section VHI, Radiation Sources, 
for more information on the x-ray sources). 

To filter out x-rays of lower photon energy 
(radiation below the critical density for solid 
matter), a 50-um-thick plastic foil was placed at 

a distance of 200 nm from the gold foil between 
the gold x-ray converter and the sample to be 
heated. We placed a 3-um aluminum foil at a 
distance of 1000 |Jm away from the gold foil. This 
foil absorbed approximately half of the incident 
gold M-band radiation. 

The heating spectrum has been accurately 
characterized using the x-ray filtered diodes 
instrument at Nova. This is a ten-channel 
detector that uses absolutely calibrated filtered 
x-ray diodes. X-ray crystal spectrometers were 
also used to further spectrally characterize the 
radiation. With this arrangement an aluminum 
foil was heated to a few eV. At these 
temperatures the x-ray absorption coefficients of 
the aluminum are very well known and energy 
deposition in the aluminum is well characterized. 
The schematic layout of these experiments is 
shown in Fig. V-8. 

The expansion of the aluminum foil was 
observed by using a time-gated x-ray imager. 
A 2000-(un tantalum foil was placed perpen
dicular to the direction of the motion at a distance 
of ~1 cm from the aluminum foil, thus allowing 
observation across the foil. The tantalum was 
iUuminated by one of the Nova laser beams, 
which had been smoothed by a random phase 
plate, and this produced a uniform x-ray 
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Figure V-8. Schematic of a test bed for hydrodynamic simulations. The aluminum sample is 
uniformly heated by the x-rays created from a 5-beam illuminated gold burn-through foil. The plastic 
filter ensures that there is no radiation below the critical density for solid matter. The measurements 
are made using a multiple-framed x-ray imaging camera (a gated x-ray imager) looking at the 
transmission of the large-area backlight passing the target. 
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backlighter source. A filter between the 
backlighter and the aluminum foil minimized 
heating of the sample foil by the backlighter. 
Imaging was by a 10-|im pinhole array and a 
gated microchannel plate x-ray detector with a 
total spatial resolution of 15 um. Four images can 
be taken on each experiment, with a temporal 
resolution of better than 100 ps. The images are 
typically taken at 1-ns intervals. 

An example of the reduced data for one such 
image is shown in Fig. V-9. At approximately 
5 ns the aluminum foil and the plastic foil begin 
to collide, which is the limiting time for this 
configuration. Comparison of these experiments . 
with calculations showed reasonable agreement, 
as was to be expected for such a simple geometry. 
One such comparison is shown in Fig. V-9. The 
theoretical prediction of the movement and 
expansion of the foil would be critical tests of 
the EOS and opacity of the hydrodynamic 
simulation. The agreement here is reasonable 
and would suggest more complicated 
experimental configurations could be tried. With 
these initial conditions verified, it will be possible 
to proceed to more complicated geometries, such 

as stepped targets, to provide further tests of the 
hydrodynamics. 

Spherical Geometry 
For the spherical geometry case, implosion 

imaging of ICF capsules, or microspheres, will be 
presented. A typical implosion sequence is 
viewed with a 5.3x magnification spanning 
At = 1.4 to 1.95 ns. The instrument used to make 
the measurement is a 12-frame gated pinhole 
camera denoted WAX. The active element of this 
multi-frame x-ray pinhole camera consists of a 
microchannel plate (MCP) overcoated with a 
serpentine (S-shaped) gold microstrip2 (see 
Fig. V-10). 

The MCP gain is switched on and off by a 
170-ps FWHM 800-V pulse that travels along the 
serpentine strip. Because a voltage is required to 
accelerate the electron produced to the rear of the 
microchannel plate, this imager provides a 
simple means of obtaining temporal resolution by 
the choice of voltage pulse shapes. 

The WAX has been characterized in situ with 
short x-ray bursts produced by irradiating gold 
disk targets with tightly focused, 100-J, 20-ps, 
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Figure V-9. An example of the data obtained from the experimental test bed for hydrodynamic 
simulations. The agreement here between experiment and theory is reasonable and would suggest 
that more complicated experimental configurations could be tried. 
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Figure V-10. The WAX, a 12-frame x-ray gated 
imager. The instrument is capable of talking 
sequential images on a serpentine (S-shaped) 
gold strip coated onto a microchannel plate to 
make it sensitive to x-rays. Because a voltage is 
required to accelerate the electron produced to 
the rear of the microchannel plate, this imager 
provides a simple means of obtaining temporal 
resolution by the choice of voltage pulse shapes. 

2-C0b Nova laser pulses. The measured temporal 
resolution is 80 ±5 ps FWHM, the voltage pulse 
propagation speed is 0.55 c, and the transverse 
sensitivity variations are <10%. 

The target consisted of a 470-|im diameter 
polystyrene shell overcoated with a 55-(im plastic 
ablator and filled with 50 atm deuterium, 0.1 atm 
argon, and 0.02 atm xenon. This fill, as is indi
cated below, is used to provide a spectroscopic 
indicator of the composition of the implosion 
core. A 1-ns square, 17-kJ laser drive in a scale-1 
gold hohlraum was used. The interframe spacing 
is 45 ps, or 70 ps between frames separated by a 
bend. The camera is filtered to pass emission only 
above 3.5 keV, at the argon free-bound and 
xenon bound-bound photon emission energies. 

Figure V-11 shows a typical implosion 
sequence for a 1-ns square drive pulse, using the 
WAX diagnostic. The image is filtered to show 
emission above 3.5 keV. In the figure, the capsule, 
which converges to 50 |im diameter, already 
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Figure V-11. Typical implosion sequence for a 1-ns square drive pulse, using the WAX diagnostic. The 
experiment had a 17-kJ drive in scale-1 gold hohlraum-driven 470-[im diameter polystyrene shell 
overcoated with a 55-)im plastic ablator and filled with 50 atm deuterium, 0.1 atm argon, and 0.02 atm 
xenon. The image is filtered to show emission above 3.5 keV. The capsule, which converges to 50 (im 
diameter, already appears in emission in frame 1 (at At = 1.4 ns), peaks in emission in the 5th frame 
(At = 1.6 ns), and is disassembling by frame 11 (At = 1.9 ns). Residual diffuse gold M-band emission 
from the cooling hohlraum plasma is also observed through the 50% laser entrance hole, decreasing in 
intensity with delay, as would be expected after the end of the laser pulse. 
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appears in emission in frame 1 (At = 1.4 ns), peaks 
in emission in the 5th frame (At = 1.6 ns), and is 
disassembling by frame 11 (At = 1.9 ns). Residual 
diffuse gold M-band emission from the cooling 
hohlraum plasma is also observed through the 
50% laser entrance hole, decreasing in intensity 
with delay, as would be expected after the end of 
the laser pulse. 

Quantitative results for a similar shot with a 
higher drive of 29 kj are presented in Fig. V-12. 
This experiment used a 1-ns square pulse, 29-kJ 
drive in scale-1 hohlraum. Time = 0 ps, which is 
defined as peak emission time, occurs 0.3 ns after 
the laser pulse is switched off. 

In Fig. V-12, A) shows the evolution of the 
FWHM of the emitting regions in two orthogonal 
planes. The 10% m = 2 asymmetry observed may 
be due to low-Z patches near the hohlraum 
equator creating a few percent lower flux at the 
target equator. B) is a plot of the evolution of 
the intensity of the imploding core emission 
and hohlraum plasma emission. After 
deconvolving the instrument time response, 
the FWHM of the x-ray emission from the 
implosion is measured at 150 ps, in agreement 
with streaked spectral measurements that have 
higher temporal resolutions. 

C. Unstable Hydrodynamics 

Planar Geometry 
There are numerous possible areas of 

investigation for the study of planar instabilities 
in high-energy-density matter. The two that are 
discussed here should only be considered a start 
on two aspects of the problem, and not the 
defining experiments. In the first case we discuss 
the growth of an initially imposed perturbation 
under the influence of a continuous acceleration 
(i.e., the Rayleigh-Taylor case), while in the 
second case we treat an interface that has random 
perturbations and is shocked (i.e., the 
Richtmeyer-Meshkov case). 

Imposed Perturbation—Rayleigh-Taylor 
The first experiment shown is one intended 

to study large-growth Rayleigh-Taylor instability 
using a radiation source as the driver.3 See 
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Figure V-12. Time history of an implosion. 
A) Evolution of spatial FWHM of x-ray emis
sion in two orthogonal planes. B) Plot of the 
evolution of target and hohlraum back-ground 
emission intensity. This experiment uses a 1-ns 
square pulse, 29-kJ drive in scale-1 hohlraum. 

Fig. V-13 for a schematic of the experiment. In 
this type of experiment, planar foils of 
fluorosilicone are accelerated by x-ray ablation. 
The foil trajectory is measured using edge-on 
radiography to check the bulk movement of the 
ablating sample. 

In separate experiments, which employed 
face-on radiography, contrast in the optical depth 
is measured as a function of time. From this 
contrast, the evolution of the 50-um wavelength 
initially impressed sinusoidal perturbations can 
be deduced. Measurements of the growth of the 
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Figure V-13. Schematic of a setup to study large-growth Rayleigh-Taylor instability. The schematic 
shows the face-on radiography of a target that has been impressed with a sinusoidal pattern. The 
target is mounted on the wall of a cylindrical gold hohlraum with the surface perturbation facing 
inwards. The laser beams enter the hohlraum via holes in the end, generating an x-ray drive. As the 
foil accelerates by x-ray ablation towards the x-ray imager, another laser strikes the backlighter disk. 
This generates a back illumination of x-rays, which pass through the hohlraum and the accelerated 
foil. Modulations in the foil areal density translate to modulations in exposure at the imager. 

perturbation were made using both an x-ray 
streak camera, which shows the continuous one-
dimensional growth of the perturbation during 
the experiments, and a two-dimensional image 
with a frame time of 100 ps. The two-dimensional 
image shows the full foil used, in order to verify 
the planarity of the foil. 

Figure V-14 A) shows the streak camera 
image, with time shown in the vertical and 
position across the foil shown in the horizontal. 
The image shows the optical depth modulation of 
the accelerated foil and indicates that the foil 
becomes, overall, increasingly bright due to 
thinning. The thinning is due in turn to the 
formation of the "bubble-and-spike" shape 
characteristic of the nonlinear Rayleigh-Taylor 
regime. Figure V-14 B) shows a two-dimensional 
image of the foil, taken at 2.6 ns, for a frame 
duration of 100 ps. This data is essential to ensure 
that there is no transverse distortion of the foil. 

The quantitative data is obtained by taking 
intensity traces transverse to the grooved 

structure at different times. In Fig. V-15 we show 
a sample of such a series of traces. Note that the 
curves, which represent different times in the 
evolution, are offset vertically for ease of 
comparison. At early times the contrast is small 
and still sinusoidal, indicating that the Rayleigh-
Taylor instability is in the linear regime. Late in 
time, the contrast is larger and distinctly non-
sinusoidal, exhibiting the bubble-and-spike shape 
characteristic of the nonlinear Rayleigh-Taylor 
regime. The rapid flattening of the modulations 
in the top two curves results from the burn-
through when the bubbles break out of the back 
side of the foil. At this point, the spikes are still 
being ablated away, but no longer can be replen
ished by matter flowing down from the bubbles. 

These experiments have been extended from 
the single mode example shown here to multiple 
mode experiments,4 and to buried interfaces with 
imposed mode structures.5 The lirniting case of a 
random set of perturbations at a buried interface 
requires a somewhat different technique. 
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A) One-dimensional image B) Face-on two-dimensional image 
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Figure V-14. Face-on streak-camera image of the backlight source absorbed by the foil with initial 
perturbation. A) A one-dimensional streak camera image with time increasing in the vertical direction 
and position across the foil in the horizontal direction. The end of the bright spot occurs when the 
backlight ceases to radiate effectively. B) The face-on two-dimensional image of the foil indicating 
little, if any, distortion of the foil. This image was taken with a 100-ps frame time and occurs at 2.6 ns 
after the start of the drive. 
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Figure V-15. Intensity traces for the accelerated 
foil with an initial perturbation of 50 |im wave
length and 1.9 |im amplitude sinusoidally 
imposed on the surface. The curves are offset 
in the vertical direction to allow simple 
comparison. The backlight intensity variation 
across the foil and as a function of time is noted 
by the dashed line at the initial time and later 
in the pulse. 

Imbedded Random Surface—Rayleigh-Taylor 
The second case we discuss under planar 

unstable flow concerns an imbedded interface 
with random perturbation and an impulsive 
shock acceleration. Here the technique of point 
projection spectroscopy is used. The experiment 
is illustrated in Fig. V-16. A planar target with an 
ablator section and a foil section, shown in 
Fig. V-16, is radiatively accelerated normal to its 
surface. The drive was produced by focusing 
6-10 kj of 0.35-nm light in 1 ns from eight of the 
beams of Nova into a hohlraum. A planar shock 
of ~60 Mbar pressure with a rise time of less than 
50 ps propagated through the layered target, 
accelerating it to about half of its final velocity 
and driving an instability between the ablator 
and foil materials. 

See Fig. V-17 for a schematic of the geometry 
of the point projection spectroscopy using a 
backlight. After a suitable delay, the target was 
backlit by a flash of x-rays produced by focusing 
another beam, with 200 J of 0.35-nm light in a 
pulse length of 100 to 200 ps, onto a 22-mm 
coated fiber. The fibers were coated with l-|am 
thick co-sputtered mixtures of gold, bismuth, and 
platinum, chosen to give bands of x-ray emission 
in the 2- to 3-keV region. Because the flash came 
from a small source, it will project a shadow of 
the target. However, it was first Bragg-reflected 
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Figure V-16. Diagram of target for study 
of imbedded random surface using point 
projection spectroscopy. The target consists 
of an ablator section of low-density sulfinated 
plastc and a high-density molybdenum section. 
The dimensions of the low-density sulfinated 
plastic/high-density molybdenum target 
are shown. 

from a potassium pthallate crystal before it was 
used to project a shadow of the target in motion 
onto x-ray film. Since the crystal reflects only 
when Bragg's law is satisfied, the shadow has 
spectral as well as spatial resolution in one direc
tion, the x direction in Fig. V-17. Spatial resolu
tion is also obtained in the z direction, normal to 
the disk, so that the z distance moved by various 
materials in the package could be measured. 

The materials in the target are chosen to have 
photoabsorption edges in the wavelength range 
of the shadow of the package—e.g., the sulfur K 
and the molybdenum Lm and Ln shown in 
Fig. V-18. The measured change in absorption 
across the edge and the known increase in 
opacity allow the areal density of the material to 
be evaluated. Mix of the target materials is 
detectable by the overlap, if any, of the 
photoabsorption edges. This is schematically 
illustrated in Fig. V-18, where the no-mix target 
shows minimal density mismatch at the interface, 
while the mixed case shows a density mismatch. 

A serendipitous feature of this technique is 
that high-opacity absorption lines form close to 
the cold edges as material is heated and ionized, 
acting as a sensitive, albeit qualitative, indicator 
of the position of the materials. 

The accelerated target consisted of a 200-um 
diameter, ~1.5-um thick disk of molybdenum 
accelerated by a 60-um thick, lower density 
ablator of sulfinated plastic. Manufacturing 
resulted in a finish on the molybdenum/plastic 

Figure V-17. Schematic of point projection 
spectroscopy technique, adapted for study of 
the mixing of interfaces. The layered target is 
accelerated by the x-ray drive from a hohlraum, 
driving an instability between the ablator and 
foil materials. After a suitable delay, a point 
backlight is created, and the backlight x-rays 
pass through the accelerated sample. The 
backlight x-rays impinge on a crystal, which 
provides spectral dispersion. The dispersed 
x-rays are then imaged o.n x-ray film. 

interface of typically 0.1 um rms, with random 
wavelengths of 1-5 um. The high initial-density 
mismatch in this experiment, measured by the 
Atwood number, was ~0.8 at the ablator-foil 
interface, and was derived from the density 
mismatch between the molybdenum (10.4 g/cc) 
and the ablator plastic (1.36 g/cc). 

Most of the detailed information about the 
target is obtained from the absorption spectra of 
the materials in the target. Figure V-19 is an 
example of an image in which the target was 
backlit 7 ns from the start of the 1-ns drive. The 
image shows absorption as a function of 
wavelength and position in the horizontal (x) 
direction, and as a function of position only in the 
vertical (z) direction. The target image captured 
in flight can clearly be seen to have moved 
upward, away from the edge of its support. A 
spatial fiducial made of 25-um wire provides a 
reference for the position of the package when 
the radiograph is taken. It also demonstrates the 
20-um source size which, when combined with 
the 10-um motional blurring, gives a limiting 
spatial resolution of -30 um. 
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Figure V-18. Spectrometer images from point projection spectroscopy of imbedded random surface. 
On the left are the spectral signals for an unmixed (or no-mix) target, where little mix should occur, 
and on the right are signals for a mixed target. The film contains the x-z image of the target, with the 
added advantage that the spectrum provides an indicator of where, in the z direction, the elements of 
interest are found. The materials in the target are chosen to have photoabsorption edges in the 
wavelength range of the shadow of the package (i.e., sulfur K and the molybdenum Lni and LJJ 
shown). Mix of the target materials is detectable by the overlap, if any, of the photoabsorption edges. 
Note that the no-mix target shows minimal density mismatch at the interface, while the mixed case 
shows a density mismatch. 

The traces at z = 413 um in Fig. V-19 show a 
clear sulfur K edge and a weaker molybdenum 
Lni edge. The middle trace at z = 463 um shows 
both sulfur K and molybdenum Lm edges, 
whereas the upper trace at z = 496 um shows a 
large molybdenum Lm jump and a small sulfur K 
jump. These three traces demonstrate that the foil 
and the ablator are intermixed over a substantial 
spatial region. 

The axial distribution of areal density of 
the materials of the package comes from the K 
and Lm edge-jump measurements shown in 
Fig. V.-19. If Tb{a) is m e spectral transmission 
below (above) the edge then the areal density 
of the material along the viewing direction is 
given by 

lp(l)dl = ln(Tb/Ta)/A(v/p) 
where A(fx/p) is the change in the mass 
absorption coefficient across a photo-absorption 
edge (2220-217 cm 2 /g and 1990-545 cm 2 /g for 
the sulfur K and molybdenum Lm edges, 
respectively) and / is the viewing length. 

From Fig. V-19, the diameter of the package 
at the observation time is ~360 um, which is 
larger than the initial 200-um diameter because of 
decompression. Because the sulfur K and 
molybdenum Lm edges are close to the center of 
the package in Fig. V-19, this gives an upper limit 
on / of 360 um. The measurements that depend 

on the sulfur K and molybdenum Lm edges of the 
axial distributions of areal density of sulfur and 
molybdenum are shown in Fig. V-20 A). The 
limitation on the lowest density measurable is 
~0.03 mg/cm 2 for the penetration of the 
sulfinated plastic into the molybdenum. This 
limit arises from errors in the background, as the 
overall transmission is high (~0.7). For the 
molybdenum penetration into the sulfinated 
plastic, the lower limit on detectability is 
0.2 mg/cm 2, which arises from the low overall 
transmission, -0.05. Clearly an overlap region of 
-150 p n exists that is much larger than the 
system resolution. 

One potential problem in interpretation 
would be the loss of planarity, due to either 
bowing or tilting of the target. However, this 
apparent mixing of the ablator and the high-
density foil is not due to bowing, as can be 
inferred from Fig. V-19. Nor is it due to tilting, 
as another view at 44° is used to check target 
orientation. Other effects, such as the ablator 
blowing by the molybdenum foil, could be 
producing the apparent mix, so to ininimize this 
possibility control experiments were performed 
in which little mix should occur. 

The target for these no-mix shots had 
the same ablator as the high-mix shots, of 
density 1.36, but the molybdenum foil was 
replaced by a 15-um chlorinated plastic foil, 
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Figure V-19. Radiograph of a sulfinated plastic ablator driving a molybdenum foil, above, with three 
intensity traces. Radiograph was taken at 7 ns with a backlight pulse length of 150 ps. The traces were 
taken at three positions. Zero on the z (vertical) axis is the rear surface of the package at t = 0, and on 
the x axis zero is the original center of the foil. The image clearly shows the sulfur K edge, the 
molybdenum Lm lines, and the edge of the package. 

made from polychlorostyrene of density 1.23. The 
initial density mismatch is very small, having an 
Atwood number of -0.05, so little mixing is 
expected. The mixing of the foil and ablator in 
Fig. V-20 (B) is less than 40 urn, which is 
approximately the experimental resolution. 

Imbedded Interface—Richtmyer-Meshkov 
To show another possible configuration that 

is suitable for instability studies, we describe an 

experiment that addresses techniques to study 
the Richtmyer-Meshkov instability. The experi
mental configuration is the same as depicted in 
Fig. V-l, but the density interface is planar, with
out the hemispherical protrusion. The inter-face 
has a roughness machined into a high-density 
brominated plastic, and it is this roughness that 
seeds the Richtmyer-Meshkov instability. 

The experiments to develop the techniques 
are in progress, but preliminary data is shown in 
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Fig. V-21. This image was taken about 8 ns after 
the initiation of the drive. The shock is moving 
from top to bottom, and the reference grids used 
to provide spatial fiducials in the experiments are 
visible on either side of the image. Note that this 
image does not take into account the spatial 
profile of the backlighter, which is roughly 
Gaussian, and the effect of the cylindrical 
package geometry on the transmission. 

In Fig. V-22 we show a 100-|im-wide vertical 
trace taken on the centerline of the image in 
Fig. V-21 (the jagged curve) together with a 

Gaussian fit to the backlighter spatial profile (the 
smooth curve). The fit to the backlight spatial 
dependence was found using the unshocked 
region in the image. 

The trace was normalized by the backlight 
spatial dependence to remove most of the 
backlighter non-uniformity, and the results are 
displayed in Fig. V-23. In Fig. V-23 the level 
region from -570 to 825 urn demonstrates that the 
Gaussian profile is a reasonable approximation of 
the spatial shape of the backlight. The two arrows 
denote the locations of the calculated interface 
and shock locations. 
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Figure V-20. Axial distribution of mass areal 
densities for A) the high-mix case of Fig. V-19 
and B) the no-mix shot, both measured at the 
package centers. The mass areal densities of the 
sulfur in the plastic, the molybdenum, and the 
chlorine in the plastic are plotted. The fact that 
there are traces of the two different 
spectroscopic markers in the same z-position 
indicates that mixing has occurred. 

Figure V-21. Gated x-ray image of planar 
Richtmyer-Meshkov mix target at about 8 ns. 
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Figure V-22. A 100-um-wide vertical trace of the 
centerline of the image in Fig. V-21 (thin jagged 
line), and the accompanying fit to the backlight 
(thick line). 
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It is apparent from Fig. V-23 that a simulation 
can reproduce the gross features of the 
experiment. Sharp drops in the exposure 
delineate the edge of the higher-opacity regions 
in the shock-compressed foam and then in the 
brominated-doped plastic. The width of the 
features is the distance over which these 
transitions occur. For a perfectly flat shock, the 
measured shock width should be negligible. We 
measure a shock width of =15-20 um, which is of 
marginal interest because the diagnostic 
resolution is 12-15 um. 

The NIF would provide larger scales and 
relieve the severe constraints on spatial 
dimension that are faced with the present-day 
high-energy lasers. On the other hand, the 
calculations are in substantial disagreement for 
the width of the mixed region for this interface. 
The two-dimensional simulations indicate a mix 
width of less than 15 um, while the measurement 
indicates a width of 25-30 um. Again, the NIF 
will provide a test bed for experiments of this 
type. In the interim, experimental techniques will 
continue to be developed to obtain a deeper 
understanding of the physical processes involved 
in the experiments and how these limit our 
ability to measure the quantities of interest. 
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Figure V-23. Vertical trace of the image in Fig. 
V-21 normalized by the backlight. 

Spher ical Geome t ry 

The most obvious method to study spherical 
unstable flow is to attempt to make the usually 
stable implosion unstable in a controllable way. 
To do this, the use of perturbed microspheres 
was perfected. The microsphere, or capsule, 
shown in Fig. V-24 was a "bumpy" ball equipped 
with micron-size perturbations imposed on the 
outer plastic ablator surface, with a chlorine-
doped pusher (i.e., the material at the interface 
with the gas core) and argon-doped 50-atm 
deuterium gas. 

Fig. V-25 shows a single 12.5x magnification, 
12-um resolution image of an implosion, using 
the bumpy ball, taken 0.2 ns after peak emission. 
The image was taken by the WAX instrument 
discussed in Section IE, Experimental 
Capabilities, Subsection A. Note that the figure 
shows the positions of the beams on the 
hohlraum wall relative to the image. The 
experiment used 1-ns square, 17-kJ laser drive 

Figure V-24. Machined "bumpy" ball used in 
implosions. The bumps, which are random, are 
placed on the surface of the microsphere by 
laser irradiation. (The cylindrical object to the 
upper right side is there to hold the microsphere 
for processing.) 
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in a 2550-nm-long gold hohlraum. A concave 
pentagonal shape, the m = 5 mode, is clearly 
observed. The nodes, which correspond to 
regions of lower flux, occur between laser spots. 
The m = 5 symmetry is observed on almost all 
1-ns square implosions. 

In addition, Fig. V-25 shows evidence of 
higher emission from the edges of the capsule 
than from the center, commonly defined as limb 
brightening. The measured polar-averaged radial 
trace in Fig. V-26 shows the analyzed data that 
suggests that the evolution of the pusher-gas 
interface can serve as a measure of the degree of 
mix of the gas and the pusher, and might be 
diagnosed by time-resolved limb imaging. 

As a further monitor of the mixing of the 
interface between the solid-density pusher and 
the gas fill in an implosion, doping of the pusher 
with a high-Z material can both provide infor
mation on the pusher conditions and act as a 
diagnostic for mixing of the pusher into the gas 
region.6 Using the same type of bumpy ball as 
shown in Fig. V-24, observations have been made 
of the emission from various dopants included 

into the innermost region of the pusher. Fig. V-27 
shows x-ray streak camera data from both 
bumpy and smooth microspheres. The dopant in 
the pusher is 1% chlorine by number. The 
microsphere with the bumpy surface has 
significantly brighter chlorine emission and 
weaker argon emission than the microsphere 
with the smooth surface. This is an indication 
that some of the pusher material has been mixed 
into the hot gas. 

Further extensions of the technique for 
inferring mix into gas cores permit higher-Z 
K-shell emitters to be used, as these spectra are 
simpler to interpret. Advances in target fabri
cation have expanded the choices of possible 
pusher dopant to include several metals. 
Figure V-28 shows the results of another set of 
experiments with and without bumpy surface 
finishes, using iron as the dopant in the pusher. 
In the figure the microsphere with imposed 
bumps is shown to have a substantial helium-like 
iron ls 2 -ls2p emission feature, while the smooth-
surfaced microsphere shows no evidence of the 
iron emission. 
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Figure V-25. Expanded view of an implosion 
image taken using the WAX. The image shows a 
concave pentagonal (m = 5) asymmetry, as well 
as limb brightening (higher emission from the 
edges of the capsule than from the center). 
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Figure V-26. Measured trace quantifying the 
limb brightening seen in Fig. V-25. The 
comparison is only qualitative because absolute 
timing is not known and the target surface 
roughness is not fully characterized. 
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Figure V-27. Streak camera records of spectra from a radiatively driven microsphere using chlorine as 
the dopant in the pusher, showing mixing of the pusher into the gas fill. The argon is mixed into the 
gas core. The left-hand spectrum shows the bumpy-surface experiment and the right-hand side shows 
the smooth-surface experiments. 
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Figure V-28. Streak camera spectra from a microsphere with an iron dopant in the pusher, showing 
mixing of the pusher into the gas fill. The argon is mixed into the gas core. The left-hand spectrum 
shows the bumpy-surface experiment, and the right-hand side shows the smooth-surfaced 
experiments. 

Finally, further improvements in the 
spectroscopic diagnostics have been made by 
using complex spectral features such as 
Unresolved Transition Arrays (UTAs).7 

However, theoretical further development of a 
reasonable non-local thermodynamic equilibrium 
(NLTE) theoretical model of these UTAs requires 
further development. 
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D. Future NIF Experiments 
In the following, we discuss a number of 

topics that are among the most promising for 
experimental investigation under conditions that 
can only be created at the NIF. We have 
organized these topics according to the type of 
flow to be considered and the material conditions 
present. Thus, the issues to be considered that 
involve stable flow are hydrodynamic flow at 
high Mach numbers, shock-shock and 
converging shock propagation, shock motion 
through inhomogeneous media, and shock-
boundary interactions in the strong shock regime, 
including the relationship to cratering. 

Unstable flow problems that are uniquely 
addressable with the NIF involve, for example, 
the study of the onset and development of 
instabilities such as Rayleigh-Taylor, Richtmyer-
Meshkov, or Kelvin-Helmholtz. The occurrence 
of these instabilities in blast waves, and in 
supernova explosions, where they play an 
important role in mixing the products from 
different regions, can also be studied in 
laboratory experiments. Other experiments that 
could possibly be considered concern the study 
of radiation condensation and secondary 
instabilities. Finally, the onset of turbulence and 
the influence of vortex dynamics in a medium of 
finite compressibility is an emerging field with 
important possibilities. 

Stable Flow 
This first section on stable flow will discuss 

the study of strong-shock hydrodynamics in the 
presence of material boundaries, 
inhomogeneities, and another strong shock. 
These studies, including shock-shock 
interactions, Mach stems, and possibly non-
equilibrium gas dynamics analogies and similar 
phenomena, are all classical problems in 
fluid dynamics. 

The possibility of performing precise 
experiments in this field is of great interest 
because of the prospect of benchmarking 
numerical models; understanding certain space 
physics, chemistry, and cratering phenomena; 
and checking exact solutions that are valid in the 

strong-shock limit. The shock interactions would 
represent an extension of work done in shock 
tubes and similar facilities, but potentially at 
significantly higher Mach numbers. 

The analogies with non-equilibrium flows 
would depend upon the burn process of an 
ignition target, and are not possible on present 
lasers. The shocks for stable flow studies are 
created by the interaction of a strong radiation 
field with a material. The interaction is created by 
direct drive, indirect hohlraum heating, or 
acceleration and subsequent impact of a flyer 
foil.8 The transition from radiation energy 
deposition to hydrodynamic shock motion is 
therefore also a topic of considerable interest. 
Note that there are instabilities that can occur at 
the material interfaces for some of the topics 
discussed here, and these are related topics of 
investigation that will be discussed separately in 
the section on unstable flow. 

Finally, the general area of magnetohydro-
dynamics holds the potential of some interesting 
phenomena that could be investigated using the 
NIF's capability to deposit large amounts of 
energy into small volumes or areas in very short 
times. Possible topics for future consideration 
include generation of electromagnetic inter
ference, enhancement of magnetic fields through 
compression, and a "photo-voltaic battery." 

Shock-Shock Interactions 
Shocks created by a two-beam laser incident 

onto aluminum targets that propagate toward 
each other through a nitrogen atmosphere have 
been recently studied.9 Figure V-29 shows a 
schematic from an experiment to investigate the 
interaction of two blast waves (see Fig. V-30 for 
the data). In the experiment, two lasers are 
focused onto two 2.5-mm diameter aluminum 
rods in a nitrogen atmosphere. The ends of the 
irradiated rods blow outward into the nitrogen, 
creating two shocks that interact in the medium. 
Density and temperature in the shock-shock 
interaction region were determined by spectral 
line broadening and intensity ratio methods. In 
addition, an attempt was made to determine the 
physical processes occurring as the shocks collide 
and then either pass through each other or reflect. 
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Figure V-29. Schematic of a shock-shock 
interaction experiment. Two lasers are focused 
onto two 2.5-mm diameter aluminum rods in a 
nitrogen atmosphere. The ends of the irradiated 
rods blow outward into the nitrogen, creating 
two shocks that interact in the medium. 
Spectroscopy of Nil and Nm transitions 
provides in-situ measurements of the electron 
density through line broadening. The time 
dependence of the electron density in the 
shock-shock interaction region is determined by 
observing the midplane with a streak camera 
coupled to a visible spectrometer. 

Figure V-30 is a graph of electron density vs 
time in us for two cases, a single wave (data 
points denoted with x) and a colliding wave 
(denoted with circles). The curve for the single-
wave case illustrates the rapid onset of the 
shocked density enhancement and subsequent 
rapid decrease. The curve for the colliding-wave 
case illustrates the density enhancement of the 
shock-shock interaction and the slow decay of 
the density after the shock. 

On the NIF it should be possible to extend 
these quantitative techniques to obtaining data at 
extreme shock conditions. Further, the NIF will 
make it possible to access the increased shock 
strength needed for different nonlinear regimes. 

The interaction of strong shocks is a typical 
nonlinear flow problem in shock hydrodynamics 
and for extreme shock conditions, numerical 
solutions have been the only source of 
information in the past. Increasing the shock 
strength will permit different nonlinear regimes 
to be accessed. A similar study, equally 
important for hydrodynamic theory, is that of a 
converging strong shock caused by focused 
acoustic energies such as those formed in pellet 
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Figure V-30. Graph of electron density vs time 
in us for two cases, a single wave and a 
colliding wave. The curve with the data for a 
single shock wave (data points denoted with x) 
shows the rapid onset of the shocked density 
enhancement and subsequent rapid decrease. 
The curve showing data from the colliding 
wave (data points marked with circles) 
illustrates the density enhancement of the 
shock-shock interaction and the slow decay of 
the density after the shock. 

implosion or bubble collapse.10 This should also 
be possible with a large-spatial-scale laser-
energy incident. 

Shock-Boundary Interactions 
There are a series of possible experiments on 

the interaction of a shock wave in a medium that 
has high acoustic impedance and is bounded by a 
medium of low acoustic impedance. Examples 
are underwater or underground blast waves that 
impact a planar surface with a gas, or a planar 
shock passing over a bubble. If the shock 
propagates in the strong-shock regime, the 
rarefaction generated either by the shock at the 
point of contact with a planar surface or by a 
plane shock at the point of contact with a 
spherical bubble can, in certain geometries, 
overtake and distort the impinging shock. This is 
analogous to the transition from a regular 
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reflection to a Mach reflection for flow over a 
wedge, except here the reflected wave is a 
rarefaction instead of a shock. This effect has 
been predicted,11 but the experimental evidence 
has all been produced in the gas phase with less-
than-strong shocks.1 2 

Self-similar solutions show that the rarefac
tion generated at the interface by an expanding 
spherical shock can also overtake the shock both 
along the surface and straight down into the 
medium, so the effect is interesting both for 
spherical shocks generated by point sources 
and for plane shocks. An important application 
of these studies is in the understanding of range-
to-effect of the shock waves created by under
ground or underwater plate tectonics. Another 
application is found in the possibility of 
experimentally measuring shock propagation 
in inhomogeneous media, which is relevant 
to the astrophysical problem of the hydro-
dynamic interaction of shock waves with 
interstellar clouds. 1 3 

Figure V-31 shows the results of simulations 
of an interstellar cloud being shocked, illustrating 

propagation of a shock in an inhomogenous 
medium. The first frame shows the initial planar 
shock moving at velocity Vb toward a cloud of 
radius ao- The cloud is 10 times as dense as the 
interstellar medium, and the shock in the cloud 
has a Mach number of 10. As the shock transits it 
"crushes" the cloud, and in re-expansion a 
complicated combination of instabilities occurs— 
Richrmyer-Meshkov due to the impulsive 
acceleration of the initially perturbed cloud-
intercloud boundary as well as Kelvin-Helmholtz 
and Rayleigh-Taylor instabilities. 

At a time of 8 ao/vb (the second frame) the 
cloud has clearly suffered large-scale unstable 
flow. Importantly, by time 12 ag/vb (third frame) 
the cloud is distorted and axially flattened. At 
this later time there is a plume of fragments that 
contains 70% of the cloud mass. This process of 
distortion and axial flattening continues until the 
cloud is largely dispersed, with axial dimensions 
reaching five time the original size and a 
transverse dimension reaching two times the 
original size. This kind of experiment, in 
compressible inhomogenous media where 
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Figure V-31. Propagation of a shock in an inhomogeneous medium is illustrated by these simulations 
of an interstellar shock propagating through a cloud. The first frame shows the initial planar shock 
moving at velocity Vb toward a cloud of radius ao- As the shock transits the cloud it "crushes" it, and in 
re-expansion a complicated combination of instabilities occurs. At a time of 8 ao/vb (the second frame) 
the cloud has clearly suffered large-scale unstable flow and by time 12 ao/vb (third frame) the cloud is 
distorted and axially flattened. This process of distortion and axial flattening continues until the cloud 
is largely dispersed, with axial dimensions reaching five time the original size and transverse 
dimension reaching two times the original size. 
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radiation plays a role and time scales for 
development of the full complement of 
instabilities are possible, requires the scale of the 
NIF, where energy is available to provide not 
only high-Mach-number shocks but 
diagnostic capability. 

Hypersonic Flow 
Hypersonic flow problems with Mach 

numbers above 20 can be studied with laser-
produced plasmas. This is a regime unattainable 
with present-day wind tunnels or shock tubes. 
Three-dimensional flow at these speeds is 
associated mainly with the reentry of space 
vehicles or the flight of a projected ramjet 
airplane. Theoretical calculation of this flow 
involves difficult questions of flow past 
particular surface shapes (noting that cones 1 4 are 
of particular interest, of course). The chemistry of 
the wakes created by a body moving through a 
fluid with hypersonic speed is important for the 
understanding of the effects of flight or reentry 
through the atmosphere, particularly with 
respect to the creation of plasmas or the inter
action with constituents such as the ozone layer. 

Impact Cratering 
Many phenomena of interest in impact 

cratering occur on temporal and spatial scales 
that are large compared to those of the impacting 
object. As a result, the impact can be modeled as 
a point source of high energy and momentum 
density and the mass of the object can be 
neglected.15 This situation can be modeled by the 
deposition of focused laser energy in small 
spheres of high-Z material. 

Alternatively, flyer foils that can generate 
prodigious shocks and post-shock pressures—on 
the order of gigabars—could be used. Thus, 
although the formation of a crater by the impact 
of a meteor on a surface seems to be entirely 
different from the formation of a crater by a 
surface blast, there are possibilities for using this 
method to model impact craters. 

A study of concentrated impacts on 
surfaces16 shows that scaling laws apply to the 
shape of both craters formed by impact and those 
formed by surface energy deposition. Therefore, 
the cratering created by an intense radiation 
source or flyer foil would be useful in studying 

the scaling of the crater shape and inferring the 
shape of impact craters. 

A series of proof-of-principle experiments 
using focused laser energy to deposit energy in a 
grout mixture (which simulates the soil sample) 
below a planar interface with the atmosphere has 
been performed,17 with results that suggest that 
further research in this area with higher energy 
densities would be of great interest. Further, it 
should be pointed out that the effect of gravity 
was also simulated, as well as geological layering 
effects in separate experiments. The experimental 
schematic of these experiments is shown in 
Fig. V-32. The experiment was set up to explore 
the hydrodynamic response of a simulated soil. 

The experiment demonstrates several facts: 
• The energy of the laser is captured in a 

small volume inside the grout block used 
to simulate soil. 

• The mass and energy involved in the 
deposition did not escape through the 
laser entrance hole. 

• The energy density provided by 4 kj of 
laser energy in 1 ns is sufficient to 
vaporize the gold target and the 
surrounding grout. 

The ability of the laser to deposit large 
amounts of energy in a small volume without 
creating residual gases (which would be a 
byproduct of the same experiment performed 
with high explosive) indicates its utility as a 
simulation source. On a NIF-sized laser, the 

Figure V-32. Setup to explore the hydro-
dynamic response of a simulated soil. The 
experiment demonstrates employs one laser 
beam focused onto the rear of the gold hollow 
sphere embedded with soil, or grout, sample. 
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amount of energy deposited and the in-situ 
diagnostic potential make it possible to 
investigate hydrodynamic response possible in 
real-time experimental configurations. 

Figure V-33 shows images showing 
the results of the experiment to simulate 
hydrodynamic response of soil described in 
Fig. V-32. Image (A) is a photograph of the post 
experiment box of grout formed of a 16 x 16 x 16 
cm cube, built up of squares of 3/16-inch 
aluminum plate. The initial cavity had a 1.5-mm 
radius and was buried 6 cm deep. It captured 
approximately 4 kj of energy from the laser, 
enough for the requisite vaporization of the gold 
sphere. Less than 200 J of laser radiation was 
observed to escape the target. 

The top surface is crazed, as seen in image 
A), and slightly bowed up. Flash radiographs 
were taken, and image B) shows a top view, 
clearly showing the cavity and the entry cone. 
Note the profusion of radial cracks and the faint 
but definite indication of tangential (spherical) 
cracks. The final cavity was approximately 2 cm, 
which is consistent with cube-root scaling from 
strong explosion data. This diagnostic is an 

example of the detail that can be learned from 
scaled experiments that would be very difficult, 
if not impossible, to get from full-scale 
experiments. 

Scaled Radiative Energy Coupling 
The coupling of explosive energy into 

hydrodynamic motion is quite different 
depending on whether the energy originates 
from a chemical reaction or from the impact of a 
flyer foil, or is deposited by a radiative energy 
source. The study of the physical mechanisms 
involved in the latter case (the coupling of energy 
deposited by a strong radiative source above, on, 
or below the surface of dense matter and fluids) 
is of special interest. This energy coupling varies 
from zero for sources at large heights above the 
surface to 100% for deeply buried sources. 

The shape of the coupling curve as a function 
of source position, of course, has to do with 
questions of range-to-effect and cratering, but is 
also of scientific interest for the study of the exact 
mechanisms determining the coupling. It has 
been proposed that the coupling of energy 
proceeds through three stages: first, the stripped-

B) 

Figure V-33. Experimental results of hydrodynamic response of soil. Image A) shows the post 
experiment box formed of a 16 x 16 x 16 cm cube, built up of squares of 3/16" aluminum plate. The 
initial cavity had a 1.5-mm radius and was buried 6 cm deep. It captured approximately 4 kj of energy 
from the laser, enough for the requisite vaporization of the gold sphere. Less than 200 J of laser 
radiation was observed to escape the target. The top surface is crazed, as seen in image A), and slightly 
bowed up. Flash radiographs were taken, and image B) shows a top view, clearly showing the cavity 
and the entry cone. Note the profusion of radial cracks and the faint but definite indication of 
tangential (spherical) cracks. 
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sphere stage of complete ionization, then thermal 
wave propagation, and finally a momentum-
conserving transition to shock propagation 
and cratering. 

A low-temperature thermal wave 
propagation has been observed by monitoring 
the ionization front produced by the irradiation 
of a foam material with an x-ray source produced 
by laser irradiation of a gold foil.18 Similar 
studies have investigated shock propagation1 9 

and the possible formation of a Marshak wave. 2 0 

A study of these mechanisms that play a role in 
ultimately transforming the incident radiant 
energy into kinetic energy of ground motion is of 
great interest. 

Unstable Flow 
In this section, we will describe 

representative fluid dynamics experiments that 
are designed to study the growth of flow 
instabilities and are appropriate for study with 
the NIF laser. Areas of unstable fluid dynamics 
that are readily, and uniquely, addressable by the 
NIF include the study of Rayleigh-Taylor, 
Richtmyer-Meshkov, and Kelvin-Helmholtz 
instabilities in both planar and non-planar 
geometries, for the linear, weakly nonlinear, and 
turbulent regimes. 

Some experience has been acquired in 
previous experiments on this topic, but its larger 
scales, longer times, and longer drive duration, 
which are constant themes for hydrodynamic 
experiments, make the NIF well-suited to extend 
those investigations. See Subsections A, B, and C 
for descriptions of several state-of-the-art 
experiments to illustrate how the NIF will affect 
hydrodynamics experiments. 

These instabilities, and the ensuing mixing 
that usually follows their development, are of 
interest because of their occurrence in inertial 
fusion, astrophysics, energy conversion 
technology, and the medical applications of 
lasers, to name a few areas. Another area of 
unstable flow which has recently become of 
significant interest is the study of compressible 
turbulence and mixing in high-speed jets and 
shear layers. Recent work indicates that 
turbulence may be qualitatively different at high 
Mach numbers and/or high compressibilities. 

The NIF will provide an excellent facility to 
generate high-Mach-number flows, typically 
either jets or shear layers, which may be used in 
these investigations. 

Classical Instabilities 
The instabilities to be discussed in this 

section are those that refer to the growth of 
perturbations at a fluid interface. The type of 
instability in the flow is determined by the origin 
of the perturbation. If it.is related to the action of 
shear or constant acceleration, the instability is 
generally referred to as Kelvin-Helmholtz or 
Rayleigh-Taylor, respectively, and the growth is 
exponential in time. An impulsive acceleration 
caused by a shock normal to the interface causes 
the Richtmyer-Meshkov instability, which, in the 
absence of shear or acceleration, then grows 
linearly in time. 

These phenomena have been extensively 
studied in the past to understand the resulting 
interface motion and material mix, which are 
important effects in inertial confinement fusion21 

and for clumping in supernova explosions.22 

Nevertheless, important questions remain, 
because often experiments do not agree with the 
theory or with the numerical simulations in 
certain flow domains, especially at high 
compression.23 Experiments on the NIF with long 
drive times and large spatial scales are expected 
to be especially important for the understanding 
of these instabilities. 

Other Instabilities 
There are a number of problems associated 

with other instabilities, and with combined 
instabilities, that are also appropriate for study 
with laser-driven flow. The most obvious 
candidate is the instability associated with the 
propagation of a strong shock through a uniform 
gas, which may play an important role in the 
structure of supernova blast wave propagation 
and in the formation of stars and galaxies. 
Theoretical disagreements have generated 
considerable controversy in the past, but the 
recent observation of these instabilities24 in a 
laser-driven blast wave indicates that more 
research is needed on this topic. Figure V-34 
shows a schematic of an experiment performed to 
investigate an unstable Taylor-Sedov blast wave, 
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or shock, along with the data generated by 
the experiment. 

The experiment consists of a 200-J laser 
incident on a 6-um thick plastic foil. The laser is 
5 ns in duration and is focused to an 880-um 
diameter spot. The irradiated plastic will ablate 
and expand at greater than 107 cm/s into the 
surrounding fill gas. The gas fill is chosen to 
change the adiabatic index, y, from 1.3 to -1.0 for 
nitrogen and xenon fills, respectively. B) shows 
an optical dark-field shadowgraph of the shock 
wave at 243 ns in the nitrogen fill. The image has 
a frame time of 5 ns or less, and effectively 
freezes the shock front. The image shows that the 
shock front, the dark circle, is uniform and the 
material behind the shock is homogeneous. In C), 
the xenon fill shock front shows a completely 
different front, not uniform, with inhomogeneity 
in the material behind the shock. The 
considerable controversy on this subject, the 
extension to denser systems, and the higher 
energy densities available on the NIF will make 
these types of instabilities ripe for the NIF. 

The NIF is uniquely suited to producing the 
strong shocks with large spatial extent that are 

required for these studies. In addition, combined 
Rayleigh-Taylor, Kelvin-Helmholtz, and 
Richtmyer-Meshkov instabilities have been 
theoretically described in cases where an oblique 
shock is preceded or followed by an acceleration 
and/or shear.2 5 Such combined instabilities, 
which occur whenever horizontal and vertical 
shear are simultaneously significant, are 
important for describing flow in winds and ocean 
currents, and for the fanning of smoke plumes. 
Experiments that could cleanly examine the 
dominant features of these phenomena are highly 
desirable and well-suited to the larger-scale flows 
the NIF will be able to generate. 

There is a wide class of two-dimensional 
flows that become unstable in the transition to 
three-dimensional flow. These secondary 
instabilities occur because two-dimensional finite 
amplitude waves can be exponentially unstable 
to three-dimensional perturbations. This is 
another classical fluid dynamics problem. The 
study of these instabilities by Poiseuille or plane 
Couette flow has generally been performed in a 
regime where material compressibility has no 
influence. The effect of material compressibility 
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Figure V-34. Experimental setup and data on the instability of a Taylor-Sedov shock. In A) the 
schematic of the experiment shows a 200-J laser incident on a 6-|im thick plastic foil. The laser is 5 ns 
in duration and is focused to an 880-um diameter spot. The irradiated plastic will ablate and expand at 
greater than 10 7 cm/s into the surrounding fill gas. The gas fill is chosen to change the adiabatic index, 
Y, from 1.3 to -1.0 for nitrogen and xenon fills, respectively. B) shows an optical dark-field 
shadowgraph of the shock wave at 243 ns in the nitrogen fill. The image has a frame time of 5 ns or 
less, and effectively freezes the shock front. The image shows that the shock front, the dark circle, is 
uniform and the material behind the shock is homogeneous. In C), the xenon fill shock front shows a 
completely different front, not uniform, with inhomogeneity in the material behind the shock. 
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on the development of these secondary 
instabilities is, in itself, of great interest. 
Experiments with laser-driven flow will enable 
the compressible regime to be investigated, and 
this will have important implications for the 
understanding of wall-bounded shear flow. 

Finally, a significant subject for investigation 
is radiative condensation instability, a classical 
astrophysical problem with applications to 
Tokamak plasmas and z-pinch plasmas as well. 
This instability is a general feature of the radia
tive cooling of an optically thin plasma. This is, of 
course, easily observed in interstellar and inter-
galactic clouds, solar prominences, and Tokamak 
or z-pinch plasmas, all of which have cool, dense 
plasma structures that radiate into hotter, rare
fied plasmas in the surroundings. Experiments 
to provide a greater understanding of this 
instability are feasible in the controlled condi
tions characteristic of laser-generated plasmas. 

Turbulent Flow and Vortex Dynamics 
Both improvements in computational 

techniques and the emergence of chaos theory 
have contributed to a renewed interest in the 
subject of the transition to turbulent flow. In 
addition, the study of compressible turbulent 
shear layers has recently been the subject of 
increasing interest in the aeronautical 
engineering community.2 6 

The understanding of compressible turbulent 
shear layers, which differs considerably from the 
more familiar transition to turbulence for 
incompressible flow, is of key importance in the 
field of scramjet engine design. An experimental 
program in this area would increase 
understanding of the applicability of the coherent 
structure models that have been developed for 
incompressible shear layers in the past. There is 
also a great need for experimental evidence of 
large-scale structure in compressible shear layers, 
comparable to that found in incompressible cases. 
It is for this reason that the larger spatial scales 
associated with NIF experiments could be 
important for this developing field of study. 

Vortex dynamics 2 7 are also an important part 
of this field, since they are associated with the 
fundamental mechanism for the evolution of 
hydrodynamically unstable surfaces to 
turbulence. The generation of vortices can be 

simulated in great detail, and the results of one 
such simulation are shown in Fig. V-35. The 
figure illustrates the results of a simulation of the 
generation of vortices in an incompressible flow, 
showing the density contours from a simulation 
of a planar wave. The wave is impinging on an 
interface that is at 60° to the wave velocity. The 
case is the classically unstable case where the 
density of the medium of the initial wave is a 
factor of three smaller than the density of the 
shocked material. The Mach number of the shock 

A) Initial position and time of 91 

^.cfftf 
62-r 

0-L 

180 

B) Late time of 620 

135 315 

Figure V-35. The results of a simulation of the 
generation of vortices in an incompressible 
flow, showing the density contours from a 
simulation of a planar wave. The wave is 
impinging on an interface that is at 60° to the 
wave velocity. In (A) the initial position of the 
wave and the interface are shown as gray 
dashed lines. Further, the scaled time for (A) 
is 91, when the shock has just passed the initial 
interface. Here the vortices are not yet formed. 
In (B), which is at a late time of 620, the vortices 
are fully formed. At present these types of 
investigations are limited to incompressible 
flows; however, compressible-flow experiments 
will be possible with the large scales associated 
with NIF experiments. 
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is 1.2 and the units of the calculations are scaled 
so that the sound speed in the initially moving 
medium is unity. 

In (A) the initial position of the wave and the 
interface are shown as gray dashed lines. Further, 
the scaled time for (A) is 91, when the shock has 
just passed the initial interface. Here the vortices 
are not yet formed. In (B), which is at a late time 
of 620, the vortices are fully formed. 

At present these types of investigations are 
limited to incompressible flows; however, 
compressible-flow experiments will be possible 
with the large spatial scales associated with 
NIF experiments. 
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Section VI 

Material Properties 

A. Equation of State 
Material pressures of millions of atmospheres 

(megabars or Mbar) to hundreds of millions of 
atmospheres are common in astrophysical 
objects, and are observed or predicted in the 
laboratory. Direct illumination of metals by a 
Nova-class terawatt laser can produce pressures 
of 100 Mbar or greater. Gigabar (Gbar) pressures 
are predicted in spherically compressed capsules 
typical of inertial confinement fusion targets and 
radiatively driven samples. The thermo
dynamics and hydrodynamics of these systems 
cannot be predicted without a knowledge of the 
equation of state (EOS) for the high-pressure 
regime, because the EOS of a material largely 
describes how that material reacts to pressure. 

Although the EOS of matter in the limiting 
case of extremely high pressure is expected to be 
described by a Thomas-Fermi model, the regime 
of applicability and approach to this limit are not 
known; EOS data is sparse at pressures above 
3-4 Mbar because of the difficulty in producing 
high-pressure conditions while simultaneously 
measuring the relevant parameters. The ultimate 
goal is to use a material of known EOS as an EOS 
standard material to obtain EOS data on 
materials of interest. 

In this type of experiment the shock velocity 
ws and initial density p 0 are measured in each of 
two materials effectively adjacent to one another. 
Shock impedance is the product (p0«s)- If m e EOS 
of material I is known, then it is possible to derive 
a Hugoniot point of material II (i.e., the locus of 
final states obtained from passage of shocks of 
varying strengths through the material) from the 
measured shock impedances. 

At present there is no material with an EOS 
that is sufficiently accurate to be used as a 
standard at the pressures of interest. The EOS 
standards would be qualified by a series of 
experiments that use paired materials, both of 
which have equations of state currently under 
theoretical development in the pressure range of 
interest. The goal would be to provide accurate 
experimental data to test theory over a wide 
range of pressures, densities, and temperatures. 
The materials to be qualified as standards could 
be, for example, aluminum and copper, because 
the theory is under development and because of 
the relative ease of fabricating targets from 
these materials. 

To perform this type of primary data 
experiment in the pressure range of 10-50 Mbar 
(i.e., 1-5 TPa) requires, for direct illumination, 
intensities up to ~3 x 10 1 5 W/cm 2 , while for x-ray 
drive, a temperature range of about 110-190 eV 
will be required. To perform much higher 
pressure experiments would require a 
substantially larger laser system such as the NIF. 
This is a difficult regime, due not only to the 
accessible pressure regions, but also to the rigid 
constraints one must observe with respect to pre
heat, shock velocities measurements, and 
shock planarity. 

There is exploration and development into 
three techniques that will allow us to obtain EOS • 
data in the Mbar and near-Gbar regimes. All 
three use high-energy lasers as the driving source 
to produce intense shocks in materials. Indeed, 
laser deposition is presently the only way to 
produce these conditions in the laboratory. As 
discussed above, the shock brings the material 
into a high pressure state, albeit a transient one; 
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measurements can then be made on the shocked 
matter to obtain EOS data points. 

A primary objective of this work is to 
produce spatially large, planar shocks that are 
easy to diagnose and interpret. The shock must 
be spatially large enough that the data are 
unambiguous. Although very intense shocks can 
be generated by focusing a laser to a very small 
spot, these shocks generate side motion and 
potential development of plasma instabilities that 
require multi-dimensional modeling. 

Directly Driven High-Pressure Shocks 
The long history of attempts to produce very 

strong shocks in materials by direct irradiation 
with lasers has produced conditions inferred in 
targets of from 2 to 100 Mbar. However, these 
had problems with two-dimensional effects or 
extremely nonuniform spatial profiles of the 
laser, either of which can lead to laser-induced 
local hot spots and instabilities. 

To ameliorate the laser nonuniformities, the 
laser spot has been smoothed with the use of a 
random phase plate. A random phase plate is a 
filter with a random pattern of small holes. It 
produces a far-field pattern that is even in 
intensity (within 10%) except on scales smaller 
than about 10 urn. In addition, steering wedges 
have also been used. These steer different parts 
of the beam in the near field to different spots 
in the focal plane to produce a more flat-
topped distribution. 

As an example, employing phase plates and 
steering wedges on a 1-ns beam of Nova 
provided an intensity of 3 x 10 1 4 W/cm 2 of 2co0 

light in a focal spot that was more than 1 mm in 
diameter and had a uniformity of ±10% over the 
spot diameter. The beam was focused on a 25-um 
thick aluminum disk, and the rear side of the disk 
(i.e., the side away from the beam) was imaged 
with a UV streak camera. The result was an 
extremely uniform shock breaking out of the rear 
of the target. 

Figure VI-1 shows a schematic of the setup 
for the experiment. The streak image in Fig. VI-2 
shows that the shock, after traversing the 25-um 
thickness of aluminum in approximately 650 ps, 
varies in breakout time across the entire 

Streak camera I 

r . -(-aii.-MH 25-jim t n ' c k by 500-um 
diameter aluminum disk 

Smoothed laser beam 

Figure VI-1. Schematic of direct laser-driven 
shock experiment. A spatially smoothed beam 
of Nova irradiates an aluminum disk, 25 um 
thick by 500 um in diameter. The schematic also 
shows the position of the streak camera 
(streaked UV imager). 

diameter by less than 20 ps. This implies that the 
shock was planar across the disk by better than 
l 0 . 1 Pressures inferred in the shocked aluminum, 
using stepped targets and wedges, were 
20-30 Mbar. 

Indirectly Driven Colliding Foil 
Experiments 

To reach a regime of much higher pressure 
without sacrificing spot size, and thus one-
dimensionality, a very different technique has 
been employed—a variation and miniaturization 
of the well-known flyer-plate technique.2 In this 
method, the flyer (a foil in the present case) stores 
kinetic energy from the driver over an 
acceleration time and delivers it much more 
rapidly as thermal energy in collision with 
another foil. In addition, the flyer acts as a 
preheat shield so that the target remains on a 
lower adiabat than if it were exposed to the 
driver. These attributes make it possible to 
achieve much higher pressures using a flyer-
impact foil or an indirectly driven colliding foil 
than when using a directly driven configuration. 

In the experiments, an x-ray drive was 
produced by focusing the ten beams of the Nova 
laser into a millimeter-scale cylindrical gold 
hohlraum and utilizing the radiation escaping 
from a hole in the cylinder. The experimental 
arrangement is illustrated in Fig. VI-3. The 
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Figure VI-2. Streak image of direct laser-driven shock experiment. Image is from the diagnostic, 
showing an extremely planar shock emerging from the rear side of the target. 

1-mm long by 700-iim 
gold sleeve 

50-fim void. 

50-nm 
CH ablator 

Streak camera 

2-nm / 6-nm 
gold target foil 

3-jim gold flyer foil 
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Figure VI-3. Schematic of radiation-driven shock using a 2-step target foil. The diagram shows the 
colliding foil arrangement (not to scale). The l-mm-long by 700-jxm-diameter experimental package is 
shown facing the hohlraum x-ray drive. Components of the package are a 50-{im plastic ablator to 
which is attached a 3-|im gold flyer foil, a 50-|Xm void, and a two-thickness gold target foil, all held in a 
gold sleeve. 
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hohlraum x-rays ablated a 50-nm layer of 
polystyrene to which was attached a 3-|om-thick 
gold foil. This flyer foil accelerated through a 
50-|im void region and, near the end of 
the laser pulse, collided with a stationary gold 
target foil composed of two thicknesses (2 Jim 
and 6 um), launching a compression wave into 
the target foil. The shock on the rear side of 
the target foil was imaged with an optical streak 
camera. 

The experimental packages were more than 
0.5 mm in diameter, and the cylindrical target 
assembly was mounted across a hole in the wall 
of the hohlraum with the ablator facing the 
hohlraum interior. The approximately 100-um 
long target assembly was placed at the bottom of 
a 1-mm gold sleeve so that the assembly was 
completely shielded from unfocused, 
unconverted laser light. Additional shielding 
prevented the streak camera from viewing heated 
areas of the sleeve and the hohlraum. 

Fig. VI-4 shows a typical streak camera 
image. The image shows shock breakout at two 
times corresponding to the two thicknesses of the 
target foil; the time interval between the breakout 
times measures the shock speed in the target, 
assuming the shock speed is constant. Here, the 

interval measured between breakout times on the 
two thicknesses is 57 ±5 ps, corresponding to an 
average shock velocity of 70 +6 km/sec. From the 
SESAME equation-of-state tables, this shock 
speed corresponds to a density of 90 g / c m 3 and 
a pressure of 0.74 Gbar in the gold target, by 
far the highest inferred pressure obtained in 
the laboratory. 

Any slight spatial imbalance in the drive or 
any unpredicted edge effects (from interactions 
between the flyer foil and the sleeve, for example) 
could cause the flyer to tilt or curve, which would 
drive a non-planar shock into the target. 
However, the relatively large diameter of the foils 
would allow any non-planarity in shock breakout 
to be observed. In addition, the step in the target 
was at the center of the large foil, where the 
effects of edge-induced nonuniformities would 
be minimized. 

If the target foil were preheated by high-
energy x-rays from the hohlraum before the flyer-
target collision, the measurement would be 
compromised. To test for this possibility, the 
x-ray drive was altered in one experiment so that 
overall drive intensity was identical to the other 
experiments, but the intensity of high-energy 
x-rays (those >2.5 keV) was reduced by 

CD 
£ 
i-

Figure VI-4. Streak camera image of radiation-driven shock using a 2-step target. Image shows shock 
breakout on the rear surface of the two-step target foil at two distinct times corresponding to the two 
thicknesses of the target. This time interval provides the shock travel time across the 4-um step 
difference. The interval in this case is about 57 ps, indicating a shock speed of 70 km/sec. 
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more than a factor of five. The result was well 
within the uncertainties of the other experiments, 
so the results are not compromised by preheat. 

A straightforward extension of this technique 
can be made to obtain EOS data for this regime. If 
the flyer foil can be shielded so that the flyer does 
not significantly heat or decompress, EOS data 
points can be found by measuring the speed of 
the flyer foil. Since it has been demonstrated that 
the target foils do stay intact, this can be 
accomplished by modifying the target foil by 
shielding it, as shown in Fig. VI-5. 

With the target foil shielded and stepped, 
shock speed and flyer speed can be measured 
simultaneously. (The speed of the material 
behind the shock can be inferred from the flyer 
speed.) These two measurements will allow the 
calculation of an EOS primary data point in the 
Gbar regime. Thus, in addition to the shock speed 
discussed in reference to the single-stepped 
target shown in Fig. VI-4, the flyer speed can be 
simultaneously obtained by recording shock 
breakouts from two identical foils placed at 
different distances along the flyer path. One 
experiment was performed with a three-step gold 
target foil. Because the condition of the flyer foil 
was unknown, an EOS data point could not be 
evaluated, but observed 

t„„m,M,Siit 

Figure VI-5. Schematic setup with target foil 
shielded and stepped to allow simultaneous 
measurement of shock speed and flyer speed. 
(From the flyer speed, the speed of the material 
behind the shock can be inferred.) These two 
measurements will allow the calculation of an 
EOS primary data point in the Gbar regime. 

shock breakout from the three steps indicates the 
viability of the approach. 

To proceed with EOS measurements, the 
condition of the flyer foil must be known; indeed 
the accuracy of the result may depend on the 
flyer remaining solid. The development of a high-
magnification x-ray laser radiograph technique to 
determine the conditions of accelerated foils has 
been undertaken and this is described in the 
section on x-ray laser applications in Section VHI, 
Radiation Sources. 

Indirectly Driven Shock Experiments 
on Plastic 

Plastics are very different materials than 
metals, but they are just as pervasive in high-
energy laser experiments as major constituents of 
diverse targets. Since plastics, unlike metals, are 
largely transparent to high-energy x-rays, x-rays 
can be used to backlight relatively thick samples 
of plastic and provide information on the sample 
as a function of time. 

hi particular, the shock front in a sample of 
plastic can be seen on a streak camera by 
simultaneously imaging the transmission of an 
x-ray backlighter through both the shocked and 
the unshocked material. Transmission through 
the denser, shocked plastic is significantly less 
than through normal-density plastic—that is, the 
transmission is about 70% less for a compression 
of 4 in a 0.7-mm thick sample using a 7-keV 
backlighter energy. If, at the same time, motion of 
the material behind the shock can also be imaged, 
a data point in the EOS is obtained. 

An experimental arrangement that 
accomplishes this, adapted from an experiment to 
measure material mix at interfaces,3 is depicted in 
Fig. VI-6. The material motion behind the shock 
is viewed as the difference in transmission of the 
backlighter through shocked, doped plastic and 
shocked, undoped plastic; this is the 
interface shown in the figure. The drive, an 
x-ray source, is provided by a hole in the side of a 
gold hohlraum. 

Here only eight beams of Nova are used for 
the drive, saving two beams for the backlighter. 
Code simulations predict a pressure of <40 Mbar 
near the interface. Two experiments have been 
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Figure VI-6. Overview of arrangement for radiation-driven shock experiments in transmissive media 
such as plastic (CH), showing relative positions of the package (which is mounted across a hohlraum), 
backlighter, and streak camera. The drive, an x-ray source, is provided by a hole in the side of a gold 
hohlraum. Differences in transmission of the backlighter through the package allow measurement of 
both the shock speed and the speed of the interface between doped and undoped plastic. This allows 
direct measurement of the equation of state of plastic in the multi-Mbar regime. 

performed, both with 2% bromine doped into the 
first section, which was 300 (xm long. A 3-ns long 
backlight beam was initiated at about the time 
the shock was expected to pass through the 
interface. Although the interface was clearly 
visible on the streak records, the shock front was 
too weak to be seen. However, this technique will 
allow EOS data to be obtained on plastic in the 
multi-Mbar regime. 

B. Opacity 
Knowledge of the x-ray opacities (x-ray 

absorption) of hot matter is essential for 
understanding its state and radiative transport. 
The Nova laser has been used to obtain 
experimental, high-quality opacity 
measurements. This not only required the 
development of high-resolution spectroscopic 
techniques to measure the x-ray transmission of 
the opacity samples, but also required the 
development of techniques to accurately and 
simultaneously measure the temperature and 
density of the samples. Simply, to provide a 
benchmark of the ability to measure a local 

thermodynamic equilibrium (LTE) opacity, 
measurements must be performed on relatively 
simple atomic species first, so that the technique 
can be evaluated with some degree of faith in the 
predictions. This requires exacting procedures 
that provide the tempera-ture, density, and 
gradient scale lengths on a single experiment. 

The x-ray absorption of opacity samples was 
measured by the method of point projection 
spectroscopy, which is illustrated in Fig. VI-7. In 
this experiment, eight of the laser beams at Nova 
are used to heat the opacity sample. Then, a 
point source of x-rays is produced by tightly 
focusing one of the remaining laser beams onto a 
small backlight target of high-Z material. X-rays 
from the backlight pass through the opacity 
sample onto an x-ray diffraction crystal and are 
then recorded on x-ray film. Other x-rays from 
the same point backlight bypass the sample, but 
are still diffracted from the crystal onto the 
film record. 

The ratio of the x-ray spectrum attenuated by 
the sample to the unattenuated x-ray spectrum 
provides the x-ray transmission spectrum of the 
sample. Proper collimation 
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Figure VI-7. Schematic of point projection spectroscopy method for measuring opacity. The laser-
produced backlight x-rays pass through the target (the opacity sample) onto an x-ray diffraction crystal 
and are then imaged on x-ray film. Because the crystal disperses the spectrum, the result is an image 
that is both spatially and spectrally resolved. Temporal resolution is provided by backlight duration. 

allows a highly quantitative analysis of the 
spectrum. Backgrounds from film chemical fog, 
sample emission, and crystal x-ray fluorescence 
can all be separately determined from the x-ray 
film record. 

Careful attention was paid to the sample 
conditions. It was required that the sample be 
uniform throughout in both temperature and 
density. Uniformity of temperature was attained 
by heating the sample in a special hohlraum. The 
hohlraum was constructed so that no laser light 
impinged on the sample either directly or on first 
reflection; thus, the sample was heated only by 
x-rays. The hohlraum also kept a uniform 
temperature throughout the sample, and this, 
along with the relatively high density of the 
sample, ensured that the sample was in local 
thermodynamic equilibrium. 

Further, the samples were tamped by 
plastic so that the density throughout the sample 
was constant as the sample expanded. The 
thickness of the tamper was determined by 
hydrodynamic calculations, and density 
uniformity was checked in the experiments. 
This experimental technique allowed the 

measurement of the opacity of aluminum and 
laid the basis for using aluminum opacity as an 
independent temperature diagnostic. 

In further experiments, the density of the 
samples was determined by imaging the samples. 
This was done by using a second point-projection 
spectrometer to image the expansion of the 
samples. This spectroscopic record was also 
used to verify that the samples had uniform 
density throughout the sample. The temperature 
of the sample was determined by mixing the 
sample with aluminum. A third point-
projection spectrometer was used to measure the 
absorption of the aluminum n = 1 to n = 2 
transitions. The relative intensities of the 
transitions from the different ion species gave the 
ion balance in the aluminum which (coupled to 
the density measurement) gave the temperature 
of the sample. 

These techniques allowed density to be 
measured to an accuracy of ±20% and 
temperature to an accuracy of ±3%. With these 
accuracies it was possible to make quantitative 
comparison between the experimental results and 
the theoretical calculations of opacity.4 
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In particular, one experiment measured the 
opacity of niobium. The niobium sample 
contained 14% aluminum by weight for the 
temperature measurement described above. 
Figure VI-8 shows the transmission of the 
aluminum (upper) and the niobium (lower). 
The dashed lines overlaying the experimental 
data are the calculations. In general there is 
excellent agreement. 

This experimental result defines a milestone 
in that we have proven the ability to measure the 
opacity of the aluminum sample with sufficient 
accuracy that it can now serve as an in-situ 
temperature diagnostic for the sample. The 
accuracy of the temperature, measured to be 
48 eV (+2 eV), indicates an important advance on 
previous attempts to measure temperatures of 
high-energy-density matter. 
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Figure VI-8. Absorption (opacity) of the aluminum/niobium sample. The experimental data are shown 
as a solid gray line and the LTE opacity prediction calculated using OPAL shown as a dashed line. The 
upper graph shows the transmission of aluminum, the lower graph shows the transmission of 
niobium. The spectrum of the aluminum Koc lines, which have been previously verified to yield an 
accurate temperature, are measured on the same experiment as in the niobium spectrum in the lower 
graph. 
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Other experiments on opacity have 
confirmed the astrophysically important iron 
An = 0, n = 3 absorption feature, which causes a 
large increase in opacity above older 
predictions.5 The work on iron has been further 
extended to measurement of the spectrum in 
sufficient detail to evaluate the Rosseland mean 
for comparison with theoretical predictions.6 

Both of these studies on iron opacity are 
motivated by astrophysical considerations and 
indicate that, in at least this one area, the 
experimental capability has become mature. 

C. Strength of Material 
Laser generation of multi-kilobar shocks has 

several applications to the study of high 
explosives, high-velocity impacts, and the 
alteration of the mechanical properties of certain 
alloys and ceramics. There have been several 
important advances in the field since the early 
1970s. Some of the most common methods 
of studying such shock waves include 
interferometric methods and the use of 
piezoelectric transducer gauges. However, 
these methods yield little information on the 
dynamics of the near-front face, where the shock 
wave is initiated. 

It is possible to measure shock strength (in 
terms of compression ratio) and spatial density 
profile using an x-ray diffraction technique for 
studying laser-induced shocks within various 
crystalline materials. This can be used for 
pressures from 1 kbar up to approximately 
0.5 Mbar, where shock melting occurs. This x-ray 
diffraction technique is ideally suited to 
observation of the dynamics of the front surface 
of laser-shocked materials. The technique can 
make a significant contribution to our 
understanding of shock launching, and because it 
is a direct measurement of the relevant 
parameters of the near-front surface, it can enable 
conclusive investigations of the response of novel 
materials. It is also possible to extend this 
technique to probing of the rear-surface breakout 
of the shocked material. 

The technique is based on the fact that when 
a crystal is subject to strain, its x-ray diffraction 

properties are altered—most notably the x-ray 
diffraction peak of the crystal is broadened. 
The physical reasons for this are easy to 
understand: a strained crystal essentially has 
a distribution of interatomic spacings at which 
the Bragg condition can be satisfied, and there
fore the shape of the diffraction peak is a function 
of the spatial strain profile. This fact has been 
used to study strain profiles in crystals where the 
strain is caused by dopants or by laser annealing. 
(The transient alteration of the diffraction peak in 
a laser-shocked crystal has also been suggested 
as a means of obtaining subnanosecond x-ray 
switching.) 

The experiment to measure compression in 
the crystal proceeds as follows (see Fig. VI-9). A 
shock is launched into the crystal of interest. At 
some point during the shock launching a short 
(100-ps) pulse of x-ray line radiation is produced 
by a synchronous, but delayed, laser beam 
irradiating a separate target. This pulse is Bragg-
diffracted off the front surface of the shock-
compressed crystal. The compression of the 
crystal changes the Bragg condition according to 
the formula 

Ad/d = -Cot6Ae. 
Thus, the line radiation is diffracted to a higher 
angle than that for the unperturbed crystal, and 
this angular shift directly indicates the change in 
the interatomic spacing within the shocked 
region. Because there will be a density gradient at 
the crystal surface, there will be, in addition to 
the overall shift, a range of angles at which 
diffraction takes place. Thus, information can be 
obtained about the density gradient as well as 
about peak density. Indeed, it is possible to 
extract a density profile from the data contained 
in the diffracted pulse. 

The primary interest in this technique would 
be to find a method of studying the materials 
under extreme conditions. The present set of 
known experiments is restricted to simple 
structures with small heated areas. To develop 
larger perturbed areas and study the materials at 
greater depth would require a substantial effort 
in the development of larger lasers and x-ray 
sources for probing. 
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Figure VI-9. Schematic of x-ray diffraction technique used to study the dynamic structure of a crystal. 
The crystal is compressed using a laser-induced shock from a monochromatic x-ray source. During the 
shock transit through the crystal, a short (100-ps) backlight pulse is Bragg-diffracted off the front 
surface of the shock-compressed crystal, and the resulting spectrum is recorded on the x-ray film. 

Simple Compression Studies 
Silicon has been shocked and transient strains 

of up to 10% have been observed. The method of 
Bragg diffraction relies on the fact that the crystal 
remains "single"; i.e., all the planes running 
parallel to the shock front are compressed 
uniaxially and the periodicity of the crystal as a 
whole is maintained. 7 In some ways it is quite 
surprising that such an ordered state exists so far 
above the Hugoniot elastic limit, which for silicon 
in the (111) direction corresponds to an elastic 
compression of about 2.6%. Thus, one simple 
experiment is the investigation of the maximum 
observable compression for a series of different 
crystalline materials, and comparison of this with 
shock melting data obtained by more 
conventional means. 

It is interesting to note the utility of high-
energy lasers for the following two reasons. First, 
they provide for a relatively high shock strength 
within the material of interest (~1 Mbar). 
Although smaller lasers could attain local 
pressure of this magnitude, it could only do so 
over a spot size on the order of a square 
millimeter. A large spot is needed so that the 

shocked region of the crystal subtends a large 
range in angles to the x-ray source. 

Second, they provide harder x-rays. Small 
lasers may not have sufficient backlight energy to 
produce hard enough x-rays for accurate 
diagnosis. It has been found that at large 
compressions, such as the 10% compressions in 
silicon, the A© becomes large for softer x-rays. 
Soft x-rays diffracted from the shocked portion of 
the crystal get smeared out on the x-ray filming, 
making diagnosis difficult. The change in Bragg 
angle for harder x-rays is not so great, facilitating 
diagnosis. For example, for the 10% compressions 
in silicon, the helium-like titanium resonance line 
was an appropriate x-ray source. Much harder 
x-rays may be required to measure compressions 
that are close to shock melting (30-40%) and for 
investigating crystals with shorter interatomic 
spacings, such as lithium fluoride and quartz. 

Plasticity and Adiabatic Shear Bands 
Other questions that should be 

experimentally ripe include investigating the 
behavior of a single crystal on the lattice level 
when it is shocked above the Hugoniot elastic 
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limit, and determining how long the crystal takes 
to start to deform plastically.8 

There is evidence that some materials, when 
shocked above the Hugoniot elastic limit, form 
small bands of micron or sub-micron dimension 
where the dislocation density is extremely high; 
such areas are known as adiabatic shear bands. 
Evidence for such localized yielding is mainly 
based on recovery experiments rather than on in-
situ observation. 

It is of interest to attempt to observe these 
bands by a short-pulse x-ray topography 
experiment, using a point source of laser-plasma-
produced x-rays. Point sources of 5 um 
dimensions have routinely been produced using 
lasers, and these could be used to image shear 
bands. Although the source size is larger than the 
width of the bands, the bands can run several 
microns into the crystal, and imaging should be 
possible in the same way that dislocations of 
Angstrom size can be imaged using conventional 
x-ray topography. 

It is also of interest to determine the shape of 
the unit cell as the crystal is compressed above 
the Hugoniot elastic limit. This can be done by 
using simultaneous Bragg and Laue diffraction 
with thin crystals. Bragg diffraction takes place 
from the surface of the crystal, the surface being 
parallel to the shock front, and measures the 
elastic compression. Observing the Laue 
diffraction through the crystal at the same time, 
interrogating the planes running perpendicular 
to the shock front, provides information about 
the plastic component of strain. 

Experiments have been performed using 
50-um-thick silicon (111) crystals, with Laue 
diffraction off a (220) plane through the crystal. 
Although both Bragg and Laue lines were 
observed when no shock was present, the 
intensity of the Laue line was not sufficient to 
enable diagnosis when the crystal was 
compressed. Improvements in crystal 
preparation and an increase in backlight energy 
should permit measurements of this type. 

Metastable Phases 

It is believed that many crystals, when 
shocked above the phase change point, proceed 
to a metastable phase before completion. One 

example is potassium chloride, which undergoes 
a phase change from sodium chloride structure to 
cesium chloride structure at a pressure of about 
20 kbar. Investigations of the multiple wave 
structure in sodium chloride have been 
interpreted as transformation to a metastable 
phase within 2 ns, with completion to the cesium 
chloride structure taking between 25 and 500 ns, 
depending on crystal orientation. 

Investigations of potassium chloride have 
been performed, and it was found that the 
diffraction lines from the sodium chloride phase 
disappeared upon shocking. However, the exact 
strain at which the disappearance occurred was 
not determined. Time-resolved x-ray diffraction 
from the shocked crystal could permit 
measurement of the strain at which diffraction 
disappeared, which is expected to be at the point 
where the phase change occurs. Thus, one would 
simply "streak" the'diffraction. 

Disappearance of the diffraction record 
suggests that the new phase is polycrystalline, as 
would be expected in an order-disorder 
transition. Thus, the ability to obtain diffraction 
information from powders would be of 
importance. 

Phase-Change Measurements 

The first, and only, in-situ x-ray diffraction 
evidence for a shock-induced phase transition is 
that obtained from shocked boron nitride, which 
transforms to a wurtzite structure. It is a 
displacive transition without a change in unit cell 
volume or occupancy. Such transitions should 
take place on an inverse phonon time; i.e., a 
picosecond time scale. Obviously it would be 
interesting to repeat and extend these 
measurements with the improved time resolution 
and synchronization available with high-power 
laser technology. 

In addition to shocking boron nitride, it 
would be interesting to investigate Te02- This 
material undergoes a transition from tetragonal 
to orfhorhombic at a pressure of 9 kbar. This is 
interesting because the transition proceeds by an 
acoustic shear wave phonon traveling along 
(110) at an unusually slow sound speed of about 
1 um per ns. 
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Rear-Surface Studies 
Dynamic tension can be produced within the 

body of a material by subjecting the front surface 
of a planar target to impulsive loading. Tensile 
strain is then induced when the duration of the 
pressure pulse, r, is less than cd, where c is the 
shock velocity within the material and d its 
thickness. In this case two rarefaction waves 
cross; one of them produced at the front surface 
as the pressure loading falls off, and the other 
produced at the rear surface as the incident 
compression wave is reflected. For sufficiently 
high tensile stresses, a section of the rear portion 
of the target separates, or "spalls," from the bulk. 

At laser irradiances >109 W/cm 2 , absorption 
of the laser light produces a high-pressure 
plasma at the target surface. As this plasma 
expands away from the surface, momentum 
balance launches a compression wave into the 
bulk of the target. The temporal profile of the 
compression wave is similar to that of the 
laser pulse. 

Direct measurements of tensile elastic strain 
in silicon (111) wafers have been obtained at 
strain rates above 108 s - l . Tensile elastic strains of 
3.4% have been directly observed by in-situ 
picosecond x-ray diffraction.9 This may constitute 
a novel method of addressing the ideal strengths 
of materials. 

Figure VI-10 shows a schematic of a rear-
surface shock breakout experiment to probe the 
shock structure of a material using a 
monochromatic x-ray source. Prior to the 
breakout, the probed rear surface will be in 
compression, during the breakout there will also 
be tension due to a rarefaction wave, and 
finally the rear surface will go into tension with 
no compression. 

The experimental results are shown in 
Fig. VI-11, where the x-ray streak camera record 
shows the entire history of the rear surface from 
unshocked, to the initiation of the breakout, 
through to the time when the crystal is in 
pure tension. From Fig. VI-11 it can be seen that 
at early times, for the first ~200 ps, the x-rays are 
probing the crystal in a state of com-pression, 
with the angular shift in diffraction 
corresponding to a maximum compression of 
6.2 ±0.2%. Later the x-rays are being diffracted 

from both regions of compression and regions of 
tension, and finally, at late times the x-rays are 
being diffracted from a region of pure tension, 
with a maximum observed tension of 3.4 ±0.2%. 

These three regimes correspond to the times 
when the reflected wave has not yet collided with 
the rarefaction wave due to release of pressure at 
the front surface; the time during collision of the 
rarefaction waves; and the time when the 
reflected wave has passed the front surface 
rarefaction wave by at least the probe depth of 
the x-rays. 

Figure VI-12 compares the spectra from a 
shocked crystal with those from an unshocked 
crystal at various stages of an experiment 
(Fig. VI-11 shows similar stages in a streak 
camera record). Thus, within the target the strain 
has changed from 6.2% compression to 3.4% 
tension within -600 ps (i.e., at a strain rate of 
1.6 x 108 s - 1 ) . The maximum observed tensile 
strain 3.4% corresponds to a uniaxial tensile 
stress of approximately 70 kbar, comparable 
to the largest fracture stresses observed in 
static measurements. 
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Figure VI-10. Schematic of a rear-surface shock 
breakout experiment to probe the shock 
structure of a material using a monochromatic 
x-ray source. Prior to the breakout, the probed 
rear surface will be in compression, during the 
breakout there will also be tension due to a 
rarefaction wave, and finally the rear surface 
will go into pure tension with no compression. 
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Figure VI-11. Data from the rear-surface shock breakout experiment in Fig. VI-10, showing a shock 
transiting through the material. The streak camera record shows the entire history of the rear surface, 
including the compression phase at early time as the shock nears the rear surface, the compression and 
tension after the shock breaks out, and the late-time phase of pure tension. 
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Figure VI-12. Spectra from the probed shocked rear surface of a crystal. The stages shown graphically 
here are comparable to the stages visible in the streak camera record in Fig. VI-11. The three generic 
periods are shown—the pure unperturbed (unshocked) crystal in a dashed line; the period of shock 
breakout, when there is tension and compression, in a solid line; and the pure tension late-time phase 
in the dotted line. 
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Finally, it is of interest to point out that with 
the use of a powder diffraction camera and a 
bright source (very bright indeed), one should be 
able to extend all these studies to non-crystalline 
materials. This would open the way for a new 
source of studies of the detailed responses of a 
much wider range of materials. 

D. Future NIF Experiments 
The study of the properties of materials at 

extreme conditions of pressure, temperature, and 
density has been a goal of laser experiments since 
the advent of high-energy facilities. The most 
common application has been in investigations of 
equations of state (EOSs)—the relationship 
between pressure, density, and internal energy. 

Impacts using guns or high explosives to 
generate shock waves have provided nearly all of 
our current database in this area, starting with 
investigations during World War If. Those 
methods have provided a great deal of precise 
data on a wide range of materials, but are limited 
to pressures below 1 TPa. 1 0 Static compression 
experiments have been performed extensively in 
diamond-anvil high-pressure cells; these 
experiments will ultimately be limited to 
pressures below roughly 1 TPa by the insulator-
metal transition of diamond. Higher pressure 
experiments have been carried out at pressures 
from 1 TPa to over 100 TPa in the vicinity of 
nuclear explosions, but the data are of low 
precision above 10 TPa.1 1 

Relevant to the present discussion we note 
that high-intensity lasers can achieve similar high 
pressures, as was recently demonstrated.12 In the 
higher pressure regime, many new phenomena 
will become apparent, such as pres-sure 
ionization, strongly correlated fluid states, and so 
on. The strain rates involved can range up to 10 2 0 

bar/s, and the behavior of materials under these 
conditions is unknown, especially as applied to 
melting and other changes of phase. 

Figure VT-13 is a plot of stress vs strain rate 
domain. It shows the regions accessible to 
various experimental methods. High-stress, high-
strain-rate tensile states can be attained in solids 
when a shock breaks out of a free interface of a 
sample. Experimental fracture strengths of brittle 
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materials show a 1/3 power dependence with the 
tensile loading strain-rate. Extrapolating these 
fracture stress measure-ments, which were taken 
at strain rates below 10 5 s _ 1 , to strain rates up to 
10 1 0 s - 1 , tensile stress equal to the theoretically 
predicted tensile strengths can be reached. 

Strain rates as high as 109 s _ 1 are already 
possible using high-power lasers and in-situ 
x-ray diffraction. With NIF-like technology, the 
peak tensile stresses will be far in excess of those 
presently realizable and will be at ultrahigh 
strain rates. This capability will make it possible 
to investigate the fracture properties and 
ultimate strengths of many materials, including 
novel ceramics. 

We have essentially no bulk or atomic-scale 
knowledge of any materials under these 
conditions of pressure loading. Precise 
measurements are necessary to discriminate 
among competing models or theories. The NIF is 
important in that it is the first large laser of 
sufficient energy and pulse length to allow for the 
possibility of such measurements being made 
with sufficient accuracy. 

Data and validated theoretical models are 
vital for understanding and modeling such 
diverse phenomena as inertial confinement 
fusion, planetary interiors, and ultrahigh-velocity 
meteorite impacts. Data and validated theoretical 
models are also vital for most of the scientific 
experiments to be performed at the NIF, 
especially hydrodynamics and radiative and 
transport properties in condensed phase systems 
at high pressure (P) and temperature (T). We 
need to know the properties of materials over 
wide ranges of pressure and temperature. The 
detailed sections that follow describe the 
problems and some proposed experiments to 
determine the EOSs for: 

• The principal Hugoniot. 
• Multiple shock states. 
• Isentropic release states. 
• Isochoric heating experiments. 
• X-ray diffraction studies. 
• Other material properties. 

In doing so, we will describe applications to other 
fields. 
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Figure VI-13. Plot of stress vs strain rate domain, showing the regions accessible to various 
experimental methods. High-stress, high-strain-rate tensile states can be attained in solids when a 
shock breaks out of a free interface of a sample. NIF technology will make it possible to investigate 
the fracture properties and ultimate strengths of many materials, including novel ceramics. 

The Principal Hugoniot 
The principal Hugoniot is the locus of single 

shock states for shocks of varying strength, 
starting from material at normal density, 
atmospheric pressure, and 300°K. These are not 
thermodynamic paths, but a true locus of states 
(see Figure VI-14). 

The Rankine-Hugoniot relations,13 which 
express conservation of mass, momentum, and 
energy across the shock front, make the principal 
Hugoniot particularly useful. The final shock 
state (pressure, density, and total energy) can be 
determined from a knowledge of the initial state 
and two dynamic variables. The two dynamic 
variables are 

• The velocity at which the shock 
propagates through the undisturbed 
medium, referred to as either us or D. 

• The velocity of the material behind the 
shock front, referred to as either Up or 
U and known as the mass or 
particle velocity. 

For steady shocks, us is directly accessible to 
measurement, in principle. 

Shock compression of both fluids and solids 
can be visualized as a discontinuous change in 
state variables. This assumption is used in 
derivation of the Hugoniot-Rankine relations. 
With this view only the initial and final states of a 
shock-compressed material exist. In Fig. VI-14 we 
see that for an initial state (point A), there exists 
an infinite number of end states. A specific end 
state is reached when a material is subjected to a 
shock of specific strength. By performing a 
number of experiments, each with a different 
shock strength, a locus of end points is mapped 
out (points B, B', and B"). This locus of end points 
is known as the Hugoniot. 

The straight lines joining the initial condition 
A and each of the end points B in the PV plane 
are the Rayleigh lines. The slope of a Rayleigh is 
proportional to the shock velocity—higher 
strength compressions are associated with faster 
shock velocities. 
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Figure VI-15 illustrates the relationships of 
the Hugoniot, an isotherm, and an isentrope all 
going through the initial point A. A single point 
on the Hugoniot, which is the locus of end states, 
is reached after shock compression. Shock 
compression involves an increase in entropy, 
and the Hugoniot will always lie above the 

isentrope. Because any increase in entropy is 
associated with a rise in temperature, the 
Hugoniot also lies well above the isotherm. 
However, there may be situations where this is 
not true (for example, during a phase change) 
and in these cases a shock is thermodynamically 
impossible. With the capability of the NIF to 
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Figure VI-14. The principal Hugoniot defined. Shock compression of both fluids and solids can be 
visualized as a discontinuous change in state variables. For an initial state (point A), there exists an 
infinite number of end states. A specific end state is reached when a material is subjected to a shock of 
specific strength. Points B, B', and B" represent a locus of end points from experiments with different 
shock strengths. This locus of end points is known as the Hugoniot. The straight lines joining the 
initial condition A and each of the end points B in the PV plane are the Rayleigh lines. 
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Figure VI-15. Relationships of the Hugoniot, an isotherm, and an isentrope all going through the same 
initial point. Shock compression involves an increase in entropy, and the Hugoniot will always lie 
above the isentrope. Because any increase in entropy is associated with a rise in temperature, the 
Hugoniot also lies well above the isotherm. 
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provide more energy and long tailored pulses, 
yielding large scale-lengths and increased 
planarity, several of the current problems in 
achieving measurements will be overcome. This 
will open new horizons by permitting uniformity 
and constancy of shocks over time scales relevant 
to shock studies. 

The standard method is to measure the 
transit time At across a step of known extent Ax, 
and then % = Ax/At. Although this is a 
straightforward concept, there are several 
practical difficulties in current experiments, 
difficulties the NIF can alleviate. 

First, it is assumed that the velocity is 
constant. This has been rather difficult to achieve 
in ablatively driven shocks. With careful target 
design, the long, temporally tailored pulse of the 
NIF can solve this problem. 

Second, the velocities are large—for alumi
num at 10 TPa, us ~ 70 km/s. Such a shock wave 
will cross a 100-um step in only 1.4 ns, and the 
1% accuracy we desire implies an uncertainty in 
the measurement of only 14 ps. This will strain 
the ability of current diagnostic systems. 

The NIF will allow greater spatial 
dimensions, which will allow higher fractional 
accuracy for measurements of both length and 
time. Further, the use of a hohlraum drive will 
help ensure that the shocks are planar and of 
large transverse extent, which is necessary if the 
larger target samples are to be free of two-
dimensional effects. Accurate measurements are 
a requirement, because the uncertainty in 
shocked density varies roughly as the product of 
the compression with the uncertainty in shock 
velocity, and compressions greater than four will 
be common. 

It is, in principle, possible to determine 
compression directly using x-ray backlighting; in 
practice, we believe that to be extremely difficult. 
What remains is to measure the mass velocity. 
Again, the scale of targets posited for the NIF 
makes possible a method proposed years ago, but 
never realized. The idea is to directly measure the 
velocity of the shocked material by observing the 
motion of an interface in the shocked material 
using x-ray sidelighting with an x-ray streak 
camera. The velocities of the shocked material are 
large as well, but the spatial dimensions over 

which the measurement can be made are 
improved at the NIF by virtue of the relatively 
long time scale possible for the experiment. For it 
to become possible to directly measuring the 
velocity of the shocked material, a point-
backlighter beam is essential to avoid 
parallax effects. 

A further possible set of experiments to 
produce information on the principal Hugoniot 
is the use of what have become known as 
impedance-match experiments. In these experi
ments the equation of state of an unknown 
material is compared to that of a known 
material—perhaps by the methods described 
above. 1 4 

This method has been used in laser 
experiments before, but the scale of the 
experiments was such that only limited accuracy 
was possible.1 5 The method can be exploited at 
the NIF because of the planarity and uniformity 
of the drive in hohlraums. One suggestion is that 
a simple material such as aluminum or gold be 
developed as a "standard" material over the 
broadest pressure range on the principal 
Hugoniot, and then used as a point of 
comparison with other materials of interest. 

On the principal Hugoniot, there are a 
number of materials that must be studied. 
Hydrogen is the chief component of the Jovian 
planets. The current upper limit on single shock 
experiments in the fluid is 0.02 TPa, 1 6 which 
samples only a fraction of the Jovian interior. 
Solid D2 or H2 could be shocked to many TPa 
in well-characterized experiments, perhaps 
encountering the proposed plasma phase 
transition.17 

Further, metals of various Zs need to be 
studied. For aluminum in the range 10-100 TPa, 
successive pressure ionization steps are predicted 
to occur, and they may lead to wide excursions of 
the density on the Hugoniot as compared to 
calculations with purely statistical models. 1 8 In 
low-Z metals such as beryllium, these excursions 
are expected to occur below 10 TPa. 

The Rankine-Hugoniot conditions relate the 
dynamic variables and initial state to yield the 
total shock energy, and do not explicitly give the 
temperature of the shocked medium. This is an 
important issue, since temperature, rather than 
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total energy, is often an explicit variable in 
theoretical models. When we have recourse to 
competing models in the range of a few tens of 
TPa (several hundred megabars), we find that at 
a given pressure, the densities vary by about 
30%, while temperatures are known to no better 
than a factor of two. 

This is no mere academic problem, since the 
problem of high-pressure turbulent 
hydrodynamic flows explicitly involves 
temperature and entropy, and understanding 
these flows may prove intractable without more 
detailed information about the distribution of 
total energy into external and internal degrees of 
freedom. The solution to this problem may be to 
determine temperature by x-ray absorption 
spectroscopy, using absorption line ratios to 
determine the temperature of the shocked fluid. 
We note that the value of temperature 
measurements is not limited to the principal 
Hugoniot; these comments apply to other high-
pressure thermodynamic states and processes 
as well. 

example, a material is shocked from its initial 
state A to state B on the principal Hugoniot. If the 
material is shocked again while in state B, the 
new end state C will lie on another Hugoniot that 
is defined by the new set of initial conditions B. 
Again a limiting compression is defined that is 
some fraction of the specific volume of state B. 

The schematic in Fig. VI-17 shows a double-
shock compression experiment, with a particle at 
a position A embedded in the material to be 
shocked. In the top picture, a piston drives a 
shock (small arrow) from the right into the 
compressible material (solid). In the middle 
picture, the shock, traveling toward the wall, 
passes the particle at point A. As the shock passes 
it, the particle moves from state A to state B. In 
this change of state it acquires a particle velocity 
that is towards the wall in direction, but its 
velocity is lower than the shock velocity. The 
shock hits the immovable 

Multiple Shock States 
The principal Hugoniot is a single locus of 

states; we need to know the properties of 
materials over wider ranges of pressure, 
especially planetary or other isentropes. This 
region can be probed by the use of multiple-
shock experiments. Of this type of experiment, 
we can distinguish two main possibilities. 

The first is colliding shocks, initially traveling 
in opposite directions. This method can be used 
to generate extremely high pressures, since 
relative velocity is doubled, causing pressure to 
be increased by a factor of about four. 

A view of the multiple shock trajectories in 
the PV space together with an idealized 
schematic of a multiple shock experiment is 
shown in Fig. VI-16. For single-shock 
compression there is a limiting compression of 
fluids and solids which is asymptotically reached 
at high pressures. For large increases in pressure, 
small compressions are achieved at the expense 
of significant material heating. 

Multiple shocking of a material allows 
greater compressions at lower temperatures and 
pressure to be attained. In Fig. VI-16, for 
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Figure VI-16. Double-shock compression 
experiment. Multiple shocks allow access to a 
wide range of conditions, making it possible to 
attain greater compressions at lower 
temperatures and pressure. In the figure, a 
material is shocked from its initial state A to 
state B on the principal Hugoniot. If the 
material is shocked again while in state B, the 
new end state C will lie on another Hugoniot 
that is defined by the new set of initial 
conditions B. 
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Figure VI-17. Schematic of double-shock 
compression experiments. A particle at a 
position A is embedded in the solid material to 
be shocked—a compressible material (solid) 
adjacent to an infinite-impedance, immovable 
wall (heavy black line). In the top picture, a 
piston drives a shock (small arrow) from the 
right into the compressible material. As the 
shock (middle picture), traveling toward the 
wall, passes the particle at point A, the particle 
moves from state A to state B. In this change of 
state it acquires a particle velocity that is 
towards the wall in direction, but its velocity is 
lower than the shock velocity. The shock hits 
the immovable wall and is reflected into the 
solid, now traveling toward the right (bottom 
picture). The shock is now moving back into the 
compressed material, which is under pressure 
(from the piston), has been heated, and has a 
velocity—this is state B. As the shock passes it 
the second time, the particle moves to state C 
on a second Hugoniot, acquiring a new 
particle velocity. 

wall and is reflected into the solid, now traveling 
toward the right (bottom picture). The shock is 
now moving back into the compressed material, 
which is under pressure (from the piston), has 
been heated, and has a velocity—this is state B. 
As the shock passes it the second time, the 
particle moves to state C on a second Hugoniot, 
acquiring a new particle velocity. 

Situations akin to this occur naturally in 
solids—for example as a solid is shock-
compressed beyond the Hugoniot elastic limit (in 
the weak shock regime), or during a phase 
transition. The flexible pulse technology of the 
NIF will enable advanced methods of obtaining 
multiple shock states. 

In the case of relatively oblique incidence, we 
have the opportunity to study shock interactions 
that may lead to hydrodynamic instabilities, since 
there will be a shear component to the flow. This 
type of experiment is only practical with the use 
of large high-energy lasers, because the problems 
of timing and balanced shock generation are 
intractable for other drivers. The topic of 
instabilities is touched upon in Section V, 
Hydrodynamics. 

Of greater interest is the possibility of 
multiple or reverberating shocks in a material 
initially at rest. For a given final pressure, 
multiple shocks will achieve higher final 
densities and lower temperatures. With multiple 
shocks, ten-fold compressions can be achieved. 

The limit of very weak multiple shocks 
approximates adiabatic compression; all 
multiple-shock states of this type fall between the 
principal Hugoniot and the 0°K isentrope. This is 
an important regime for planetary physics, 
because all of the major planets are believed to 
have interior distributions of temperature and 
pressure that are best approximated by 
isentropes. As we noted in the introduction, 
current technology can sample only a very small 
fraction of those interiors. Using liquid or frozen 
hydrogen targets, experiments on the NIF will be 
able to probe states that are typical of the deep 
interiors of the Jovian planets, as well as of 
"brown" dwarfs in general. 

Multiple shocks can be generated by 
reflecting a simple shock wave at a boundary 
of high shock impedance (the product of density 
and shock velocity). These multiple shocks 
maybe characterized by the methods described 
above. However, the flexible pulse technology 
proposed for the NIF will enable a more direct 
method for characterizing multiple shocks. In this 
case, the driving pulse (for either direct 
or indirect drive) is stepped in intensity. With 
appropriate target dimensions, we can arrange 
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for the sample to be shocked in succession by 
these pulses. 

Isentropic Release States 
Isentropic release states are characterized by 

higher temperatures and lower densities than on 
the principal Hugoniot. These states can be 
reached by strong shocks followed by a release to 
lower pressure. When a shock in a material 
encounters a boundary with a medium of lower 
shock impedance, the final state of the material is 
on an isentropic release from the initial state. At a 
given pressure, these states will have higher 
temperatures and be more highly ionized than on 
the Hugoniot. If we think of the total pressure as 
arising from a "cold" compression part (that is, 
the 0°K isentrope) and from thermal 
contributions, these states are dominated by the 
thermal contributions to the equation of state. 

When a strong shock in a material releases 
into a vacuum, it forms a rarefaction fan—a 
gradient of density and temperature. This is 
difficult to characterize. It is simpler to mount a 
material of very low shock impedance against the 
initially shocked material, and then measure the 
shock in the low-impedance material. The final 
state in that material will match, in mass velocity 
and pressure, the release state of the initially 
shocked material, so the release state can be 
characterized by simple Hugoniot measurements 
in the low-impedance material.19 The large target 
scales possible on the NIF will make this kind of 
experiment possible for the first time in a laser-
driven environment. 

This process is shown in schematic form in 
Figs. VI-18 and VI-19, which model the same 
shock experiment. Figure VI-18 models the 
experiment in terms of pressure history (vs time), 
and Fig. VI-19 shows the shock in terms of 
pressure vs volume. 

Figure VI-18 shows the pressure history of 
the particle in the weakly shocked solid. The 
model is idealized and assumes that the solid 
behaves in a perfect-elastic, perfect-plastic way. 
The first shock wave (the elastic precursor) 
shocks the particle from normal pressure, 
density, and temperature to state B at the 
Hugoniot elastic limit (HEL). The particle sits at 

this state (B,B') until a second, slower wave (the 
plastic wave) shocks the solid to state C. 

Peak pressure C,C is maintained until the 
release wave, or rarefaction, reaches the particle 
at the release elastic limit (REL). The release wave 
is led by an elastic rarefaction (with a speed of 
U3), which releases the solid to state D,D'. This 
release is immediately followed by a slower-
moving plastic rarefaction to the final state E. 

Time 

Figure VI-18. Model of pressure history vs time 
of a particle in a weakly shocked solid. In the 
initial state (A) the particle is at rest and at 
normal pressure, density, and temperature. The 
particle is taken from state A to state B 
discontinuously at the Hugoniot elastic limit 
(HEL), shown by the wide gray line at B,B', by 
the elastic precursor traveling at speed ui. A 
second, slower wave (the plastic wave) shocks 
the solid from state B,B' to state C. Peak 
pressure C,C is maintained until a release wave 
(or rarefaction) reaches the particle. The release 
wave, led by an elastic rarefaction, releases the 
solid to state D,D', at the release elastic limit 
(REL), shown by the narrower gray line. This 
release is immediately followed by a slower-
moving plastic rarefaction to the final state E. 
Elastic and plastic rarefactions travel faster than 
the plastic shock (U3 > U2), because the material 
these waves travel into is compressed and hot. 
With time, the release overtakes the shock, 
eroding peak compression. It is vital to ensure 

Section VI 82 Material Properties 



that the duration of peak compression C,C is 
long enough to prevent decay of compression 
during the experiment, and this is where the NIF 
plays a significant role. 

Figure VI-19 shows the Hugoniot, the 
locus of end points of shock compression, 
and the release isentropes for the above 
shock experiment. 

At compressions up to the HEL, the solid 
responds to shock loading elastically—the lattice 
compresses in the same direction as the loading 
stress. The crystal lattice can support a shear 
stress, and the maximum shear stress the lattice 
can support defines the FIEL. 

When compressed beyond the HEL, material 
behavior changes significantly. At compressions 
above the HEL no further change in shear occurs 
(in the perfect-elastic, perfect-plastic model), and 
the material is said to yield. From the point of 
view of the material, a solid compressed beyond 
the HEL behaves in a fluid-like manner and starts 
to flow. This dramatic change in material 
response is observed in the principal Hugoniot as 
a cusp (B,B'). This change in material behavior in 
the weak shock regime is akin to a phase 
transition; hence the transition from state B to 
state B'. (No change in material properties is 
observed in the strong regime because only one 
shock, the plastic wave, exists. (See Fig. VI-20 for 
a model of the three shock regimes in solids.) 

On a microscopic scale (which is still not fully 
understood), after state C,C there is relaxation in 
the crystal lattice through dislo-cation movement 
and nucleation. The solid releases from state C in 
two stages, first with an elastic rarefaction that 
moves it from peak compression state C to some 
intermediate state D at the release elastic limit, 
along an isentrope. Next, a second, plastic, 
rarefaction returns the solid to the starting 
pressure, following a different isentrope to the 
end state E. Because shock compression is an 
irreversible process, the final state E is different 
from the initial state A. 

Figure VI-20 shows the three shock regimes 
in solids—the elastic regime, the weak shock 
regime, and the strong shock regime. In the 
elastic regime, the solid is shocked to less than 
the Hugoniot elastic limit (state B). This shock 

wave consists of a single elastic front. In the weak 
shock regime, the shock moves the 
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Figure VI-19. Model of pressure history vs 
volume, showing Hugoniot, end points of shock 
compression, and release isentropesfor the 
shock experiment above. As the elastic 
precursor takes the particle from state A to state 
B,B' at the Hugoniot elastic limit (HEL), there is 
a dramatic change in material response, when 
no further change in shear occurs and the 
material is said to "yield." This is observed in 
the principal Hugoniot as a cusp (B,B'). On a 
microscopic scale, after state C,C there is 
relaxation in the crystal lattice, and the solid 
releases from state C , first with an elastic 
rarefaction that moves the solid from peak 
compression (state C) to some intermediate state 
D at the release elastic limit (REL), along an 
isentrope. Next, a second, plastic, rarefaction 
returns the solid to the starting pressure, 
following a different isentrope to the end 
state E. The final state E is different from the 
initial state A because shock compression is an 
irreversible process. 
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Figure VI-20. The three shock regimes in 
solids—elastic, weak shock, and strong shock 
regimes. Shock compression for a weak shock 
and a strong shock is drawn on a Hugoniot and 
the trajectories are shown as Rayleigh lines. 
Shock velocity is proportional to the slope; 
stronger shocks have higher shock velocities. In 
the elastic shock regime, the solid is shocked to 
less than the Hugoniot elastic limit (HEL) (state 
B). This wave consists of a single elastic front. 
In the weak shock regime, the shock moves the 
material continuously to the HEL (point B), at 
which point the material discontinuously goes 
to the intercept (point C). The strong shock 
regime is defined by Rayleigh lines that have 
slopes equal to and greater than the straight line 
joining the HEL and the initial state. Here the 
double shock structure never develops, and a 
single discontinuous front is formed, taking the 
solid from state A to a state of pressure higher 
than for the weak shock. 

material continuously to the Hugoniot elastic 
limit (point B), at which point the material 
discontinuously goes to the intercept (point C). 
The final regime is the strong shock regime. Here 
the plastic waves acquire a velocity greater than 
the elastic precursor (U2 > ui), the double shock 
structure never develops. A single discontinuous 
front is formed, taking the solid from state A to a 
state of pressure higher than for the weak shock. 

The conditions in a release experiment are 
found in nature both in high-energy-density 

ablation phenomena and in ultrahigh-velocity 
meteorite impacts. Thus, it is clear that 
understanding these states is important to 
understanding the shock generation process at 
the NTF itself. Since much of the radiation 
transport in laser-generated plasmas is in hot, 
expanded material, these states may provide a 
fruitful way to generate useful states for radiation 
transport studies. 

Isochoric Heating Experiments 
The use of isochoric heating (heating at 

constant density) on the NIF will enable an 
entirely new class of experiments at high 
pressure and temperature. This implies that the 
heating pulse will be absorbed in a time that is 
short compared to hydrodynamic time scales of 
expansion. It also implies a nearly constant 
deposition of energy throughout the sample 
volume. Isochoric heating will allow us to reach 
unique high-temperature and high-pressure 
states, and the high density will lead to strongly 
coupled physics. Note that other aspects of 
strongly coupled plasma are discussed in Section 
DC, Radiative Properties. 

The unique states attainable by isochoric 
heating are in the center of a region for which no 
limiting equation of state theories apply and for 
which there is simply no data at all! These states 
fall outside the limits of low p, high T where the 
activity expansions are valid, and outside the 
limits of high T where the Thomas-Fermi model 
is valid. 

A promising method is to exploit the 
neutrons generated in a very short (<10-ps) 
pulse at ignition, with a total predicted energy of 
up to 45 MJ, mostly in 14-MeV neutrons. We 
should be able to reach temperatures in thin foils 
of up to 50 eV at solid density. Even in materials 
with small neutron cross sections, it will be 
possible to add small amounts of fissile material 
to increase the interaction with the neutrons 
without significantly changing the material 
equation of state. A free-standing foil heated in 
this manner will be an excellent test material for 
spectroscopy. 

Another possible method to obtain isochoric 
heating is to use a set of the NTF beams to 
irradiate metal targets at high intensity in a short 
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pulse. This will produce a copious amount of 
hard x-rays. We calculate that a 10-um-thick 
aluminum foil could be heated to tens of electron 
volts in this manner. In this case, it could be 
mounted to a low-Z stepped tamping foil; 
measuring the shock velocity in the tamper will 
allow determination of points on a unique 
release isentrope from the initial state. Again, 
such a well-characterized sample will be ideal 
for spectroscopy of high temperature and 
density states. 

X-ray Diffraction Studies 

The NIF will be able to push time-resolved 
in-situ x-ray diffraction into new experimental 
territory. Its higher energies and longer pulse 
lengths will allow creation of harder, brighter 
x-ray sources with longer durations. These x-ray 
sources will make available greater probe depths 
and experimental windows over which the shock 
compression process is measured. Thus, 
extensions of present techniques can then be used 
to study higher-Z materials. 

For example, it is not possible at present to 
experimentally investigate medium-Z metals like 
iron and copper, where an extensive single-
crystal literature exists. Iron is especially 
important for geological reasons, and although it 
has been thoroughly investigated, there is still 
controversy over the phase diagram.2 0 

The study of shock-induced polymorphic 
phase transitions, such as those observed in 
potassium chloride, is an area where long-
duration x-ray sources (i.e., 10-50 ns) that are 
bright enough to be time-resolved are of 
importance.21 Of further technological 
importance is understanding the effects of 
shock compression on superconducting 
properties, shock synthesis, and decomposition 
of high-temperature superconductors22 and 
ceramics.23 

All of these studies will require the extensive 
development of polycrystalline x-ray diffraction 
techniques.24 For x-ray diffraction techniques to 
work successfully on polycrystal-line material, 
the probing radiation needs to be extremely 
bright. This is because diffraction from a 
randomly oriented powder or poly-crystalline 
solid is much less efficient than from a single 

crystal. The lower diffraction efficiency is caused 
by the random orientation of the constituent 
microcrystals, which results in most of the 
material not presenting the Bragg angle to the 
incoming x-ray source. For polycrystalline 
material, a reduction of two orders of magnitude 
in diffracted intensity is expected when 
compared to the same material in the single 
crystal form. 

In conventional x-ray diffraction analysis this 
reduced diffraction efficiency can be overcome by 
using long time integration to make a 
measurement, but even so, focusing cameras are 
necessary in some cases. In shock-wave physics, 
on the other hand, measurements must be 
taken on nanosecond time scales, requiring 
ultrabright x-ray sources and the use of x-ray 
focusing cameras. 

In addition, the probing radiation needs to 
have a large penetration depth in order to 
sample a large volume. The standard method is 
to use a Seeman-Bohlin powder diffraction 
spectrometer, which allows the use of a large 
polycrystalline sample. Because of the long 
penetration depths of the hard x-rays that allow 
large volumes to be probed, powerful laser 
systems with NIF capabilities will be needed to 
create the ultrabright x-ray source at the short 
wavelengths preferred. 

Figure VI-21 illustrates a Seeman-Bohlin 
camera (powder diffraction spectrometer). With 
this kind of camera, as shown schematically in 
the figure, x-rays from a divergent x-ray source 
are diffracted from a large-area powder or 
polycrystalline target. These diffracted x-rays are 
focused to a single line on the detector, helping to 
ease the intensity demands on the x-ray source. 
This increases the diffraction signal from a 
powder or polycrystalline sample. 

Because a large-area sample is required, 
large-area shocks must be generated to compress 
the target. These shocks need to be uniform, 
which will require extremely large energies to 
create them. The need for high-flux, high-energy 
x-ray sources and large areas of shocked material 
indicate that experiments of this type will require 
the capability of the NIF. 
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Figure VI-21. The Seeman-Bohlin camera. Diffraction from a randomly oriented powder or 
polycrystalline solid is much less efficient than from a single crystal. The Seemann-Bohlin camera 
diffracts x-rays, which come from a divergent source, from a large-area powder (or polycrystalline 
target). These diffracted x-rays are focused to a single line on the detector (the film), helping to ease 
the intensity demands on the x-ray source. In a large area sample an enormous number of randomly 
oriented microcrystallites are illuminated by the source, and those that are correctly aligned to the 
incident x-ray beam diffract onto the detector. The detector integrates (and increases) the signal. 

In high-temperature superconductors, x-ray 
absorption is high because of the high Z content 
(e.g., YBCO, BSCCO), which makes them difficult 
to study. Detailed quantum mechanical modeling 
of brittle fracture in ceramic titanium carbide 
exists, and shock breakout measurements have 
been shown to be one of the most successful ways 
of attaining and measuring ultimate tensile 
strains.2 5 This technique could be extended to 
study novel polycrystalline high-strength 
materials of the future. 

The greater laser energies of the NIF can be 
used to generate larger compressions, making 
greater portions of the solid-state Hugoniot 
accessible to the x-ray diffraction technique. 
Because the compressions are large (up to 50% 
for a few megabars for many metals) the shocked 
area must subtend a large angle to the x-ray 
source. These shocked regions will need to be 
2 cm in diameter or more. Such large-area shocks 
must be uniform to ensure uniaxial compression 
of the solid. Although uniform compression is 
not possible by direct radiation, it is possible with 
x-ray driven ablation.26 

Using long compression pulses is important 
to prevent the rarefaction from overrunning the 
shock front and eroding the compression. With 
x-ray-driven shocks, experimental investigation 
of shock front thicknesses in the strong shock 
regime can be made. Knowledge of the shock 
front, the thickness and shape, is extremely 
limited, and beyond the temporal and spatial 
resolutions of most experimental techniques. 

With the next-generation facility's rapid rise 
time, long-duration compression waves should 
be possible using long-duration shaped laser 
pulses. Using such well-defined shocks allows us 
to use x-rays to probe only the material in the 
shock front that has strains between zero and 
peak compression. Diffraction at these 
intermediate angles must be related to the shock 
front. Using x-ray streak cameras with 1-ps time 
resolution, measurements with resolutions of 
approximately 30 atomic spacings are feasible. At 
these resolutions, issues such as shock planarity 
and target fabrication may dominate. These 
critical measurements of the shock front are 
vital for a fundamental under-standing of 
shock compression. 
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Other Material Properties 

While the emphasis above has been on basic 
high-pressure properties, other properties are 
very important scientifically. The electrical 
conductivity of materials at extreme conditions is 
crucial to understanding the origin of planetary 
magnetic fields, the transient fields predicted in 
the expansion plume of meteorite impacts, and 
MHD problems in general in hot and dense 
matter. Thermal conductivities are essentially 
unknown at pressures above =10 GPa. (Note: we 
have referred to radiation transport here and in 
other sections of this report—its importance is 
described in more detail in Section IX, 
Radiative Properties, Subsection E.) 

All materials will be in hot fluid states at 
extreme shock pressures. For the group IV 
elements in particular, we note that these liquids 
are believed to be semiconductors or metallic. 
Their local structure is uncharacterized, but it is 
believed that for modest pressures above melt, 
the structure is not a close-packed liquid. This 
points out the need for techniques to determine 
the distribution function in space of ions or atoms 
in the post-shock or other transient high-
pressure states. 

Another broad area of inquiry is the problem 
of non-equilibrium properties. This can be 
viewed as a special case of departure from local 
thermodynamic equilibrium (LTE), as applied 
to excitations of the system in general. We 
assume that areas of interest to material 
properties, such as those above, will rapidly 
evolve with the advent of the NIF. Until that time 
these are systems that cannot be considered ripe 
for investigation. 
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Section VII 

Plasma Physics 

The creation of and interaction with plasmas 
by high-energy lasers has a long history.1 The 
irradiation of a surface with a high-energy laser 
produces a blow-off plasma that can be quite hot 
and that contains densities suitable for the 
excitation of many parametric processes. Hence, 
high-power lasers represent a convenient way of 
producing plasmas with which to perform laser-
plasma interaction experiments. 

The areas of plasma physics that have been 
addressed on high-energy lasers arise from two 
independent avenues of research. First, there are 
studies of the phenomena that are created by the 
laser interacting with a plasma. In this area one 
would have'the instabilities enhanced by laser-
plasma coupling, such as stimulated Brillouin 
scattering, stimulated Raman scattering, etc. In 
the second there are attempts to use the laser to 
emulate other phenomena occurring in nature. 
Here the study of interpenetrating plasmas and 
plasma flow in a magnetic field are examples to 
be presented. 

A. Interpenetrating Plasmas 
Plasma interpenetration occurs in beam-

plasma systems and in laser ablation 
experiments, and in the context of geophysics 
and astrophysics. Therefore, interpenetration of 
counter-propagating plasmas can be considered a 
problem of fundamental interest in plasma 
physics. Single-fluid computer models are 
fundamentally unsuited for the study of 
interpenetration of counter-propagating plasmas 
because such codes enforce stagnation, resulting 
in unphysical temperatures and shock formation. 

Although methods for modeling the collisionless 
regime are well developed, the intermediate 
regime is more difficult to model. 

Recently, new computational methods have 
been investigated and applied to the simulation 
of colliding plasmas formed by laser ablation of 
parallel discs or foils. One modeling technique is 
to follow multiple fluids that are coupled by 
means of self-consistent electromagnetic fields as 
well as through collisional interaction. 

A different approach is to augment kinetic 
particle-in-cell calculations with algorithms for 
collisions. A typical result from this latter method 
is presented in Fig. VH-1, which shows a calcula
tion of two laser-heated parallel plastic foils. The 
figure shows the ion density for each foil at 800 
ps after initiation of the laser, clearly illustrating 
the interpenetration of the plasmas into one 
another. The particle phase space view (A) shows 
the slowing down and heating in the center as the 
two plasma flows gently stagnate. The particle 
space result (B) shows that the interpenetration is 
stopped by collisions. 

Figure VII-2 shows the schematic for an 
experiment performed on two solid targets. The 
two opposing laser beams impinge on the targets 
(one of aluminum and one of silicon) and create 
plasmas that expand toward each other. (The 
targets are of aluminum and silicon to permit 
spectroscopic identification of the plasma 
positions.) Measurements are made with a four-
frame gated microchannel plate coupled to a 
filtered pinhole, so the images represent a two-
dimensional map of the emission. Figure VII-3 
shows an x-ray image of the experiment shown 
schematically in Fig. VH-2. 
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A) Phase space view B) Particle space result 
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Figure VII-1. Simulation of an interpenetrating plasma showing two exploding carbon foils, 
originally 3.2 um thick, separated by 1500 um. A) The phase space view, showing the stopping of the 
interpenetration by collisions. B) The particle space result, showing ion density vs position, measured 
from the center. The overlapping of the two curves clearly shows interpenetration. Both views are at 
800 ps after initiation. 
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Figure VII-2. Schematic of colliding plasma 
experiment using two opposing beams to 
irradiate two facing solid targets. One target is 
aluminum (on the left) and one is silicon (on the 
right). The dots have a radius of 250 |im, the 
laser spot has a radius of 500 um, and the 
distance between the dots is 800 um. 

Figure VII-3. X-ray image of colliding plasma 
experiment shown in Fig. VII-2. The image was 
taken with a four-frame gated microchannel 
plate coupled to a filtered pinhole. 
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B. Plasma Streaming in 
Magnetic Fields 

The propagation and stability of collimated 
streams or jets of plasmas in magnetic fields is 
central to a number of important physical 
problems, including beam heating of 
magnetically confined thermonuclear plasmas,2 

the interaction of the solar wind with planetary 
magnetospheres,3 and the formation and 
equilibrium properties of extragalactic jets.4 

High-energy laser experiments conducted at 
total beam energies below 0.3 kj have 
demonstrated the feasibility of studying high-
energy jet phenomena with laser-produced 
plasmas.5 A cylindrical glass hohlraum, 3000 urn 
long by 1000 |xm diameter, was irradiated with 
one or two beams of a laser operating at 1.06 |Jm 
wavelength. The laser had a pulse length of 2 ns 
and energies ranging from 0.03 to 0.3 kj. The 
hohlraum was located at the center of a 24-cm 
diameter Helmholtz coil, which provided a 
spatially uniform and temporally constant 
magnetic field up to 10 kG over regions and 
times of interest. The hohlraum was oriented 
with its axis perpendicular to the applied 
magnetic field. 

The laser-produced plasmas from the inside 
of the cylindrical glass hohlraum were observed 
to evolve into plasma structures that were 
strongly collimated in the direction transverse to 
the hohlraum axis and the magnetic field, but jet

like in the direction parallel to the hohlraum axis. 
These jets were observed to propagate across the 
magnetic field lines at their initial velocities via 
the mechanism of an E x B drift. Shear in the 
velocity field of the jet led to the evolution of a 
classic Kelvin-Helmholtz-like instability on the 
edges of the plasma. 

Figure VII-4 shows an optical image taken of 
one such expansion of a laser-produced plasma 
streaming into a 10-kG magnetic field. The 
plasma is emerging from a hohlraum irradiated 
with a single beam at 0.1 kj. The image was taken 
at 850 ns after the laser pulse started, and was 
obtained using an ultraf ast optical framing 
camera with 2-ns -time resolution. In this 
experiment, the hohlraum end opposite to 
the laser-entrance hole was closed using an 
epoxy plug. 

At 850 ns after the laser was incident on the 
target, the maximum plasma jet velocity is 
=8 cm/|is and a dramatic vortex structure has 
been produced. Both the jet formation and the 
observed instability may be relevant to a range of 
astrophysical phenomena. 

C. Laser-Plasma Instabilities 
The coupling of high-intensity laser light to 

plasmas has been the subject of experimental 
investigations for many years.6 These 
experiments have focused on measuring a broad 

B-field 

Laser 

Hohlraum edge 

Figure VII-4. Optical image of a plasma streaming into a magnetic field. The plasma jet is emerging 
from a hohlraum on the right into a B-field that is coming out of the plane of the figure. The image 
was taken at 850 ns after the laser pulse started, using an ultraf ast optical framing camera with 2-ns 
time resolution. Note the dramatic vortex structure. 
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range of phenomena such as resonance and 
collisional absorption, filamentation, density 
profile and particle distribution modification, and 
the growth and saturation of various parametric 
instabilities. These phenomena depend on both 
the properties of the laser (intensity, wavelength, 
pulse length coherence, etc.) and the composition 
of the plasma. 

Experimental studies of laser-plasma 
instabilities have become particularly important 
in recent years as a result of the vigorous research 
effort in laser-driven inertial confinement fusion 
(ICF). The success of ICF depends partly 
on mitigating the undesirable effects of 
two particular parametric instabilities, 
stimulated Raman scattering and stimulated 
Brillouin scattering. 

These two instabilities are of particular 
importance because both degrade the target 
compression efficiency in a spherical implosion 
experiment. Electron Landau damping from the 
stimulated Raman scattering instability produces 
fast electrons that can preheat the core of an 
imploding sphere prior to the arrival of the 
compression shock front.7 The stimulated 
Brillouin scattering instability can scatter a 
substantial fraction of the incident laser light, 
causing an overall reduction in the laser-to-
x-ray drive efficiency and modifying the x-ray 
drive symmetry. 

In addition to its importance for ICF, high-
intensity laser-plasma coupling presents an 
extraordinarily rich topic in the study of high-
energy-density physics. For example, laser-
produced plasmas provide a unique environment 
for the study of collisional and resonance 
absorption of laser light. Numerous experiments 
using various kinds of target materials and 
widely varying laser parameters have verified 
the general features of collisional absorption, 
such as the dependence of absorption on plasma 
temperature, scale length, laser wavelength and 
intensity.8'9 

Experiments investigating resonance 
absorption, which occurs at the critical density 
surface, show an expected dependence on the 
angle of incidence and polarization of the 
laser. 1 0- 1 1 However, these experiments also show 

some discrepancies in the absorbed energy that 
may be attributed to rippling of the critical 
density (N c r) surface. Density profile 
modification has been observed in experiments 
where resonance absorption is the dominant 
coupling mechanism.This profile modification 
can lead to harmonic generation in back-reflected 
laser light.1 2 

Laser-produced plasmas provide a unique 
environment for the study of parametric 
instabilities. These instabilities can most simply 
be described as the resonant coupling of the 
incident laser light into two other plasma waves. 
Experiments have been done on stimulated 
Raman scattering instability (discussed above in 
the context of ICF), where an incident photon 
decays into an electron plasma wave and a 
scattered photon. These experiments have 
shown some important trends, such as the 
generation of hot electrons from stimulated 
Raman scattering and the dependence of the 
instability on plasma scale length, laser intensity, 
and electron collisionality. 

Figure VII-5 shows the region in a density 
gradient where stimulated Raman scattering and 
Brillouin scattering play a role. The figure shows 
that occurrence of Brillouin scattering, 
filamentation, and inverse bremsstrahlung is 
possible at places below the critical density, 
while the wave-matching conditions indicate that 
two-plasmon decay and stimulated Raman 
scattering occur at and below the quarter critical 
density point. 

The occurrence of the stimulated Raman 
scattering and the two-plasmon decay is 
separated into two density regimes. The first 
region is near quarter critical density, where the 
stimulated Raman scattering and two-plasmon 
decay can occur together, with both being 
absolute instabilities. This means these 
instabilities can grow, saturate, create ion waves, 
and create density increases. Then the waves 
cease to satisfy the wave-matching conditions. At 
this point the profiles relax, allowing the process 
to re-initiate. However, in the lower-density 
regime the stimulated Raman scattering is not so 
strongly damped and the process is convective. 
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Figure VII-5. Schematic of regions where laser-
plasma instabilities can occur in an electron-
density gradient. Electron density (in units of 
the critical density) for an idealized gradient is 
shown as a function of distance. The occurrence 
of Brillouin scattering, f ilamentation, and 
inverse bremsstrahlung is possible in regions 
below the critical density, while the wave-
matching conditions indicate that two-plasmon 
decay and stimulated Raman scattering occur at 
and below the quarter critical density point. The 
occurrence of the stimulated Raman scattering 
and the two-plasmon decay is separated into 
two density regimes. The first is near quarter 
critical density, where the stimulated Raman 
scattering and two-plasmon decay can occur 
together, with both being absolute instabilities. 
In the lower-density regime the stimulated 
Raman scattering is not so strongly damped and 
the process is convective. 

Stimulated Raman Scattering 

The wave-matching conditions for stimulated 
Raman scattering are shown schematically in 
Fig. VII-6. Here the incident laser interacts with 
the plasma, stimulating a scattered light wave 
and an electron plasma wave. 

Figure VII-7 shows an example of the time-
resolved stimulated Raman scattering spectrum 
arising from a CH2 exploding-foil target. The foil 
was irradiated with a temporally square 1.0-ns 
pulse of 0.35 um light with an intensity of 
-3 x 10 1 5 W/cm 2 . The laser burned through the 
target during the pulse, producing an 
approximately parabolic density profile. This is 
seen in the figure, where the maximum density at 
which the stimulated Raman scattering occurs 
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Scattered light wave 
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Figure VH-6. Wave-matching condition 
for stimulated Raman scattering. The incident 
laser interacts with the plasma, stimulating 
a scattered light wave and an electron 
plasma wave. 
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Figure VII-7. Contour plot of intensity of 
Raman-scattered light vs wavelength and time 
for a CH2.exploding-foil target. It can be 
inferred that the maximum density at which the 
stimulated Raman scattering occurs drops from 
-0.22 to 0.09 N c r as the foil explodes. The insert 
shows the data image from a streak camera 
coupled to a visible spectrometer. The 
experiment has a thin plastic foil irradiated by a 
0.35-um laser at 10 1 5 W/cm2. Note the timing 
fiducial used to indicate time relative to the 
incident laser pulse. 

drops from -0.22 to 0.09 N^ as the foil explodes. 
Further, the time dependence of the short-
wavelength cutoff implies a heating of the 
electrons followed by cooling as the foil expands. 
However, the details of this instability (such as 
the frequency spectrum, angular distribution of 
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the scattered light, saturation mechanisms, 
threshold intensities, and starting noise level for 
the instability) are not well understood. 

Two-plasmon decay instability occurs when 
the incident laser light decays into two electron-
plasma waves. Experiments utilizing Thomson 
scattering have shown that the wave number for 
maximum growth is the same as that predicted 
by linear theory. 1 3 These same experiments 
showed large levels of (short-wavelength) ion 
fluctuations that correlated with the two-
plasmon-decay Langmuir waves. Meanwhile, 
experiments have examined the saturation and 
long-time-scale evolution of this instability.14 

Stimulated Brillouin Scattering 
The stimulated Brillouin scattering instability 

occurs when the incident laser decays into an ion 
acoustic wave and a scattered light wave. There 
have been a number of interaction experiments 
that have produced substantial backscattered and 
sidescattered light that is attributed to the 
stimulated Brillouin scattering instability.8'15 

The intensity of the scattered light seems to 
decrease as the wavelength of the interaction 
light decreases. 

The temporal growth rate, spatial behavior, 
and saturation characteristics of stimulated 
Brillouin scattering have been investigated using 
Thomson scattering and measurements of the 
back-reflected light. 1 6 The exponential growth in 
time of the scattering was found to be in good 
agreement with linear theory. Experiments 
investigating the nonlinear effects of stimulated 
Brillouin scattering have shown ion acoustic 
wave harmonic generation and a rapidly varying 
100% modulation of the ion wave. 1 7 The 
stimulated Brillouin scattering process has been 
studied in the past because of its creation of a 
large reflected wave, which diminishes the 
coupling of an intense laser. 

Figure VII-8 shows the wave-matching 
conditions for stimulated Brillouin scattering. The 
physical mechanism that generates the reflected 
wave is shown in Fig. VII-9. An impinging laser 
of electric field, EL, interacts with initial density 
fluctuation, 8n, to produce a transverse current 
proportional to 8nEL- This transverse current 
produces a reflected light wave with a field ER. 

Incident laser 
Ion sound wave 

(<°ia.kia) 

Scattered light wave 
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Figure VII-8. Wave-matching condition for 
stimulated Brillouin scattering. The stimulated 
Brillouin scattering process creates a large 
reflected wave, which diminishes the coupling 
of an intense laser. 
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Figure VII-9. Diagram of physical mechanism 
that generates the reflected wave. An impinging 
laser of electric field, E]> interacts with initial 
density fluctuation, 8n, to produce a transverse 
current proportional to 8nEL. This transverse 
current produces a reflected light wave with a 
field ER. Then the ponderomotive force due to 
the incident and reflected light waves, ELER/871, 
can in turn enhance the density fluctuation, 8n. 
This enhancement will grow as long as the 
wave-matching conditions shown in Fig. VII-8 
are met 

Then the ponderomotive force due to the incident 
and reflected light waves, ELER/871, can in turn 
enhance the density fluctuation, 8n. This 
enhancement will grow as long as the wave-
matching conditions are met. 

Stimulated Brillouin and Raman scattering 
are three-wave processes that occur when the 
incoming light photon (of frequency COo a n £ i wave 
number /CQ) couples to a scattered light photon 
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and a plasma wave. The conservation equations 
that govern the interactions are: 

©0 = ®scat + ®pw (energy conservation) 
0̂ = heat + kpw (momentum conservation) 

The subscripts scat and pa; refer to the scattered 
light photon and the plasma wave respectively. 

Brillouin scattering with its reflected 
wave has many interesting features that will 
be addressable at the NIF. Among these are 
saturation mechanisms; ion heating; and 
instability competition between, for example, 
stimulated Raman and stimulated 
Brillouin scattering. 

Some typical spectra of back-reflected light 
for a glass microsphere and a plastic disk 
irradiated with 1.06-um light are shown in 
Fig. VII-10. Here the spectrum is red-shifted for 
the higher-Z target shown, while the spectrum is 
blue-shifted for the low-Z plastic target. The 
spectral shift has been measured with different 
angles of incidence in order to estimate sound 
speed and plasma expansion velocity. Note that 
experiments using spatial and temporal laser-
beam smoothing techniques, mentioned in the 
description of the laser facility, have shown a 
significant reduction in the level of backscattered 
emission from both stimulated Brillouin and 
stimulated Raman scattering instabilities.18 

More than one parametric instability may 
occur at the same location in a plasma, and these 
can interact with each other. One experiment 
investigating the interaction of stimulated Raman 
scattering instability and stimulated Brillouin 
scattering showed a strong correlation between 
the quenching of stimulated Raman scattering 
instability plasma waves and the initiation of 
stimulated Brillouin scattering ion waves. 1 9 

Another experiment showed that the 
spectrum of backscattered light from stimulated 
Raman scattering instability depended on the 
presence of stimulated Brillouin scattering.20 The 
data in these experiments suggest an explanation 
for the temporal evolution of the "Raman gap," 
an observationally missing stimulated Raman 
scattering instability signal that would be 
associated with regions of electron density from 
-0.18 to 0.25 N C T . The data showed that the 
"Raman gap" could be explained in terms of the 
stimulated Brillouin scattered light. Although 
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Figure VII-10. Spectra for the back-reflected 
light due to stimulated Brillouin scattering. In 
A) the material is a glass microsphere (the 
higher-Z target), while in B) it is a parylene-C 
disk (the low-Z plastic target). The spectrum for 
the higher-Z target is red-shifted, while for the 
low-Z target it is blue-shifted. 

these experiments do not completely explain the 
gap, the results are consistent with the 
assumption that an interaction exists between the 
two instabilities. 

Filamentation Instability 

Filamentation instability occurs when a small 
hot spot in the laser-intensity profile undergoes 
self-focusing as a result of thermal, pondero-
motive, and/or relativistic effects. The result is 
that electrons, and eventually ions, are expelled 
from the filament, lowering plasma density and 
causing the laser light to focus more tightly. This 
creates an unstable feedback loop where a tighter 
focus leads to higher intensity and more density 
depletion. Eventually, the instability saturates 
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through diffraction effects, thermal absorption, 
or laser-light scattering by stimulated Brillouin 
and Raman scattering instabilities. 

Filamentary structures have been inferred 
from density perturbations measured using 
interferometry, shadowgraphy, and dark-field 
imaging, and by imaging second and three-
halves harmonic emission. 2 1 ' 2 2 Other experiments 
designed to study the growth of a well-defined 
intensity perturbation show an increase in the 
perturbation of spatial density that is consistent 
with ponderomotive filamentation.23 

Figure VII-11 shows an example of laser-
induced filamentation results for an experiment 
using a long scale-length plasma. The plasma was 
formed by focusing a 4-ns pulse of 1.05-um light 
onto a plastic foil. The pulse had a spot size of 
~1 mm and a peak intensity of ~6 x 10 1 2 W/cm 2. 
The plasma was then irradiated with a second, 
more intense, 300-ps pulse of 1.05-um light, this 
one with a peak intensity of ~8 x 10 1 4 W/cm 2, 
creating a second-harmonic emission. The figure 
shows an image of the pattern of the second-
harmonic emission. 

Figure VII-11. Image of laser-induced filamentation. The second-harmonic emission is created by 
irradiating a preformed plasma with a second, intense 1.05-|im laser. The left image (with the scale) 
shows a magnified section of one of the filamentary structures. The image on the right shows the 
target surface at the top together with an entire spatial record. 

D. Future NIF Experiments 
In the past, laser-produced plasmas have not 

been sufficiently uniform, and so the interaction 
physics, which is extremely sensitive to 
gradients, has been clouded. Some of the plasma-
physics phenomena that will be studied with a 
large laser like the NIF are grouped here for 
discussion. In some cases, knowledge of the 
behavior of the phenomena is quite extensive and 
deeper understanding is sought. In other cases, 
the phenomena have not been addressed 
experimentally at all. This difference in treatment 
is due to the level of sophistication we now have 
in the various areas. 

The experiments envisioned in the present 
discussion would require good focal-spot 
focusing capability—as small as 50 urn FWHM— 
and a dedicated interaction beam line with very 
high or low f/number as well as the potential to 
operate with laser wavelengths at first, second, 
and third harmonics. The experiments would 
also need some type of Thomson-scattering probe 
beam plus collection optics. These experiments 
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require the energy of the NIF to produce the large 
preformed plasma needed to obtain large 
interaction lengths. 

The NIF's proposed 1.8-MJ laser will allow 
the production of a plasma at an electron 
temperature of 3 keV with an 11-mm diameter 
and a plasma at 5-6 keV with a 6-mm diameter. 
(With smaller plasmas, the NIF will be able to 
produce even higher electron temperatures.) The 
larger plasmas will translate into longer 
interaction lengths, greater homogeneity, higher 
temperatures, longer time scales, and reduced 
velocity gradients. Thus, the NIF is central to the 
experimental possibilities discussed below. 

Laser-Plasma Interactions in Large, 
Hot Plasmas 

Long Scale-Length Plasma Production 
Several kinds of diagnostics can be used to 

study laser-plasma interactions in large, hot 
plasmas. One primary diagnostic for 
filamentation would be stimulated Brillouin 
scattering signal, which is indicative of lower 
density in the filaments that could be coupled 
with high spatial resolution (on the order of 
1 urn). Other diagnostics would be XUV imaging 
and high-resolution optical probing with 4-a)o 
light. Further, the study of the angular 
distribution of scattered light would provide an 
indication of filamentation. 

Thomson scattering could be used for these 
investigations, thus making highly localized 
measurements of plasma temperature and 
density by scattering from thermal electron-
density fluctuations in the plasma. In addition to 
using Thomson scattering for thermal 
measurements, it is possible to reach far deeper 
understanding of the physics of laser-plasma 
instabilities by using Thomson scattering to 
measure the coherent motion of electrons 
involved in ion acoustic and electron plasma 
waves. This measurement can provide a 
temporally and spatially resolved measure of the 
coherent fluctuation amplitude in a specific 
direction determined by the angle made by the 
detector, scattering volume, and scattering 
light source. 

Measurement of the background fluctuation 
levels would provide information about the 
initial level of coherent fluctuations, the 
amplification of these levels with the application 
of a pump or interaction beam, and the saturation 
level of the fluctuations. In addition, it could 
provide useful information about the coupling 
between stimulated Raman and stimulated 
Brillouin scattering by means of simultaneous 
measurement of the ion acoustic and electron 
plasma waves at the same spatial location. 

Measurement of optical-wavelength 
Thomson scattering is well-suited for studying 
low electron densities such as are encountered in 
the corona, whereas x-ray wavelength Thomson 
scattering is better-suited for studying plasma 
densities that exceed the critical density for 
standard visible and near-UV lasers. The 
possibility of developing an x-ray Thomson 
scattering measurement to study coherent 
plasma motion in high-density plasmas is an 
exciting one. 

Present open-geometry plasmas, called 
"gasbags," have produced large (millimeter-
scale) plasmas at interesting electron 
temperatures. A schematic of the experiments 
that produced these large-scale plasmas is shown 
in Fig. VII-12, along with the diagnostic 
complement that is available. The gasbag is 
formed of two plastic films of thickness 0.6 um 
clamped by a hoop to form a bag. Pressure in the 
gasbag is stabilized using a pressure transducer 
at densities such that the fully ionized species 
yield electron densities of ~10 2 1 cm - 3 . There is a 
separate interaction beam (indicated by the light 
blue arrow) to drive the instabilities in a 
controlled way. For the NIF this geometry should 
be directly scalable to approximately 4 cm 3, using 
9/10 of the NIF laser to form the plasma and 
1/10 to create interactions. The uses for this type 
of large uniform system range from plasma 
interaction to nuclear reaction rate studies. 

Figure VII-13 shows the time history, in two-
dimensional x-ray images, of the emission of a 
gasbag. The sequence of images demonstrates the 
uniformity of the plasma in a gasbag. Images 
were taken at three times during the heating 
pulse, using a gated x-ray imager, and represent 
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frame times of 100 ps each. At initiation of the 
laser the plasma is a glowing emission of the 
outer shell of the plastic membrane bag. At 
425 ns, after the laser has heated the plasma, it is 
uniform. By 875 ps, the gas can be seen to be 
extremely uniform. This gasbag technique holds 
much promise with large laser systems like the 
NIF because scaling of this kind of experiment to 
large systems is straightforward. 

There have been many plasma physics 
experiments that have been virtually impossible 
to interpret quantitatively. Coupling the 
capability to make large, uniform hot plasmas 
with the ability to control perturbations of the 
plasma (for example, by the use of higher density 
materials nearby or controlled flow velocities) 

will allow us to study the fundamental aspects of 
these experiments. As an example one can look at 
the plasma-physics experiments that focus on the 
hohlraum environment. 

Stimulated Brillouin and Raman Scattering 
As mentioned above, the study of laser-

plasma interactions and parametric instabilities 
such as stimulated Raman scattering (SRS) and 
stimulated Brillouin scattering (SBS) are of great 
interest to many researchers.2 4'2 5 

Plasmas can support different types of 
waves. In stimulated Brillouin scattering, an 
"ion-acoustic" wave is created, which is the 
collective morion of the ions and electrons in a 
sound wave. These have substantial inertia. 
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Figure VII-12. Schematic of the formation of a large-volume hot plasma. The figure shows both the 
gasbag used to create a large-scale plasma, and the diagnostic complement that is available. The 
gasbag (light gray sphere) is formed of two plastic films of thickness 0.6 |im. The hoop (shown in 
darker gray) holds the two plastic films clamped to form the bag. The gas bag is filled through two 
tubes in the hoop. Pressure in the gasbag is stabilized using a pressure transducer at densities such 
that the fully ionized species yield electron densities of ~10 2 1 cm - 3 . The roughly spherical volume of 
this plasma is 0.066 cm3, with a radius of 2.5 mm. The gas in the volume is heated to temperatures that 
are on the order of 3000 eV. The diagnostic complement access is indicated by the light gray arrows, 
while the heating lasers are shown on either side in black. There is a separate interaction beam 
(indicated by the medium gray arrow pointing in) to drive the instabilities in a controlled way. For the 
NIF this geometry should be directly scalable to approximately 4 cm3, using 9/10 of the NIF laser to 
form the plasma and 1/10 to create interactions. 
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In stimulated Raman scattering, an "electron-
plasma" wave is created, which is the collective 
oscillation of the plasma electrons at the plasma 
frequency, oscillating about the stationary ions. 
Beating between the incident and scattered light 
wave serves to enhance the plasma wave, 
producing more scattering of the incident light. 
The result is a feedback loop that, in times on the 
order of picoseconds, produces an exponential 
increase in scattered signal. This signal saturates 
at anywhere from 10 to 100% of the incident light. 

Processes such as Brillouin and Raman 
scattering are obviously important from the point 
of view of transporting laser light effectively 
through a plasma, as is the case in inertial 
confinement fusion. The scattering of light at 
large angles is detrimental to the symmetry of 
ICF experiments because it results in energy 
being deposited in the wrong place. Another 
example is the effect of SRS on an electron-
plasma wave. The by-product of stimulated 
Raman scattering is the conversion of the 
electron-plasma wave energy into extremely fast 
electrons, from 50 keV to 1 MeV energies. These 
fast electrons not only can transport energy 

away from the experiment, but can also deposit it 
within a target, giving rise to undesirableheating. 

Because laser-plasma instabilities are the 
subject of numerous studies, and instabilities 
form a challenging area of plasma physics, the 
NIF's large uniform plasmas and laser-pulse 
shaping coupled to the diagnostics possible on 
the NIF make it an ideal site for studying 
these processes. 

Sidescatter is of major interest to plasma 
physicists. This is because in strong gradients 
with large laser spots, sidescatter is predicted to 
dominate backscatter. Further, the behavior of 
sidescatter will be different in flowing and 
stationary plasmas. Theoretical and experimental 
understanding of sidescatter is incomplete, so 
this is an area that will benefit greatly from 
experiments on the large uniform, controllable 
plasmas that the NIF will afford. 

Filamentation 
Filamentation instability occurs when a small 

hot spot in the laser intensity profile undergoes 
self-focusing as a result of thermal, 
ponderomotive, and/or relativistic effects.26 The 
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Figure VII-13. Time history of emission of a gasbag, demonstrating the uniformity of a large scale-
length plasma. X-ray emission images were taken at three times during the heating pulse, using a 
gated x-ray imager, and represent frame times of 100 ps each. The plasma starts off at laser initiation (0 
ps) as a glowing emission of the outer shell of the plastic membrane that forms the bag. At 425 ns, after 
the laser has heated the plasma, it is uniform, with a slight enhancement of emission from the 
membrane. At 875 ps the gas is extremely uniform. The white strip in the middle of the gasbag is the 
hoop that holds the plastic membrane together (see Fig. VII-12). This gasbag technique holds much 
promise with large laser systems like the NIF because scaling of this kind of experiment to large 
systems is straightforward. 
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result is that electrons, and eventually ions, are 
expelled from the filament, causing the laser light 
to focus more tightly. This creates an unstable 
feedback loop whereby a tighter focus leads to 
higher intensity and more density depletion. 
Eventually, the instability saturates due to 
diffraction effects, thermal absorption, or laser 
light scattering by stimulated Brillouin and 
Raman scattering instabilities. 

The growth of filamentary structures can be 
determined from the width and length of hot 
spots, known as speckles, in the incident beam. 
The filamentation can be described in terms of a 
growth rate along the length of a speckle; longer 
speckles are more likely to produce focusing of 
the hot spot in a filament. 

The length of a speckle is given by 8f2A, 
where f is the f/number of the beam and A, is the 
wavelength of the laser light. Because the length 
of a speckle is dependent on them, the f/number 
and wavelength of the incident laser beam are 
powerful levers for modifying filamentation, 
provided that the speckle lengths are smaller 
than the scale length of the plasma. By using 
large, uniform plasmas on the NIF, it will be 
possible to produce very large filaments, 
allowing the study of filamentation over a wide 
range of wavelengths and incident-beam 
f/numbers. 

Understanding the scattering of incident laser 
light by parametric instabilities and the process 
of filamentation is of interest to ICF. However, 
there are many aspects of these instabilities that 
are not adequately understood and are of interest 
to scientists for reasons beyond those generated 
by fusion studies. Understanding of the 
saturation mechanisms for these instabilities, 
together with the effects of different types of 
beam smoothing on filamentation, are subjects 
that challenge our ability to model these plasmas. 

The nonlinear processes that determine 
saturation of the plasma-wave amplitudes and 
the way in which depletion of the incident beam 
limits filamentation and plasma-wave growth are 
subjects that will benefit from study over a 
broader range of parameter space (temperatures, 
densities, and gradient scale lengths) than that 
expected from ICF targets alone. It is expected 
that on the NIF it will be possible to extend the 

parameter space in terms of laser intensity spatial 
distribution, f/number, pulse length, and 
wavelength beyond that possible at any existing 
laser facility. We can explore filamentation over a 
broad range of experimental parameters by 
varying the color and f/number of the 
filamentation beam and by varying the plasma 
conditions (e.g., temperature, density, and 
average Z). 

Short-Pulse High-Intensity 
Laser-Plasma Interactions in Large, 
Hot Plasmas 

There is widespread agreement that the NIF 
should include a beam line for short-pulse, high-
power experiments. This capability is especially 
important for many basic plasma-physics studies. 
These include relativistic, ultrahigh-intensity 
regimes of laser-matter interaction; generation of 
astrophysically relevant plasmas; fast-ignitor 
physics2 7; high-gradient accelerator schemes28; 
new x-ray lasers; and high-temporal-resolution 
diagnostics. 

The fast-ignitor laser-fusion concept 
combines many interesting high-power, short-
pulse phenomena. These include generation and 
transport of high electron fluxes in a high-density 
plasma,2 9 intense harmonic generation at the 
critical density, ultrahigh B-fields, pondero-
motive effects, relativistic self-focusing and 
filamentation, laser-beam channeling, and hole 
boring. 3 0 

A schematic of the fast-ignitor scheme for 
heating compressed matter is shown in 
Fig. VII-14. In the first step of the fast-ignitor 
scheme, an implosion of a sphere filled with gas 
results in a core of gas with very high densities 
(600 g/cc). Next, a laser beam creates a channel in 
the sphere by pushing the critical density surface 
toward the core, after which the final heater or 
ignitor beam is turned on. The ignitor beam 
interacts with the density gradient generated by 
the channeling beam and generates hot electrons 
at MeV energies, which penetrate into the 
compressed gas core and cause an instantaneous 
rise in the local temperature of the core. The 
entire concept requires a NTF-like laser because it 
requires a high compression and two additional 
laser systems that are both significant. Adding 

Section VII 100 Plasma Physics 



A) High-compression implosion B) Channeling laser beam C) Ignitor laser beam 

Pusher Compressed 
material 

Figure VII-14. Schematic of concept of fast-ignitor scheme for heating. First, in step A there is a high-
compression implosion of a sphere filled with gas, resulting in a core of gas that will be at densities of 
600 g/cc. Step B requires that a laser beam with a pulse duration of 100 ps and an intensity of 10 1 8 

W/cm2 create a channel by pushing the critical density surface toward the core. Finally (step C), the 
final heater or ignitor beam is turned on. This beam is a 5-ps beam that has an intensity of 10 2 0 W/cm2. 
The ignitor beam interacts with the density gradient generated by the channeling beam and generates 
hot electrons at MeV energies. These electrons penetrate into the core of the compressed gas and cause 
an instantaneous rise in the local temperature of the core. 

the need to diagnose the system makes clear the 
need for the NIF in order to perform the 
experiment. 

The high-gradient accelerator schemes 
involve relativistic self-focusing and 
filamentation,31 and parametric instabilities such 
as stimulated Brillouin and Raman scattering in 
strongly driven and transient regimes.3 2 

This short-pulse regime is also more 
amenable to detailed simulation (that is, 2D 
particle-in-cell codes can be run for times relevant 
to the entire experiment and include the entire 
region of interaction).33 It is also more amenable 
to systematic exploration of linear and nonlinear 
behavior. Short-pulse experiments would require 
that a short-pulse beam with the capability for 
good focusing (i.e., on the order of 20-um 
diameter) be added to the NIF. These 
experiments require the NIF in order to produce 
the large preformed plasma needed to access 
large interaction lengths. 

The high-gradient accelerator schemes use 
the fact that a plasma can support much higher 
electromagnetic fields than can conventional 
accelerators such as those used in elementary 
particle physics experiments. As a result the high-
gradient accelerator would be much more 
compact and potentially cheaper. 

A number of novel high-gradient accelerator 
schemes3 4 have been proposed and studied at 
laser powers not high enough to produce the 

desired relativistic electron quiver velocity 
(velocity induced by the oscillating fields of the 
laser). Relativistic self-focusing is central to the 
acceleration scheme to maintain the high laser 
intensity over many Rayleigh lengths. Other 
processes such as stimulated Raman and 
Brillouin scattering or filamentation can break up 
the laser beam and degrade the efficiency of the 
scheme. If these high-gradient accelerator 
schemes prove successful, applications to tunable 
sources of x-rays are also envisioned. 

Study of Very High Magnetic Fields 

A further area of focus will be the study of 
magnetic fields generated by the temperature and 
density gradients present in plasmas. In laser-
produced plasmas the large magnetic fields can 
be generated in many ways. 3 5 For example, one 
proposed scheme is to generate extremely large 
magnetic fields by intentionally creating a 
circulating current path for Raman-generated hot 
electrons.36 This might be done by using a 
number of beams to irradiate a preformed 
plasma, such as in a gasbag. Simple estimates 
show that currents up to 10 8 amperes might be 
generated using the NIF, and magnetic fields as 
large as 108 gauss could result. Even if the 
currents and fields are limited to substantially 
smaller values, this scheme might generate a 
laser-induced toroidal pinch with intriguing 
applications. 
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Calculations have indicated that magnetic fields 
generated by laser-produced plasmas can be as 
large as 100 MG. 3 7 We may be able to use 
Faraday rotation of an optical probe beam and 
Zeeman splitting of spectral lines to investigate 
and quantify these magnetic fields. By inhibiting 
thermal conduction, magnetic fields influence 
temperature distributions and thereby influence 
stimulated Brillouin and Raman scattering, 
filamentation, and propagation of laser beams in 
plasmas. We may also be able to study the effect 
of magnetic fields on atomic energy levels by 
means of simultaneous x-ray spectroscopy. One 
interesting possibility is to use the Weibel 
instability driven by intentionally induced 
anisotropy in the electron velocity distribution. 

These experiments would require the NIF 
in order to create significant (and hence 
diagnosable) volumes of plasma at the same 
time that extremely large magnetic fields 
are generated. 

Generation of Large Fluxes of 
High-Energy Electrons (50-100 keV) 

On the NIF it would be possible to study the 
deliberate production of fast electrons through 
stimulated Brillouin scattering and two-plasmon 
decay mechanisms in plasmas that are at 0.1 to 
0.25 of the critical density.3 8 In particular, these 
plasmas could be preformed from gas-filled 
targets or foams. 

It would also be possible to study the 
conversion of high-energy electrons (50-100 keV) 
to x-rays. Appropriate high-Z layers would be 
placed near the target. The fast electrons could 
then deposit their energy in the high-Z 
material and the resultant x-ray emission would 
be studied. 

It might be possible to develop a compact 
high-energy x-ray source that could be used for 
backlighting/probing of other experiments. 

Finally, the enormous currents created by 
these methods would generate magnetic fields, 
and the study of these magnetic fields would also 
be of interest—see Section IX, Radiative 
Properties for a discussion of strong magnetic 
field effects. 

Interpenetrating Plasmas 
and Turbulence 

The study of the interaction, or 
interpenetration, of two high-temperature 
plasmas has received limited attention 
experimentally.39 Apart from its intrinsic interest, 
the interaction of plasma streams is part of the 
standard ICF experiments because of the 
generation of plasma motion inside a hohlraum. 
One particular interest is the equipartition of 
energy between the two groups of ions, and in 
this regard it has been calculated that ions can 
achieve very high temperature through collisions. 

Moreover, the inter-streaming plasmas can 
provide the ideal system for generating and 
studying turbulence in plasmas. This would 
make it possible to study the generation of two-
stream ion-ion turbulence or the ion Weibel 
instability. The ion Weibel instability is of interest 
because it creates magnetic fields with X ~ c/copi-
but has a slow growth rate of ~Q)p,-w/c, where cĉ ,-
is the ion plasma frequency and u is the relative 
velocity of the interpenetrating flows. 

Producing high-temperature plasmas that 
can collide with sufficiently high density for 
interactions to take place requires large amounts 
of laser energy. Nova and other present-day laser 
systems are severely limited in the amount of 
laser energy available. Current laser facilities are 
also not capable of creating plasmas large enough 
to permit using diagnostics to probe the region of 
interpenetration with sufficient spatial resolution. 
Although some preliminary work could be 
performed on present-day lasers, the energies 
available in the NTF will make these studies 
far more attractive, with quantitative results 
being feasible. 

The study of ion turbulence will require a 
diagnostic such as Thomson scattering that will 
permit the direct measurement of AJI/M of the ions 
as a function of time. The diagnostic should allow 
this measurement to be made in different 
directions, thus permitting us to follow the 
randomization of the ion fluctuations as well as 
the anisotropy of ion acoustic properties. The 
NIF, with the much larger plasmas it will be 
able to generate, will make these kinds of 
diagnostics possible. 
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Nuclear Reactions in Large-Volume, 
High-Temperature Plasmas 

A great deal of study has been done to 
characterize the behavior of ICF capsules. As 
discussed earlier in Section IV, Astrophysics and 
Space Physics, these capsules are expected to 
achieve conditions suitable for testing certain 
nuclear reaction rates of astrophysical interest. 
However, compressional heating of ICF-like 
capsules may not be the only way to explore 
nuclear reaction rates at temperatures 
corresponding to stellar interiors. We note that 
most Main Sequence stars have core tempera
tures between 1 and 2 keV and that Nova 
experiments are already raising millimeter-size 
gas samples to temperatures near 2 keV. 

While the temperatures and densities of gas
bag experiments are lower than what might be 
achieved in an imploded capsule (such as an ICF 
capsule), they are sufficient to examine many 
light-element reaction rates, and there are definite 
advantages to direct heating of gas samples. With 
direct heating, the large sample size guarantees 
homogeneous conditions that can be held for 
relatively long (nanosecond) periods. This 
eliminates much of the difficulty and uncertainty 
in converting an observed number of reactions 
into an energy-dependent cross section. With 60 
times the energy, the NIF will be capable of 
raising larger samples to higher temperatures. 

An example of a reaction rate that might be 
studied in this way is the 3 He + 3 He -> 2p + 4 He 
reaction. This reaction rate is important for the 
branching ratio between the branches of the 
proton-proton chain (PPI and PPII) in the sun, 
and therefore has direct consequences on the 
expected neutrino rate. Table VII-1 gives the 
number of reactions expected in a nanosecond 
from a 0.6 cm 3 gas sample at 3 arm. 

Another important cross section for 
astrophysics involves the destruction of 7Li. 
Primordial lithium abundances are a critical 
constraint on big-bang nucleosynthesis and 
cosmology. Typically the primordial abundances 
are obtained from the lithium abundances seen in 
the oldest stars. However, the observed 
abundances must be corrected for any 

destruction that occurs, and observations of old 
clusters indicate that more lithium is destroyed 
than expected. The main reaction for this 
destruction, 7Li + p -» 8Be -> 2 4He, is more than 
5000 times larger than the 3 He rate at 2.1 keV. 
Table VII-2 shows other reactions that have rates 
expected to be higher than the 3 He + 3 He rate at 
2.1 KeV, and which are thus candidates for 
investigations on the NIF. 

Table VII-1. The number of reactions for 3 He 
+ 3 He in a 0.6-cm3 3-atm sample. 

Temperature (keV) Reactions per ns 
2.1 2 
2.6 16 
3.4 280 
4.3 5500 

Table VII-2. Selected reactions having rates 
larger than the 3 He + 3 He rate at 2.1 keV. 

D + p -> 3He + y 
D + D -» n + 3 He 
D + D -> p + T 
T + T -» 2n+ 4 He 

3 He + D —» p + 4 He 
3 He + T -> D + 4 He 
3 He + T -» n + p + 4 He 
4 He + T -> 7Li + y 

6Li + p -> 7Be + y 
6Li + p —> 4 He + 3 H e . 

7Li + D -> n + 2 4 He 
7Li + T -» 2n + 2 4 He 

9Be + p -> D + 2 4 He 
^ e + p -> 4 He + 6Li 
1 0 B + p -> 4 He + 7Be 
n B + p -> 3 4 He 
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Section VIII 

Radiation Sources 

A. Spectrally Continuous Sources 
There are two broad categories of quasi-

continuous radiation sources. First there is the 
radiation source generated by a hohlraum and 
used to heat a sample either inside the hohlraum 
(as in the case of an implosion microsphere or an 
opacity sample), or abutted to it (as with the 
radiation-flow experiments or the hydrodyhamic 
mixing interface experiments). With this we 
group the gold burn-through foils used to heat 
the non-local thermodynamic equilibrium 
(NLTE) tamped samples. Second, we have the 
effort to develop backlights that are quasi-
continuous. 

In the first category the work done on the 
gold will be used to illustrate the cogent features. 
These burn-through foils have been studied in 
detail and provide a good sense of what to expect 
from very similar processes that occur in a 
hohlraum, noting, of course, that in a hohlraum 
one is using the front surface emission and an 
enclosure that will increase the energy in the 
radiation field. 

Conversion Efficiency of 
Gold Burn-Through Foils 

The efficiency with which gold burn-through 
foils convert visible laser light to x-rays can be 
roughly quoted as being in the region of >40% of 
the laser energy on target, noting that many 
papers use a conversion efficiency of x-ray 
energy to absorbed laser energy. We choose the 
former method because it gives a better idea of 
the x-rays available from a particular laser. 

Figure VTII-l shows the conversion efficiency 
from the front and rear sides for gold foils of 
varying thicknesses, for the two laser intensities 

of 10 1 2 and 10 1 3 W/cm 2 . 1 Conversion efficiency is 
observed from both the front and rear surfaces. 
Efficiency observing from the front is shown in 
Fig. Vm-1 as data points rising with increased 
thickness, and from the rear is shown as data 
points falling with increasing foil thickness. The 
limiting case of a solid target is approximated by 
a 10,000-A foil, where the conversion efficiency 
transmitted in x-rays is very small, while the 
front-side conversion rises to ~50% or more. Note 
that these data have been obtained both with 
filtered x-ray diode arrays and with spectro
meters, and both data sets are shown. 

Figure Vm-1 illustrates two important 
points. First, the conversion efficiency is not 
strongly dependent on intensity above 10 1 2 

W/cm 2, and second, the thinnest foils convert 
less. The reason for this is obvious as the 
transmission of laser energy through the foil 
increases dramatically as the foil becomes thin. 
The transmission is presented in Fig. "vTH-2, 
where the ratio of the transmitted laser energy to 
incident laser energy is shown. Note that in the 
figure the higher intensity shows more burn-
through, but the fraction is less than or equal to 
0.01 for 1500-A foils. This burn-through is due to 
inhomogeneities—hot spots or intensity 
fluctuations—in the beam profile. These hot spots 
can be smoothed out and, indeed, have been in 
more recent experiments. 

Spectral Character of 
Gold Burn-Through Foils 

The spectral character of the emission found 
from a gold target similar to ones used in 
Fig. VHI-1 is shown in Fig. Vm-3. 2 Here the time-
dependent spectrum is shown vs energy. The 
spectrum was taken from the rear side of a gold 
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Figure VIII-1. Total x-ray emission, measured as conversion efficiency vs target thickness, from 
the front and rear surfaces of free-standing and supported gold targets. The gold foils vary in 
thickness from 500 A to 10,000 A, and irradiation is 1 0 1 2 and 10 1 3 W/cm 2 . The front surface always has 
a larger conversion efficiency than the rear. Note that the method of support and the intensity do not 
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Figure VIII-3. Time history of spectrum vs 
energy in eV from the rear side of a 1000-A gold 
foil supported on a 5000-A plastic layer 
irradiated at 2 x 10 1 4 W/cm2. (The front and back 
spectra of a target of this thickness will be very 
similar, with no major differences in the 
spectral character.) The results were measured 
by a 12-channel filtered x-ray diode that covers 
the range from 80 through 2000 eV. 

foil that was 1000 A thick, mounted on a 5000-A 
layer of plastic. (The front and back spectra of a 
target of this thickness will be very similar, with 
no major differences in the spectral character.) 
The location of the two "bumps" in the spectrum 
correspond to the oxygen and nitrogen bands, at 
~300 eV and -800 eV respectively. 

There is also an M-band contribution, which 
does not show up on soft x-ray instruments 
because it spans the energies between 2000 eV 
and 3600 eV. Figure VHI-4 shows the M-band 
contribution for a gold disk irradiated at 
2 x 10 1 4 W/cm 2 . 3 This band-like structure is 
obtained for all high-Z elements. The line drawn 
on the figure indicates the spectral region over 
which the M-band contribution is defined. 

Temporal Behavior of 
Gold Burn-Through Foils 

The time history of the emission in the harder 
x-ray regimes, such as the M-band, will follow 
the laser pulse, and there is much data to support 
this supposition. However, the soft x-ray 
spectrum will last for time longer than the laser 
pulse, and duration will increase as the 
wavelength of the radiation increases. Thus, for 
the softest x-rays measured using the filtered 
x-ray diodes in Fig. YHI-3 (i.e., ~80 eV), the time 
duration will be two to three times the pulse 
duration. Because the pulse is 1 ns in duration, 
this indicates emission on the order of several ns. 

In Fig. VHI-5, the total energy emitted per 
unit time from a source on the rear of gold foils of 
various thicknesses is shown. The foils were 
irradiated at 2 x 10 1 4 W/cm 2 . Normalization is 
made to a sphere (i.e., "into 47t"), but the 
measurements reflect only the intensity of a 
specific ray. Thus, the correct units should be 
joules per ns per steradian, and the fact that these 
sources tend to look Lambertian (i.e., they have 
cos(0) dependence) provides the correct intensity. 
Here 0 is the angle of observation relative to the 
target surface normal. 

Spectral Character of Other Foils 

Next we illustrate the fact that the spectral 
character of the soft x-ray emission can be 
modified by the choice of target material.4 

Figure "vTfl-6 A) shows the soft x-ray spectrum 
from pure targets of several elements from Z = 56 
to Z = 63, while B) shows the soft x-ray spectrum 
from targets consisting of a compound that 
contains approximately 1% of the same element. 

The spectrum in each pair of cases shows that 
as the opacity of the sample is increased by using 
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units used here are unique to the inertial confinement fusion (ICF) program at LLNL and can be easily 
converted. 

1 
0.0 

1 
0.2 

I 
0.4 

1 1 
0.6 0.8 

Time (ns) 

i 
1.0 

i 
1.2 

I 
1.4 

Figure VIII-5. Temporal history of spectrally integrated emission from the rear side of gold foils, for 
various foil thicknesses irradiated at 2 x 10 1 4 W/cm2. Note that the duration of the laser, 1 ns in this 
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due to the lag in getting the softer x-ray to the back surface. Also note that the hard x-ray flux (e.g., the 
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Figure VIII-6. Spectral character of various elements from Z = 56 to Z = 63. In cases A) the targets are 
made of the pure element, while in cases B) the element is a 1% impurity in the target material. The 
increased optical depth in the cases with the pure element leads to an enhancement of the soft x-ray 
features compared to the cases with the impurity, where the optical depth is low and the evidence of 
individual lines becomes apparent. Note also that the dominant features move toward higher energy 
as Z increases. 

a pure Z target, the softer x-ray feature and 
thereby the quasi-continuous nature of the 
emission are increased. Moreover, the ability to 
tailor the source in energy by changing Z can 
be observed. 

Figure Vffl-7 shows the same type of spectral 
data as does Fig. VH1-6, but for a much wider 
range of Zs. 5 The figure shows the front-surface 
spectra measured in 10 1 2 ergs per cm per 
steradian for an irradiance of 3 x 10 1 3 W/cm 2. 

The experiments used the frequency-doubled 
laser at a wavelength of 0.53 urn and pulse length 
was 3 ns. Note that the gold, oxygen, and 
nitrogen bands are seen while the M band is 
beyond the spectral coverage. 

Figure VIII-8 shows the absolute conversion 
efficiency of x-ray production in absolutely 
measured spectra emitted by laser-irradiated 
targets as a function of target Z. Note that the net 
increase in x-ray conversion is quite marked for 
the high-Z elements. 
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Figure VIII-7. Absolutely measured spectra emitted by laser-irradiated targets of different elements. 
Intensity is 3 x 10 1 3 W/cm 2, pulse duration is 3 ns, and wavelength of the laser is 0.53 um. The 
spectroscopic structure K, L, M, N, and O refer to the shells from which the emission arises. Note that 
the intensity axis changes in the various plots. 

Angle of Incidence vs 
Conversion Efficiency 

The next pertinent issue concerns the effect 
that the angle of incidence of the laser with 
respect to the target surface normal has on 
conversion efficiency. There are two obvious 
geometries that can be used to irradiate a sample 
with the x-rays from the laser-conversion target. 

The first is to place the sample at the rear of a 
high-Z foil that is thin enough to let x-rays 
through, but thick enough to stop laser light from 

being transmitted (see Figs. VTII-1 and VHI-2 for 
information on effects of target thickness). The 
second is an angled arrangement used to enhance 
radiation, based on the fact that the front-surface 
x-ray conversions are higher. For this second 
geometry, the effect of the angle of incidence 
is important. 

Studies have been made of the effect of angle 
of incidence on conversion efficiency. In 
Fig. Vni-9 we show two quantities as a function 
of angle of incidence of the laser. 6 First, the left-
hand axis refers to absorption of the laser light by 
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the target, represented by the open circles. The 
right-hand axis refers to x-ray conversion 
efficiency measured relative to the absorbed 
energy, represented by the filled circles. 

To convert this efficiency relative to absorbed 
energy to conversion efficiency relative to the 
incident energy, multiply the E x /E a b s by the 
absorption percent. This gives, for example, for 
the 20° result, a conversion efficiency of 46%, 
which is in keeping with the 40% figure noted 
above. Efficiency does not drop off until the angle 
of incidence becomes greater than 45°. This 
alleviates experimental design constraints. The 
actual change in spectral shape as the angle is 
increased can also be shown not to deviate for 
angles less than 45°. These facts indicate the 
uniformity of the spectrum at angles less than 45° 
and give an indication that angles up to as high 
as 50° preserve a similar x-ray spectral character. 

Laser Intensity vs 
Conversion Efficiency 

The next important question concerns 
conversion efficiency from the laser light to 
x-rays as a function of intensity on target. In 
Fig. VHI-l it can be seen that the conversion 
efficiency is roughly constant from 10 1 2 to 
10 1 3 W/cm 2 . However, the question arises: What 
is the behavior at higher or lower irradiance? 
There is data from the rear side of the target to 
indicate that the conversion stays roughly 
constant, at least to 10 1 4 W/cm 2. Beyond this 
irradiance, the onset of laser-driven parametric 
processes will start to play a role and the benign 
nature of the x-ray conversion process is not 
guaranteed. Note that with the advent of 
smoothed beams this statement should be seen as 
worthy of investigation. 

On the lower irradiance side, the broad 
definition of the soft x-ray region—from 50 eV 
through 1250 eV—allows a wide range of 
temperatures over which the plasma will emit 
x-rays in this spectral band. Clearly the source 
will peak at lower energies and the total 
energy in the x-ray band will drop as laser 
intensity drops. 

However, although we have no data on 
the conversion efficiency below 10 1 2 W/cm 2, 
a reasonable estimate is to assume that: 

• Absorption stays high at irradiances 
above 109 W/cm 2, the threshold for 
plasma formation. 

• The absorbed laser light will radiate as a 
blackbody radiator. 

Therefore, we equate the laser intensity to the 
power radiated; i.e., the Stefan-Boltzmann 
relationship: T e v ~(10~5 \aSer 

)0.25. H e r e 

T e v is the 
plasma temperature in eV and I i a s e r is the laser 
intensity in W/cm 2. Thus, for an intensity of 10 1 2 

W/cm 2, the temperature of the plasma will be 
-18 eV, indicating that the peak of the emission— 
were it a blackbody emitter—would be at 50 eV. 
The total energy emitted above 50 eV would be 
half the laser energy. Since this is, in the spirit of 
the approximation, 40%, this rough estimate of 
conversion efficiency can be extended down to 
intensities of ~10 1 0 W/cm 2, keeping in mind that 
there is not yet any data at these intensities. 
Hohlraum Radiation 
Temperature Scaling 

To illustrate various radiation environments 
and their scaling with hohlraum size, data taken 
at Nova are presented in Fig. VIII-10. Equivalent 
radiation temperatures vs time are shown for 
three different variations of the gold hohlraum, 
as well as two different laser-pulse durations. All 
experiments shown used a total energy of 18 kj. 
The hohlraums were all cylindrical, with laser 
entrance holes in the sides for the 500-|im- and 
1000-um-length hohlraums, and through the ends 
in the 2800-um-length hohlraum. 

As can be seen from the empirical scaling law 
(shown in Fig. III-3), both the area of the interior 
walls and the area of holes affect the radiation 
environment. The holes for the two longer 
(therefore larger) hohlraums are 500 um in 
diameter for the laser entrance holes and 800 um 
for the x-ray diode observation line of sight. For 
the smaller hohlraum, each laser entrance hole is 
300 um and the line of sight is 400 um. 

The observations in Fig. VIII-10 were made 
with a 12-channel x-ray-filtered diode array that 
is time-resolved and absolutely calibrated. To 
keep the laser light from emerging from the line 
of sight and to assist in maintaining its 
unobstructed area, a 1500-A aluminum foil 
supported on each side by 5 um of plastic was 
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Figure VIII-10. Equivalent radiation temperature vs time for several gold hohlraums (schematics for 
the hohlraums are shown in Fig. III-2). The different curves for each hohlraum indicate the 
reproducibility of the data. The contribution of the gold M-band to radiation temperature is indicated 
by including data both with and without the M-band contribution. 

inserted in the line of sight. The x-ray diode 
measures the specific intensity at the detector. 
The specific intensity is converted into an 
equivalent radiation temperature by integrating 
the source emissivity over all channels and 
equating this to the blackbody emissivity, given 
by OTR 4 . This is done for each of the times of 
interest. The contribution of the gold M-band, at 
~2-3 keV, is most pronounced in the small 
hohlraums. 

To indicate the contributions of this highly 
non-Planckian part of the spectrum we also show 
in the figure the equivalent radiation temperature 
without the M-band contribution, indicated 
by the gray line. Note that the smaller the 
hohlraum, the higher the peak TR but the 
shorter the duration of the x-ray flux. This is 
due to closure of the holes. Also, the relative 
M-band contribution to the T R is larger in the 
smaller hohlraums. 

The 1000-um cylindrical hohlraum was used 
to investigate a longer duration pulse length. In 
this case, a 2-ns pulse was used, and the high 
peak x-ray flux is maintained for approximately 
1 ns, as can be seen in the figure. 

The two different sets of curves for the 
1000-jim case (i. e., with and without M-bands) 
represent the effect of the angle of observation 
with respect to the laser-irradiated inner surface 
of the hohlraum. The two angles are 72° and 0° 
with respect to the cylinder axis. The curves 
with lower T R are for the viewing angle of 72°, 
and these show that when the detector observes 
less non-LTE gold emission in the hohlraum, it 
has a smaller M-band contribution as well as 
lower total flux. Thus, the radiation field in the 
hohlraum is a complicated function of 
viewing angle. 

Finally, the figure shows three distinct 
experiments for the largest hohlraum, indicating 
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the level of reproducibility of the x-ray 
production. These largest hohlraums are the 
standard configuration used in most inertial 
confinement fusion (ICF)-type experiments. 
In this case the M-band contribution is small 
because of the combined effects of the relatively 
large size of the hohlraum and the viewing angle, 
which does not allow a view of the laser-
irradiated spots in the hohlraum. 

B. Spectrally Narrow Sources 
The conversion of the laser radiation to 

discrete lines or narrow bands of lines represents 
a distinct field of study. The usual motivation for 
the study of conversion into narrow spectral lines 
has been the development of backlight (i.e., 
absorption) sources for use as probes of hot, 
dense matter. Because this has been the 
motivation, there is also an interest in the spatial 
extent of the source. In a manner similar to that 
used to estimate the conversion efficiency of the 
quasi-continuous source, it can be broadly 
assumed that it is possible to attain conversion 
efficiencies into a single spectral line of 0.1% to 
1%, with the lower efficiency being for higher 
x-ray energies than 4 keV, and the higher 
efficiencies being relevant for transition energies 
below 4 keV. 

Effect of Z on Emission 
The effect of Z on the emission is that it 

changes the character of the emission from single 
spectral lines to bands. As shown in Fig. Vm-4, 
the gold M-band is an example of the type of 
spectral structure that can expected. Conversion 
efficiency into these band-like structures is 
approximately 5% for 0.53-um light. 

Figure VIfl-11 shows a compilation of the 
results of experiments on several elements.7 The 
experiments irradiated a planar target of the 
material of interest with intensities of 10 1 4 to 10 1 5 

W/cm 2. The dashed line indicates the results 
with 1.06 um light, while the solid line connects 
those points with 0.53 um light. 

Although there are some differences in the 
performance of the targets under intensity 
variation, it is not significant in this broad outline 

of the results. Included in the figure are the 
results for aluminum silicon, titanium, nickel, 
and zinc K-shell emission, and since this spans Zs 
of 13,14,22,28, and 30 respectively, we have a 
fairly good indicator of levels of conversion. 

Figure Vm-ll also shows conversion 
efficiency into the gold (Z = 69) M-bands. To 
change the conversion unit of this figure into 
fractional conversion in output joules, multiply 
the left-hand value £ x by the x-ray line energy 
given on the bottom axis by 1.6 x 10~16 J/keV. For 
example, the gold M bands are at an energy of 
-2.5 keV and the £ x is -1.3 x 10 1 4, yielding 
- 5 % conversion. 
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Figure VIII-11. Conversion efficiency of various 
discrete transitions, showing the K-shell lines 
of aluminum, silicon, titanium, nickel, and zinc 
as well as the M-band conversion of gold. 
Conversion efficiency is shown as a function of 
transition energy for intensities on the order of 
-10 1 4 W/cm2 on solid targets. The dashed lines 
tie together data for a 1.06-um laser, and the 
solid line ties together the data for the 0.53-um 
laser. 
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Comments on Sparseness of Data 

In this discussion of spectrally narrow 
sources, we have given some simple rules for 
determining the conversion efficiency of laser 
light into x-rays. There are however, many gaps 
in the data, and particularly interesting is the lack 
of data from lower irradiances. For lower 
irradiances (that is, down to 10 1 0 W/cm 2) the size 
of the source region can become large and the 
irradiation characteristics will be of interest. The 
levels of uniformity, angular dependence, 
temporal duration of the converted light, and 
spectral character are of interest. 

Although this data does not exist, it is felt 
that the simple rules above can be used. Further 
work can, of course, be undertaken but this 
remains a very large field and it might be wise to 
have a first attempt at a design for the specific 
experiments of importance before seeking to 
obtain further quantitative data. 

C. X-ray Laser Sources 
There are three distinct paths of research for 

x-ray laser studies. First, there is research into the 
details of the mechanisms that have made the 
first viable laboratory x-ray laser possible. 
Second, there is an effort to use the currently 
developed lasers as a source to study other 
phenomena. Third, there is the continuing work 
to develop the x-ray laser as a light source for 
future applications. Although these three 
avenues are not completely distinct it is simpler 
to present the following discussions in this way. 

Studying X-ray Lasers 

Since the first demonstration of soft x-ray 
lasing using the collisional excitation mechanism 
in neon-like selenium, many other neon-like ions, 
ranging from copper (Z = 29) to silver (Z = 47), 
have been made to lase.8 However, attempts to 
produce lower-Z neon-like x-ray lasers had been 
unsuccessful. In the effort to develop a tabletop 
x-ray laser that would require smaller high-
energy laser drivers than Nova and could be 
used for applications such as biological imaging, 
nonlinear optics, holography, etc., a prepulse 
technique has been developed. This technique 
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has been used successfully to produce lasing in 
many lower-Z neon-like ions such as titanium 
(Z = 22), chromium (Z = 24), iron (Z = 26), and 
nitrogen (Z = 28).9 The use of this prepulse 
technique has opened up a new class of neon-like 
x-ray lasers for investigation. 

In studying the neon-like lasers it was 
noticed that the ions with odd Z do not lase as 
well as those with even Z. Since elements with 
odd Z have a nuclear spin and a nuclear moment 
while those with even Z tend to have no nuclear 
spin, one possible explanation for this anomalous 
behavior is that hyperfine splitting is playing an 
important role in the gain of the neon-like laser 
lines for elements with odd Z. 

To test this, we measured the line shape of 
the J = 0 to 1,3p-3s transition in neon-like 
niobium and zirconium using a high-resolution 
grazing incidence grating spectrometer. We 
observed a 28-mA splitting between the two 
largest hyperfine components in the niobium 
(Z = 41) line at 145.9 A, in good agreement with 
theory. As predicted, no splitting was observed 
in zirconium (Z = 40). 1 0 

This 131-cm -1 splitting is the largest 
hyperfine splitting ever observed and is also the 
shortest wavelength transition (145.9 A) and most 
highly ionized plasma (31 electrons) in which the 
hyperfine effect has been directly observed, with 
the exception of some very recent accelerator 
experiments in hydrogen-like bismuth done at 
GSI Darmstadt. 

Further studies have been performed on the 
use of low-density foams as possible x-ray laser 
targets. Currently, x-ray laser experiments use 
either thin foils or thick slab targets at solid 
density. These targets are iUurninated by Nova, 
causing them to heat and expand to reach the low 
densities required for lasing. This hydrodynamic 
expansion introduces large electron-density 
gradients in the plasma, which in turn result in 
large refraction effects as the x-rays propagate 
down the laser axis. 

If targets could be fabricated from uniform 
low-density materials at the density required for 
lasing (i.e., <3 mg/cm 2), then beam propagation 
and ultimately laser coherence could be 
improved. Successful observations have been 
made of lasing in zirconium aerogel foam at 
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90 mg/cm 3 . At lower density, molybdenum-
doped agar foam at 3 mg/cm 3 and selenium-
doped agar at 8 mg/cm 3 have been tried without 
success. However, the aerogel foams have much 
smaller cell sizes (500 A compared with 1-2 um 
for agar) and look very promising if the density 
can be lowered. 

Very recent experiments are using a 
traveling-wave geometry to produce short-pulse 
x-ray lasers for use in imaging experiments on 
ICF targets. The traveling wave geometry enables 
us to drive the x-ray laser targets with short 
pulses (-100 ps) while still using a long enough 
target (~3 cm or greater) to produce strong laser 
output. We have recently observed a hundred
fold contrast in neon-like germanium x-ray lasers 
observed with and against the direction of the 
traveling wave. 

Two-dimensional Plasma Imaging 
For two-dimensional plasma imaging, spatial 

resolution is currently limited by the pulse length 
of the x-ray laser, or alternatively by the gate 
time of the detector. Gated detectors with large 
active areas have temporal resolutions that are, at 
best, in the range of 100 to 200 ps. For 
characteristic expansion velocities of 10 7cm/s, 
this corresponds to a spatial resolution of 
10-20 urn, which is well below the resolution 
possible with available imaging optics. Therefore, 
there exists a real need to produce x-ray lasers 
with pulse durations shorter than the 200-ps 
FWHM routinely produced with exploding 
foil targets. 

Demonstrated x-ray lasers are either 
recombination x-ray lasers, which rely on 
transient inversion to achieve gain, or 
collisionally pumped systems in which 
inversions are produced in steady-state 
conditions. The gain duration in conventional 
(or quasi-static) recombination x-ray lasers is 
determined by cooling and recombination rates, 
and typically results in pulse widths >200 ps. 
This allows little control over the output pulse 
length without significantly reducing the 
total gain. 

Collisionally pumped x-ray lasers have 
achieved large gain-length products and have 
been shown to operate over a wide range of 

pump conditions and a variety of targets. In 
addition, the wide-wavelength range over which 
collisionally pumped systems operate will make 
it possible to take advantage of, or alternatively 
avoid, line absorption in plasma-probing 
experiments. 

To produce saturated x-ray lasers with pulse 
durations shorter than 20 ps and imaging 
resolutions of ~2 um, experiments have been 
performed that irradiate an exploding foil with 
multiple pulses. The concept is illustrated in 
Fig. VHI-12. The first pulse heats and explodes a 
thin foil target to produce a plasma with low 
density gradients. The second pulse then ionizes 
the preformed plasma to produce conditions 
suitable for high gain. The energy of the first 
pulse can be significantly lower than that of the 
second pulse, because high electron temperatures 
are not necessary. This improves the efficiency of 
this approach by reducing radiation and thermal 
losses during hydrodynamic expansion. 

To test this technique and illustrate the 
importance of density gradients in x-ray laser 
performance, experiments have been performed 
with yttrium x-ray laser targets. A key modifica
tion made to the laser beams was to introduce a 
tilt into the phase front of the beam. This allowed 
us to pump the foil in a traveling-wave con
figuration as shown in Figs. VIII-13 and IX-14. 
The traveling-wave configuration is important 

Thin foil 

Figure VIII-12. Schematic of double-pulse 
irradiation technique for producing short-pulse 
x-ray lasers. 
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Figure VIII-13. Schematic of traveling-wave x-
ray laser, illustrating how optical beam is tilted 
to generate traveling-wave pump along 
exploding foil. 
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Figure VIII-14. Schematic of grating technique 
used to tilt phase front of traveling-wave x-ray 
laser beam to necessary angle. 

given the short gain duration and finite 
propagation time of the x-ray laser across the foil 
(i.e., -100 ps for 3-cm foil). The traveling-wave 
pump along the exploding foil was generated by 
tilting an optical beam. The grating technique 
used to tilt the phase front of the traveling-wave 
beam is illustrated in Fig. VIII-14. 

In the experiment, a 3-cm-long foil consisting 
of 2000 A of yttrium on 1000 A of plastic (lexan) 
was irradiated from both sides with two 100-ps 
pulses of 0.53-)im laser light. The pulses were 
separated by 300 ps and the foil was pumped 
using a traveling wave. The total intensity on the 
target was 2.4 x 10 1 4 W/cm 2 for the first pulse 
and 1.6 x 10 1 4 W/cm 2 for the second pulse. The 
measured soft x-ray spectrum in Fig. VIII-15 
shows bright J = 2-1,155-A x-ray line emission in 
3rd and 4th order of the grating. The effects of 
traveling wave pumping are clearly evident as 
the output is a factor of ~200 higher when the 
wave is traveling towards rather than away from 
the spectrometer. The two cases, wave traveling 
toward and wave traveling away from the 
spectrometer, are shown in Fig. VIII-14. 

Figure VH[-16 shows the time-resolved 
emission spectra, in both hard x-ray and XUV 
range, of the traveling-wave experiment. The 
characteristic neon-like and fluorine-like 3-2 and 

hard x-ray emission spectrum (A) shows 4-2 
transitions that indicate that appropriate 
ionization conditions for gain are produced 
during both pulses. In contrast, the XUV 
spectrum (B) shows strong J = 2-1 x-ray laser 
emission at 155 A during the second pulse only. 
The most likely reason for this is that during the 
first pulse the high density gradients refract the 
x-ray laser emission out of the gain region. 

Figure Vm-17 shows the temporal evolution 
of both the x-ray laser and hard x-ray emission. 
The x-ray laser emission has a time duration of 
45 ps FWHM, making this the shortest x-ray laser 
pulse width demonstrated. 

Although in this experiment comparable 
intensities were used for both pulses, it would be 
clearly more efficient to reduce the intensity of 
the first pulse and increase the pulse separation 
to allow for expansion. Alternatively, a better 
pulse shape may consist of a low-intensity 
pedestal that irradiates the foil until the high-
intensity short-pulse irradiation begins. Using 
this approach we should be able achieve 
saturation x-ray laser output intensities of 
4 x 10 1 1 W/cm 2 with less energy by a factor of ~4. 
Extending this technique to shorter output pulses 
will require shorter optical laser irradiation or a 
reduction in irradiation intensity to shorten the 
duration of neon-like ions. 
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Figure VIII-15. X-ray line emission in 3rd and 4th order with traveling wave. Top shows the case 
where the beam is going away from detector and bottom shows where beam is going toward detector, 
where the output is increased by a factor of two. 

A) Hard x-ray spectrum B) XUV spectrum 
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Figure VIII-16. Time history of hard x-ray and XUV emission spectra in neon-like yttrium. The hard 
x-ray emission spectrum (A) shows characteristic neon-like and fluorine-like 3-2 and 4-2 transitions 
that indicate that appropriate ionization conditions for gain are produced during both pulses. In 
contrast, the XUV spectrum (B) clearly shows strong J = 2-1 x-ray laser emission at 155 A during the 
second pulse only. 
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Figure VIII-17. Time history of hard x-ray (4-2 
transitions) and J = 2-1 x-ray laser transition in 
neon-like yttrium. The x-ray laser emission has 
a time duration of 45 ps FWHM. 

Deve lopment of X-ray Lasers as Probes 

Because the collisionally pumped soft x-ray 
lasers now operate over a wavelength range 
extending from 35 to 300 A, and because these 
sources have high peak brightness, it is possible 
to begin using use them for x-ray imaging and 
plasma interferometry. The attraction of x-ray 
laser light sources is their extraordinary 
brightness, which was estimated to be equivalent 
to a Planckian of temperature of 40 keV.1 1 

It is possible to demonstrate applications 
of the x-ray laser probe to long-scale-length 
plasmas using Moire deflectometry and soft 
x-ray imaging. (Progress in the development of 
short-pulse x-ray lasers using a double-pulse 
irradiation technique that incorporates a 
traveling wave pump is described above.) 

The first of the x-ray laser probe applications 
is diagrammed in Fig. VTII-18. Here a series of 
experiments has begun to characterize drive 
uniformity of thin-foil targets irradiated with 
laser beams that are smoothed with random 
phase plates. Targets of 10-um plastic foils 
overcoated with 3 um of aluminum are irradiated 
at 10 1 4 W/cm 2 with a 1-ns-square, 0.53-um-
wavelength beam from the Nova laser. These 
experiments image the accelerated foils by using 
the x-ray laser as a backlight. In this experiment, 
10-um plastic foils overcoated with 3 um of 
aluminum are irradiated at 10 1 4 W/cm 2 with a 

Detector Multilayer 
imaging 

Multilayer 
collimating 
mirror 

Figure VIII-18. Schematic of experimental setup 
for plasma imaging using the x-ray laser as a 
backlight. This setup is used to characterize 
drive uniformity of thin-foil targets. Targets of 
10-um plastic foils overcoated with 3 um of 
aluminum are irradiated at 10 1 4 W/cm2 with a 
1-ns-square, 0.53-um-wavelength beam from the 
Nova laser. The accelerated foil is backlit with a 
~150-ps x-ray laser pulse from an exploded 
yttrium x-ray laser target. 

1-ns-square, 0.53-um-wavelengfh beam from 
the Nova laser. The beam's focal spot has an 
effectively flat-top distribution over a 700-um 
diameter region. The accelerated foil is backlit 
with a ~150-ps x-ray laser pulse from an 
exploded yttrium x-ray laser target. The x-ray 
laser operates at 155 A and has an output energy 
of~7mJ. 

In Fig. "vTfl-19 we show the x-ray laser backlit 
image from an accelerated foil experiment as 
recorded on an x-ray CCD detector. The foil is 
constructed of a 10-um plastic layer and a 3-um 
aluminum layer, irradiated, with the beam 
smoothed using random phase plates. The spatial 
resolution is estimated to be better than 2 um. 
The 5- to 6-um filament structure observed on the 
rear surface is likely due to the speckle pattern 
produced by the random phase plates. 

This result clearly shows the merits of using 
x-ray lasers to image high-density plasmas. 
Although direct imaging using an x-ray laser 
does not require several of the attributes of the 
x-ray laser (specifically, small source size, narrow 
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Figure VIII-19. X-ray-laser-backlit image of accelerated foil, recorded on an x-ray CCD detector. Foil 
consists of a 10-[im plastic layer and a 3-um aluminum layer, irradiated, with beam smoothed using 
random phase plates. Upper image is enlarged view of central region of foil, showing non-
uniformities (filament structure) at the rear surface with dimensions characteristic of the speckle 
pattern produced by the random phase plates. 

divergence, and narrow bandwidth), its high 
brightness makes it possible to neglect self-
emission. Although not required for direct 
imaging, the short duration of the x-ray laser is 
useful in that it allows us to use an x-ray CCD as 
the detector. The x-ray CCD has better spatial 
resolution (27-|im pixel) and higher dynamic 
range (>1000) than existing gated microchannel 
plate systems. 

Using a similar experimental setup, Moire 
deflectometry experiments have been performed 
to measure electron density profile in a laser-
irradiated plastic plasma. The only difference 
between the imaging and Moire experiments is 
the addition of two Ronchi rulings directly 
infront of the detector on the Moire experiments. 
The rulings have a period of 10 pxi and a relative 
rotation of 4 degrees to give a fringe spacing of 

142 |ixn in the image plane—i.e., 14.2 (xm in the 
object plane. The rulings were separated by 
19.35 mm to give a sensitivity of 5.2 Mrad/fringe-
shift at the object plane. 

Figure Vm-20 shows the measured 
deflectogram obtained of a plastic target 
irradiated at 2.5 x 10 1 3 W/cm 2. The laser pulse 
was 1 ns square at a wavelength of 0.53 |Xm, and 
was focused to a 3-mm-diameter spot. The image 
shows the expected unperturbed Moire pattern 
far away from the surface, but shows clear 
deflections closer to the irradiated side of the 
target. Analysis of the fringe pattern indicates 
peak electron densities of 2 x 10 2 1 cm - 3 near the 
surface. This corresponds to a peak line-
integrated density of 6 x 10 2 0 c m - 2 , a factor of 30 
higher than is accessible using conventional UV 
interferometry at X ~ 2650 A. 
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Figure VIII-20. Moire deflectogram of laser-irradiated plastic target. Laser beam is incident from the 
right. The image shows the expected unperturbed Moire pattern far away from the surface, but shows 
clear deflections closer to the irradiated side of the target. Analysis of the fringe pattern indicates 
peak electron densities of 2 x 10 2 1 cm - 3 near the surface. This corresponds to a peak line-integrated 
density of 6 X10 2 0 c m - 2 , a factor of 30 higher than is accessible using conventional UV interferometry 
at X ~ 2650 A. 

The second application employs the x-ray 
laser in an imaging microscope. Figure VIII-21 
shows a schematic of the x-ray imaging 
microscope. It uses x-rays from a tantalum 
nickel-like collisionally pumped x-ray laser 
operating at 44.83 A, which are collected and 
focused onto a specimen. The x-ray laser is 
generated by irradiating a 3.5-cm long, 2000-A 
thick plastic foil coated with 900 A of tantalum 
using two cylindrically focused laser beams 
operating at a wavelength of 0.53 |Jm. 1 2 The two 
beams heat the foil, which explodes to 
form a high-temperature plasma with low 
density gradients. 

For this experiment, two optical beams from 
the Nova laser were used to generate a combined 
intensity on the target foil of 3.0 x 10 1 4 W/cm 2 for 
a duration of 500 ps. The x-ray laser pulse 
(~200 ps FWHM) is characteristic of exploding 
foil amplifiers. The x-ray laser originates from a 
~100-|xm diameter gain region at the center of the 
plasma and has a beam divergence of 10 Mrad 
FWHM. The output energy is ~10 |ij, which gives 

a brightness of 10 2 1 photons/ (s-MradZ-mm2-
0.01% BW).13 

Figure VHI-22 shows an image of a resolution 
test pattern consisting of radial gold bars that 
taper down at the center to ~350 A. The gold bars 
are 1000 A thick and are on a 1000-A silicon 
nitride substrate. Features near the diffraction-
limited resolution of ~550 A are clearly observed. 
The nonuniform illumination pattern is due to 
the finite source size of the x-ray laser, which is 
demagnified onto the test pattern by the 
multilayer mirror collecting optic. (The effective 
source size of the x-ray laser is estimated to be 
50 um by 80 Jim.) The grainy nature of the image 
is due to the microchannel plate detector and the 
low signal levels. 

Using this x-ray microscope, images have 
been made of three rat sperm nuclei that have 
undergone different preparation techniques. The 
goal was to investigate the advantages of gold 
labeling and to access the effects of the various 
preparation techniques. 
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Figure VIII-21. Schematic of x-ray microscope, showing main components. The light source is a 
tantalum nickel-like collisionally pumped x-ray laser operating at 44.83 A. The x-rays it produces are 
collected and focused onto a specimen using a spherical multilayer mirror. 

Figure VIII-22. Image of resolution test pattern 
obtained with x-ray laser microscope. The test 
pattern consists of 1000-A-thick radial gold bars 
on a 1000-A silicon nitride substrate. The bars 
taper down at the center to ~350 A. The 
nonuniform illumination pattern is due to the 
finite source size of the x-ray laser, which is 
demagnif ied onto the test pattern by the 
multilayer mirror collecting optic. The grainy 
nature of the image is due to the microchannel 
plate detector and the low signal levels. 

The nuclei were first prepared by treating 
sperm isolated from rat epididymides to expose 
the DNA-protamine complex that comprises 
sperm chromatin. This was done by treating the 
sperm with a disulfide reducing agent and 
detergent to dissolve the tails, acrosome, and 
nuclear membranes. A droplet containing the 
amembraneous nuclei was deposited onto a 
silicon nitride window with dimensions 
300 x 300 |im by 1000 A thick, and the liquid 
containing unbound nuclei was removed after 
30 seconds. 

Figure VIII-23 shows three x-ray microscope 
images of rat sperm nuclei. In (A) the rat sperm 
nucleus is unstained, in (B) the nucleus is 
"stained" with mouse antiprotarnine 1 and 
tagged with 400-A diameter gold, and in (C) the 
nucleus is stained with antiprotamine 2 
antibodies and goat anti-mouse antibodies 
tagged with 400-A diameter gold. 

The images show distinct differences. The 
stained images show high concentrations of gold 
along the edge of the sperm and some evidence 
of individual 400-A gold particles on the surface. 
The clumping of the gold labels is particularly 
evident in the image of the nuclei stained with 
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Figure VIII-23. X-ray microscope images of rat sperm nuclei prepared using different techniques: 
A) unstained, with no gold labeling; B) stained with antiprotamine 1 and gold-labeled, and C) stained 
with antiprotamine 2 and gold-labeled. The stained images show high concentrations (clumping) of 
gold along the edge of the sperm and some evidence of individual 400-A gold particles on the surface. 
The clumping is particularly evident in (B). The frame structures observed in the antiprotamine-1-
stained nuclei (B) are a consequence of the preparation technique that unmasked internal sites for 
antibody binding. These images clearly show the value of gold labeling to enhance contrast, but also 
show the need for avoiding unnecessary preparation techniques that can lead to artifacts. 

the antiprotamine-1 antibody (B). The frame 
structures observed in the antiprotamine-1-
stained nuclei are a consequence of the 
preparation technique that unmasked internal 
sites for antibody binding. These images clearly 
show the value of gold labeling to enhance 
contrast, but also show the need for avoiding 
unnecessary preparation techniques that can 
lead to artifacts. 

XUV Interferometry 

Optical interferometry has an important 
history in the study and characterization of 
plasmas. However, probing of high-density 
and/or large plasmas has been difficult due to 
the high absorption of optical probes, the effects 
of refraction, and the impossibility of probing 
beyond critical densities. Recently, a neon-like 
yttrium x-ray laser has been used to develop the 
technology that will allow interferometry to be 
performed at wavelengths of 155 A, which has a 
critical density - 1 0 2 5 cm - 3 . 

In Fig. VIII-24, we show the experimental 
setup used to test a Mach-Zehnder interferometer 
suitable for probing high-density, long-scale-
length plasmas. The output comes from a 
standard 3-cm-long yttrium x-ray laser with an 
output energy of 1 mj in a 150-ps FWHM pulse. 
The output is coUimated by a multilayer mirror 
and injected into a Mach-Zehnder interferometer. 
The interferometer uses molybdenum/silicon 
beamsplitters consisting of 8 layer pairs on 
1000 A of silicon nitride. An imaging optic at the 
output of the interferometer images a plane 
within the interferometer where a secondary 
plasma is produced. 

Figure ,Vin-25 shows a recorded interfero-
gram of a plasma formed by laser irradiation 
of a mylar target. Excellent fringe visibility is 
observed, clearly indicating the feasibility of 
this technique. 

The limits of the current system are also 
apparent. In the figure we see that the blow-off of 
the plasma in the central region of the image is 
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Figure VIII-24. Experimental setup for x-ray laser interf erometry suitable for probing high-density, 
long-scale-length plasmas. The output comes from a standard 3-cm-long yttrium x-ray laser with an 
output energy of 1 mj in a 150-ps FWHM pulse. The output is collimated by a multilayer mirror and 
injected into a Mach-Zehnder interferometer. The interferometer uses molybdenum/silicon 
beamsplitters consisting of 8 layer pairs on 1000 A of silicon nitride. An imaging optic at the output of 
the interferometer images a plane within the interferometer where a secondary plasma is produced. 
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Figure VIII-25. Interferogram obtained using x-ray laser interferometer to image a plasma made by 
irradiating the surface of a mylar plastic with a second beam. The plasma-induced fringes can be 
readily seen, clearly indicating the feasibility of this technique. The thick solid band running 
horizontally is the plastic sample, while the bright spot above the plastic sample is the self-emission 
of the plastic. 
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sufficient to completely obscure the laser. This is 
due to the existence of an oxygen transition near 
the laser wavelength at 155 A, causing refraction. 
Further, the edges of the image show that the 
limit of the fringe count is caused by attenuation 
as the plasma becomes dense near the surface. 

Thus, although the x-ray laser interferometer 
has been proven to work, there is still much work 
to be performed. This technology will be 
important in the characterization of NIF-scale 
plasmas. In addition, with the NIF we can push 
to shorter x-ray laser wavelengths, making this an 
even more important diagnostic tool. 

D. Future NIF Experiments 
Intense radiation at wavelengths extending 

from the far-infrared to the x-ray region of the 
spectrum can be generated by high-energy, laser-
matter interaction. The characteristics of this 
radiation depend in detail on parameters such 
as the magnitude and mechanism of laser 
absorption, relevant atomic physics, the equation 
of state of the heated material, and hydro
dynamics. In order to be able to tailor such 
radiation sources to the needs of specific 
experiments, considerable effort has gone into 
both detailed measurements of emitted spectra 
and extensive modeling work for a variety of 
materials and laser conditions. As a consequence 
of this work, scientists have developed sophisti
cated simulation tools that allow extrapolation of 
the capabilities that lie ahead using even higher-
energy laser drivers, such as the NIF. 

In the sections that follow we will discuss the 
types and capabilities of radiation sources 
possible using a high-energy laser driver, and 
discuss possible applications of these sources. 
First we discuss incoherent x-ray radiation 
sources; this includes both broadband sources 
and line emitters. Next we describe coherent 
sources; this includes an extrapolation of existing 
collisionally pumped x-ray lasers, new inner-shell 
pumped x-ray laser schemes, and high-order 
harmonic generation. The latter two of these 
coherent sources will take advantage of 
ultrashort-pulse capabilities on the NIF. Finally, 
we briefly discuss the potential of the NIF as a 
high-energy particle source. 

Incoherent X-ray Sources 

Broadband Sources 
Laser-produced plasmas have long been 

recognized as efficient sources of x-rays. Nova 
experiments have already demonstrated 
conversion efficiencies as high as 50% from gold 
plasmas (see Fig. VIII-8 for the absolutely 
measured spectra of laser-irradiated targets of 
different elements, shown as a function of target 
Z). For the NIF this implies that megajoules of 
x-rays can be generated from a millimeter-size 
source. The effective blackbody temperature of 
this radiating plasma can be estimated from the 
Stefan-Boltzmann relationship to be given by 
TBB(eV) ~ (IO-5 Iiaser)0,25- Here T B B is the plasma 
temperature in eV and Iiaser is the laser intensity 
in W/cm 2. 

Radiation sources driven on flat targets can 
be configured as point sources, with increased 
spatial coherence, or as large-area radiators for 
efficient radiative energy transfer in a close-
coupled geometry. The most intense radiation 
environment created using a high-energy laser is 
found inside a radiation case, called a hohlraum. 

In a hohlraum, laser energy is focused on the 
interior walls of a hollow cylinder that has laser 
entrance holes on the ends. The interior walls of 
the hohlraum are vaporized and heated to a high 
temperature. (This temperature has been 
measured at Nova; typical data for its temporal 
dependence is shown in Fig. VIII-10.) Section HI, 
Experimental Capabilities, under "Hohlraum 
Radiation Sources," has information about the 
types of hohlraum radiation environments now 
available. With this information and a simple 
model (see Fig. IH-3), simple extrapolations can 
be made to the NIF. At the NIF, by the simplest 
scaling, the radiation temperature in hohlraums 
will be increased by more than a factor of two, 
with energy outputs approaching two orders of 
magnitude larger than currently available. 

Continuum x-ray sources, conveniently 
described by effective blackbody temperatures in 
regions of the spectrum determined by the 
specific ionic species contained in the plasma, can 
easily be spectrally filtered and tailored for a 
wide variety of applications, including optical 
pumping of absorbing targets in materials 
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research and astrophysics. For examples refer to 
Section IV, Astrophysics and Space Physics; 
Section VI, Material Properties; and Section DC, 
Radiative Properties. 

Laser-driven sources can be configured to 
efficiently yield hard x-rays, such as those used 
in imaging and opacity experiments. At the 
highest energies, implosion experiments on the 
NIF will achieve capsule temperatures of 
5-10 keV, which will produce extremely bright 
bursts of continuum, hard x-rays. 

Short-pulse capability on the NIF will allow 
the generation of intense, hard x-ray sources in 
the ultrashort temporal regime. This capability 
will allow the study of the dynamics of materials 
undergoing rapid phase transformations on the 
time scale of individual atomic motion. 

Such studies in the past have been limited 
because of insufficient photon flux and because 
of the lack of hard x-rays. The hard x-rays are 
needed not only to heat but also to probe 
materials to sufficient depths to eliminate the 
effects caused by surface interactions and the 
effects of thermal wave propagation (shocks). 
(These effects are, of course, interesting in their 
own way—see Section VI, Material Properties). 
However, here we have the capability to study 
intrinsic material time scales. One intriguing pos
sibility is the potential of rapidly heated materials 
to form metastable or short-lived phases; the type 
of pump-probe experiment possible with the NTF 
would allow observation of such material 
through characteristic x-ray scattering. 

Narrow or Line Sources 
Line sources can yield narrow-bandwidth 

radiation with increased temporal coherence. 
They represent an important diagnostic tool for 
hard x-ray imaging and opacity measurements. 
Conversion efficiency into a single spectral line 
has been measured to vary from 1% at x-ray 
energies below 3-4 keV to 0.1% beyond 4 keV. 

The character of the emission spectra is 
strongly affected by the dominant shell. For 
instance, K-shell emitters are dominated by 
isolated strong hydrogen-like and helium-like 
line emission. In contrast, high-Z emitters such as 
gold are dominated by large bands of unresolved 
transitions. Reference 1 contains a compilation of 

the experimental results for a variety of elements 
and laser conditions. 

A NTF laser will allow higher ionization 
states to be accessed, extending the region of 
monochromatic hard x-ray sources to the hard 
x-ray region. The application of narrow band
width sources for the probing of polycrystalline 
structures is discussed in Section VI, Material 
Properties. 

Coherent X-ray Sources 

X-ray Lasers 
Plasma-driven lasers now operate over a 

wavelength range extending from the ultraviolet 
down to the soft x-ray region near 35 A. 1 4 Such 
systems utilize single-pulse optical lasers to pro
duce a hot and uniform plasma suitable for laser 
amplification and propagation. Figure VIII-26 
shows a graph of both calculated and measured 
wavelengths of the dominant x-ray laser lines in 
collisionally pumped systems. Wavelengths are 
shown as a function of atomic number. With the 
NTF it would be straightforward to extend colli
sionally pumped neon-like 3p-3s and nickel-like 
4d-4p systems to short wavelengths and high 
output energies. 

Previous Nova x-ray laser experiments have 
found that the total irradiance required in a 
500-ps pulse of 0.53-um laser irradiation scales 
with x-ray laser wavelength A. is 

I (W/cm2) ~ 2 x 10 1 7 (k 120)~3-5 

for neon-like systems and 
I (W/cm2) ~ 4.3 x 10 1 5 (X/20)~3-5 

for nickel-like systems. Here A, is the wavelength 
in Angstroms of the short wavelength J = 0-1 in 
nickel-like and the brightest J = 2-1 line in 
neon-like systems. 

Extending neon-like x-ray lasers below 
wavelengths of 20 A will be difficult given the 
high power requirements. Nevertheless, the high 
gain of these systems will make it possible to 
produce saturated x-ray lasers with plasma 
lengths of 2-3 cm. 

Extrapolating the nickel-like system to 
uranium with a J = 0-1 transition at 21.46 A, we 
estimate that an irradiance of 4 x 10 1 5 W/cm 2 

would be required to make an x-ray laser at this 
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Figure VIII-26. Collisionally pumped x-ray laser wavelengths as a function of atomic number. The 
graph shows calculated wavelengths (open symbols) and measured wavelengths (solid symbols). The 
NIF would allow the probing of short wavelengths and high output energies. 

wavelength. If we assume a 500-um-wide line 
focus, a 6-cm-long laser, and a 500-ps pulse, the 
energy required to saturate a nickel-like uranium 
laser is approximately 500 kj, well within the 
design limits of the NIF. The output x-ray laser 
energy from a saturated amplifier is calculated to 
be -0.2 J. Using x-ray optics to focus the x-ray 
laser, we will be able to achieve peak intensities 
o f l x l 0 1 7 W / c m 2 . 

Numerous candidates have been proposed 
for photopumped x-ray lasers, yet to date no 
successful demonstration has been reported. The 
difficulty in these experiments remains 
producing bright x-ray pump sources that can 
efficiently couple to the candidate plasma. A NIF-
size facility will allow large-volume pump 
plasmas to be produced that can efficiently pump 
candidate plasmas and allow testing of this 
promising concept. 

The short-pulse capabilities of the NIF will 
allow us to extend x-ray lasers to the hard x-ray 
regime and to investigate a variety of new x-ray 
laser schemes, including inner-shell pumped and 
optical-field ionized lasers. 

Inner-shell pumped x-ray lasers rely on 
bright x-ray sources to produce inner-shell 
vacancies and direct population inversion. The 
fast auger-decay rates of these systems make it 
necessary to use extremely short x-ray pulses. 
The main advantage of inner-shell pumped 
systems is the prospect of generating short-
wavelength lasers with low-Z atomic systems; for 
example, 10-A lasers from neon. Kapteyn,1 5 and 
more recently Strobel et al., 1 6 have investigated 
the feasibility of these systems and have shown 
that high gains are possible with bright 100-fs* 
x-ray pump sources. 

Recombination x-ray lasers, which rely on 
fast three-body recombination in a cold plasma to 
produce an inversion, have long been viewed as 
an alternative to collisionally pumped systems, 
offering the potential for higher conversion 
efficiencies. To date, however, it has been 
difficult to achieve large gain length products (or 
alternatively, saturated output) in these systems. 
A primary reason has been the difficulty of 
producing long uniform plasmas suitable for 
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inversion and x-ray propagation. A NIF-size 
facility will allow recombination systems to be 
adequately tested because of the large-volume 
plasmas available. 

Optical-field ionized x-ray lasers, which are a 
variant of standard collisional and/or 
recombination lasers, rely on a short laser pulse 
to multiphoton-ionize a neutral gas. The short 
optical pulse reduces collisional heating—or it 
can, by design, enhance it. This x-ray laser 
scheme has the potential for a short output pulse, 
on the order of 100 fs. 

High-Order Harmonic Generation 
The generation of odd harmonics, up to the 

eleventh, from the interaction of high-intensity 
lasers with dense gases had long been 
observed.17 However, researchers have now 
measured harmonics extending to the 109th of 
811-nm radiation and the 143rd of 1053-nm 
radiation, by shortening pulse duration to avoid 
ionization and by increasing intensity. 1 8 ' 1 9 

The harmonics in these experiments result 
from the periodic oscillation of quasi-free 
electrons across the atomic potential. As the 
electron passes the nucleus, it suffers an 
impulsive distortion in its trajectory, which 
generates a broad spectrum of radiation. Because 
the harmonics are produced only by the driving 
field of the laser, their pulse width is equivalent 
to that of the driving optical pulse. 

Figure Vm-27 shows an example of the type 
of data obtained from harmonic generation 
experiments. In these experiments, high-order 
harmonics are used to generate coherent XUV 
radiation. In rare gases this can produce a 
radiation source that could be useful in the 200-A 
region. The experiment is quite straightforward, 
as the laser is focused into a gas cell containing, 
for example, helium. The laser is an 800-fs-
duration, 1.053-nm-wavelength system with up 
to 8 J. The diagnostic is a streak camera coupled 
to a XUV grating spectrometer that produces a 
flat field. 
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Figure VIII-27. Streak image of coherent XUV radiation generated by high-order harmonics. The 
streak image covers from 145 to 330 A in the abscissa and from 0 to 23 ns in the ordinate. The long-
wavelength, long-lived transitions are the Lyman series of hydrogen-like helium. The short-lived 
features that are evenly spaced in wavelength are the odd harmonics of the laser. On the right is an 
intensity trace through the harmonics taken at a time indicated by the arrow on the streak image. The 
trace indicates the existence of the 17th through the 31st harmonic, occurring at 170 A. The use of long 
focal-length lenses will make it possible to use the NIF to generate coherent tunable XUV radiation. 
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On the left of the figure is a typical streak 
image, covering from 145 to 330 A in the abscissa 
and from 0 to 23 ns in the ordinate. The long-
wavelength, long-lived transitions are the Lyman 
series of hydrogen-like helium. On the right is an 
intensity trace through the harmonics that 
indicates the existence of the 17th through the 
31st harmonic, occurring at 170 A. 

Coherence and overall conversion efficiency 
are limited by phase matching between the 
harmonic field and the incident laser field. Recent 
experiments have produced XUV harmonic 
radiation near 20 nm with conversion efficiencies 
as high as 10" 7 . 2 0 Longer wavelength radiation, 
greater than 50 ran, can be produced with a 
conversion efficiency exceeding 10 - 6 . The use of 
long focal-length lenses will make it possible to 
use this technique on the NIF to generate 
microjoules of coherent tunable XUV radiation. 

Applications of X-ray Lasers 
Biological Imaging. The high brightness of 

x-ray lasers makes them well-suited for a variety 
of applications ranging from biological imaging 
and microscopy to nonlinear optics and 
interferometry. X-ray microscopy offers a way to 
study structure in wet, thick, 2-10-um, biological 
specimens. Demonstrated resolution is 
approximately five times better than that of 
conventional and confocal optical microscopes 
for samples that are thicker than the electron 
microscopes' limit of 0.4 |im. 2 1 X-ray microscopy, 
then, allows whole cells or organelles to be 
studied without sectioning. 

When dealing with wet specimens, the 
radiation dose imparted to the specimen by 
electron microscopy leads to mass loss and 
decomposition of specimens. Resolution is, 
therefore, limited by radiation damage and 
exposure time. 

X-ray lasers, by virtue of their high 
brightness, have the potential for producing 
high-resolution biological images before 
significant damage occurs to the specimen. For 
instance, the tantalum nickel-like x-ray laser has 
been used to image dry biological gold-stained 
specimens. However, developing full three-
dimensional imaging of biological specimens will 
require a significant increase in the output energy 

of the tantalum x-ray laser. A NIF-size facility 
will make high-contrast imaging possible, by 
allowing us to produce saturated x-ray laser 
output at laser wavelengths above and below the 
carbon absorption edge at 44 A. 

Plasma Diagnostics. X-ray lasers are 
currently finding important applications as 
diagnostics tools for high-density plasmas. To 
date most of this work has used the neon-like 
yttrium x-ray laser operating at 155 A, because of 
its high output power of 30 MW. 2 2 X-ray laser 
diagnostic techniques have significant 
advantages over conventional optical diagnostic 
techniques because they reduce refraction effects 
and eliminate problems with critical density 
layers. However, the high absorption of relevant 
plasmas at 155 A creates a real need to push the 
work on x-ray laser diagnostics to shorter 
wavelengths in order to allow accurate density 
measurements of cool plasmas at solid densities. 

Nonlinear optics at soft x-ray wavelengths is 
an area largely ignored because of the difficulty 
in generating sufficient x-rays to make 
measurement viable. Numerous experiments 
have demonstrated multiphoton processes in the 
near UV by focusing optical lasers through 
neutral gases. To extend these experiments to the 
soft x-ray region, a plasma is necessary both to 
reduce absorption and to allow for resonant 
enhancement of the nonlinear susceptibility. One 
possibility that is particularly interesting is four-
wave mixing, in which an optical laser is mixed 
with an x-ray laser to produce a tunable soft x-ray 
source. Aside from its clear applications, these 
experiments would allow measurements of 
nonlinear susceptibility to be made in a regime 
that is largely unexplored. 

Particle Sources 

A NIF laser will permit the generation of a 
wide variety of particle sources ranging from 
high-energy electrons and ions to neutrons and 
other fusion products. The generation of high-
energy electrons through parametric instabilities 
in plasmas is discussed in Section VII, Plasma 
Physics. Pair production using high-intensity 
lasers has long been proposed but is outside the 
realm of existing facilities. The demonstration of 
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pair production will be marginally possible with 
a NIF-size facility, as discussed in Section IV, 
Astrophysics and Space Physics. 

At a high-energy facility like the NIF, 
implosion and subsequent burn will produce a 
variety of fusion products. Initial calculations 
indicate that neutron production from implosion 
and burn could exceed 10 1 9 in a short, 100-ps 
burst. The use of these neutrons for producing 
uniform high-density plasmas exists, but this 
application is seriously limited by the low 
temperatures of current facilities. The high flux 
levels of higher temperatures on the NIF can be 
useful, however, for studying material properties 
in a regime where the generation and growth of 
dislocations become nonlinear. 
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Section IX 

Radiative Properties 

The study of radiative properties using high-
energy lasers has a long history. The irradiation 
of a surface with a high-energy laser provides 
copious x-ray emission that is easily accessible 
and inexpensive. 

Over the years the development of x-ray 
spectroscopy has led to further inquiries into the 
origin of the radiation, kinetics processes of 
importance, and radiative transfer in these 
plasmas. These are all grouped here for 
discussion. Some of the topics summarized below 
are quite complex, while others are dealt with in 
a more schematic manner. This difference in 
treatment is due to the varying levels of 
sophistication we now have in the various areas. 

There are various constraints on 
experimental aspects of the problem of radiative 
properties. In order to cover these constraints in a 
coherent way, the background material on 
radiative properties has been grouped so that 
each topic builds on the previous discussions. 
Thus, the topics are grouped into five 
subsections: 

A. Atomic Physics and Isolated-Emitter 
Spectroscopy 

B. Plasma-Emitter Radiative Properties 
C. Dynamics Properties 
D. Plasma Spectroscopy 
E. Radiative Transfer 
The various ideas for the study of radiative 

properties in hot, dense matter or high-energy-
density conditions fall naturally into these five 
areas. The areas can be traced to the various 
degrees of complexity that the surrounding 
matter imposes on the radiator. For example, at 
the first level (Subsection A, Atomic Physics and 

Isolated-Emitter Spectroscopy) we are only 
interested in the isolated ionic emitter, and the 
fact that there are interactions is significant only 
in that the interactions serve to create the highly 
ionized or specially populated ionic radiator. The 
spectroscopy of highly stripped ions falls into this 
category. 

Subsection B, Radiative Properties of Plasma 
Emitters, goes into the effect of the plasma . 
environment on the emitter. 

Subsection C, Dynamics Properties, covers 
the dynamics, or evolution, of the radiator in the 
plasma. 

Subsection D, Plasma Spectroscopy, then 
discusses measuring quantities relevant to these 
x-ray- or laser-produced plasmas. 

And finally, Subsection E, Radiative Transfer, 
covers the transport of radiation, first for 
conditions of local thermodynamic equilibrium 
(LTE), and then for plasmas that do not satisfy 
the conditions for LTE, which is a more complex 
situation. 

A. Atomic Physics and 
Isolated-Emitter Spectroscopy 

The production of highly stripped ions is not 
a straightforward extrapolation of laser energy. 
For example, in small 100-joule 1-ns-type lasers, 
it is possible to reach ion stages of K-shell 
titanium. Further, the 24-beam Omega laser, 
which delivered 50 joules per beam, was used to 
probe transitions between the 4n-type ground 
configuration and any excited configuration over 
the entire periodic system. 
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The limits for some other transitions are: 
• 2s 2 S 1 / 2-2p 2 P 1 / 2 / 3/2 and 2 p 2 P 1 / 2 / 3 / 2 -

3d 2D3/2 /5/2 transitions in lithium-like 
systems. 
Current knowledge: G e 2 9 + (Z = 32) 
Source for highest degree of ionization: 
Omega 
Degree of ionization reached with the 
Omega laser: G e 2 9 + 

• 2s 2 2p 5 2 P3/2 / i /2 _ 2s p 6 2 Si/2 transitions in 
fluorine-like systems. 
Current knowledge: S n 4 1 + (Z = 50) 
Source for highest degree of ionization: 
Nova 2-beam 
Degree of ionization reached with the 
Omega laser: S n 4 1 + 

• 3s 2 S 1 / 2 - 3 p 2 Pi/ 2 ,3/2 and 3p 2 Pi/ 2 ,3/2-3d 
2D3/2,5/2 transitions in sodium-like 
systems. 
Current knowledge: G d 5 3 + (Z = 64) 
Source for highest degree of ionization: 
Nova 2-beam 
Degree of ionization reached with the 
Omega laser: S n 3 9 + 

However, it is clear that using ever-higher 
laser energies in a straightforward application of 
direct target irradiation will not necessarily 
permit access to yet higher ionization stages. The 
difficulty is that much of the additional energy 
will go into kinetic directed energy and the 
coupling efficiency will be relatively small. One 
solution for this is the use of the rather newly 
perfected "gas-bag" targets. These are simple 
targets made of a thin plastic bag, currently 
containing large molecular structures of low-Z 
atoms. This allows the ambient pressure of the 
bag to be low (>1 arm), while the fully ionized 
targets can have electron densities on the order of 
10 2 1 c m - 3 . These are described in more detail in 
Section VII, Plasma Physics. 

The study of the atomic physics of highly 
ionized atoms came into the modern era with 
the availability in the late 1960s of reasonably 
high-energy lasers. The production mechanism 
for obtaining ionized material on a high-energy 
laser is straightforward: irradiate a solid surface 
of the element of interest with a laser at 

intensities greater than the surface melting 
point. This technique has produced spectra and 
line identifications of numerous highly 
ionized species. 

The method has been improved with the use 
of a localized dot of the material of interest in a 
matrix of a lower-Z material, which will not 
interfere spectroscopically. This helps isolate the 
element of interest to a finite column that will 
move outward along the laser axis from the solid 
surface. The dot spectroscopy method is 
schematically illustrated in Fig. DC-1.1 

The dot spectroscopy technique has been 
widely used to improve spectral resolution 
(which can be compromised by broadening due 
to the finite source size), and to permit spectral 
information from spatially resolving instruments 
to isolate regions of the plasma in which there are 
small temperature and density variations. 

Along this line we mention two results. First, 
we have the work of Seely and others performing 
classical line identification on higher-Z elements. 
In this work a survey soft x-ray spectrometer 
with wide spectral coverage is used to look in the 
XUV region. Results of this technique have been 
used to obtain, for example, the configuration 
interaction and level crossing data relevant to the 
3d 1 04141' levels in highly ionized zinc-like atoms 
with atomic numbers from 40 to 80. 2 These 
experiments are used to provide difficult-to-
obtain data. 

Second, the identification of highly stripped 
ions in laser-produced plasma can lead to 
interesting diagnostic possibilities. For example, 
the density-sensitive emission line ratio from 
holmium XXXIX has been inferred from an 
experiment where the XUV spectrum can be both 
spatially and spectrally resolved. 3 Fig. DC-2 shows 
an intensity-vs-wavelength plot of the lines of 
holmium XXXDC at one spatial position. When a 
temperature of 1780 eV and an optically thin 
plasma are assumed, various ratios of these 
emission lines form a reasonable diagnostic. 
This is illustrated in Fig. IX-3, which shows the 
ratios of various line emission intensities vs 
electron density. 

The final comment on spectroscopy of laser-
produced plasma is to point out the interest in 
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Figure IX-1. Schematic of dot spectroscopy technique. The dot of the material of interest is placed on, 
or slightly beneath, a target that will not interfere spectroscopically. When the surface is irradiated, the 
dot is confined, reducing the spatial variations possible. 
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Figure IX-2. Example of the spectrum of lines of 
holmium XXXIX n = 4-4 lines at one spatial 
position. The lines used in Fig. IX-3 are 
indicated here. 

Figure DC-3. Ratios of various line emission 
intensities: 

U = ̂ 3/^5/2 t0 2S 1/2- 2P 3/ 2 

t ^ D s / r ^ t o ^ r ^ 
o = ^ i ^ D g f c toZSj/r^Ps/z 
. = 2D 5 / 2-2F 7/2 to 2Vzii-2D5i2 
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the structures called unresolved transition arrays 
(UTAs), which are spectral features composed of 
myriad line transitions from complex ions. These 
structures provide a wealth of information on 
the plasma formation and atomic physics of 
complex atoms.4 

B. Plasma-Emitter Radiative 
Properties 

To study the effect of the plasma environ
ment on the emitter, you must create a plasma 
and the ionic emitter in a condition that is well-
characterized. A special plasma-production 
mechanism is required to study the intrinsic 
profile of a line transition, the shape of the 
resonances in a line series leading up to the 
ionization potential, the interaction of the discrete 
resonances with the underlying continua that 
occur above the first ionization potential of an 
ion, or the absolute shape and intensity of 
the continua. 

In the past, the production of the ionic 
emitter in a hot and dense plasma and verifying 
its existence was of sufficient scientific interest to 
permit the use of relatively simpler plasma-
creation strategies; for example, the irradiation of 
a solid target. However, when the goal is to 
disentangle the temporal and spatial variations of 
the plasma in order to determine the 
fundamental radiative properties of an ion 
immersed in a plasma, a method must be found 
to determine the plasma conditions— 
temperatures, densities, etc. 

Deterrriining the conditions of a plasma 
requires systems that are sufficiently steady-state 
and, ideally, have no gradients. The steady state 
is required to ensure that the radiative property is 
not a function of the time history of the system, 
but of the instantaneous conditions. The spatial 
constraint (i.e., no gradients) comes from the fact 
that critical determination of the effects of interest 
requires that the contribution from widely 
varying plasma conditions be minimized. As a 
simple example, in order to determine the 
existence (or non-existence) of a transparency 
window between the last existing line in a series 
and the associated bound-free continuum, it 

must be possible to ensure that there is no filling 
of the proposed window due to the existence of 
plasma at slightly different conditions. 

Generating this type of single-density, single-
temperature plasma is highly energy intensive. 
First, direct irradiation of a sample will produce 
large gradients. Second, the problem with 
gradients has not to date been remedied by the 
use of microdots of the element of interest 
embedded in a solid material. Direct irradiation 
would therefore seem to be a poor method for 
obtaining the test-bed plasma for studying 
plasma-emitter radiative properties. 

However, there are experiments that may 
indicate a way to create the ideal system. A great 
deal of work has been performed in the 
characterization of the opacity of elements with 
low- and middle-range Zs. This work indicates 
that the entire capability of Nova is required to 
achieve tens of electron volts at 0.001 of 
solid density. 

The reasons why the generation of single-
density, single-temperature plasmas requires the 
entire capability of Nova are clear. First, the 
material from which the plasma is created must 
be volumetrically heated. Second, this volumetric 
heating is most easily achieved by creating an 
x-ray flux. And third, the sample must be 
hydrodynamically isolated. (Hydrodynamic 
isolation keeps the sample from suffering shocks, 
etc., from laser deposition or indirectly from 
collision with laser and x-ray ablated material.) 

The two processes of up-conversion of laser 
light to x-rays and the volumetric deposition of 
the x-rays reduce the amount of energy reaching 
the sample, resulting in less than 1% of the initial 
laser energy being coupled into the sample. The 
need for hydrodynamic isolation, implying 
separation of the sample and x-ray source, causes 
the coupling to drop further by an additional 
multiplier that will be less than 0.1. 

These factors together result in less than 10~3 

coupling of the initial laser energy into the 
material of interest. Experience in the use of 
hohlraums and x-ray-irradiated samples, 
therefore, leads to a simple scaling for the 
production of characterized samples—that we are 
limited to temperatures well below 100 eV, and 
probably 50 eV is the maximum currently. It is 
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therefore implicit in all the discussions of the 
effects that we wish to study that the greatly 
increased energy of the NIF will allow us to 
extend our range of temperatures and densities 
toward the higher-Z materials and regimes 
of importance. 

C. Dynamics Properties 
The next level of detail is the study of the 

dynamics, or evolution, of the radiator in the 
plasma. At one level, the effects discussed above 
of the plasma on the imbedded emitter are a form 
of kinetic process. By dynamics we mean here the 
actual time dependence of the detailed ionic state 
populations (i.e., the result of the rate equation 
solution for the populations). The plasma-
affected radiative properties (e.g., line shapes) 
discussed above require a plasma averaging that 
can, by the ergodic hypothesis, be replaced by a 
time average. The time average then indicates a 
dynamic process; however, it is one where the 
averaging process replaces the actual temporal 
history. In looking at the dynamics of the 
radiator, we are interested in the details of the 
time histories, population densities, and 
population mechanisms. 

In studies attempting to isolate the dynamical 
properties of a hot, dense plasma, numerous 
processes play a role. The formation of atomic 
models can require exhaustive detail, and this in 
itself has become a topic of research over the past 
decade. That is, some states of the atom may have 
relatively little observable contribution to the 
spectrum, but play an important part in the flow 
of population. This makes the task of kinetics 
modeling difficult, insofar as the observables are 
dark shadows providing only a vague sense of 
the processes required to create the populations. 

In studies of dynamical properties the open 
questions include difficulties with the truncation 
of high-principal-quantum-number states, the 
inclusion of states that have auto-ionization 
channels, and the level of detail for the states. The 
most obvious example where these 
considerations are critical is for the prediction of 
inversion and laser gain in rapidly varying 

systems. However, the evolution of the 
radiators in hot, dense matter in general is of 
great importance. 

The additional constraint on the experimental 
setup, beyond those discussed above in reference 
to radiative properties, comes from the ability to 
probe, in time, the level populations that may 
take part in the formation of the populations. 
This potential creates an interest in developing 
the ability to probe states that may not be seen in 
emission. The development that will be required 
is the ability to probe states and transitions by 
methods that are similar to those that we require 
for radiative properties (discussed above) and 
those required for radiation transfer (as discussed 
below), but with the additional fact that the 
plasma characterization must be performed in a 
time-dependent manner. Determination of 
radiative properties from a single-temperature 
and -density plasma may provide definitive 
information; however, this is only a part of the 
puzzle when it concerns the flow of population 
density through the various ion species. 

A critically important advance would be the 
addition of a probe that could be used to generate 
fluorescence from excited states. Developing such 
a probe is difficult. With low-energy-density 
plasma, the equivalent to this experiment 
requires lasers as the pumping source. In the 
high-energy-density regime, the production of 
appropriate short-wavelength lasers is not an 
easy task, and to date no line coincidences have 
been located for use of the existing soft x-ray 
lasers as pump sources. 

Thus, we await, in the current generation, an 
appropriate source. With the advent of the NIF, 
photon densities from quasi-continuous pseudo-
Planckian sources could be spectrally filtered to 
provide the necessary pumping for fluorescence 
and pump-probe experiments. Until such time as 
a source of the magnitude of the NIF becomes 
available, we will have to rely on the search for 
coincidences with existing bright laser-plasma 
sources, or the use of high-emissivity line 
radiation from spatially separate plasmas, to 
provide a photon pump of the same transitions in 
another plasma. 
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D. Plasma Spectroscopy 
The plasma produced by directly irradiating 

targets gives rise to states that are well outside of 
the defined limits of the condition of LTE in the 
plasma. The time dependence of the hearing 
source, together with the fact that the plasma 
expands rapidly during heating by the laser 
pulse, indicates that these plasmas must be 
studied using non-LTE (NLTE) techniques. This, 
in turn, means that atomic models coupled to 
NLTE rate equations must be employed to 
predict the populations in the plasma, and thus 
these models are necessary for interpretation of 
the spectral character of the plasma emission in 
general. The further complication that the 
plasmas are spatially varying indicates that the 
hydrodynamics of the plasma must also be 
modeled for a fuller understanding of the 
plasma. 

To understand laser-produced plasmas, 
much effort has been expended to develop a 
diagnostic complement that will provide data 

independent of plasma simulations. These 
diagnostic methods include development of the 
instruments (which is discussed in Section m, 
Experimental Capabilities), as well as of plasma-
spectroscopic diagnostics. Many of these 
diagnostics are complementary to those 
developed for astrophysical, atmospheric, 
or other laboratory plasmas. 

One of the methods that has found great 
success is the previously mentioned dot-
spectroscopy technique. This technique has been 
perfected so that the temporal, spatial, and 
spectral information is obtained on a single shot, 
and it can also provide independent measures 
of, for example, electron density. A schematic of 
such a setup is shown in Fig. EX-4.5 Figure EX-5 
shows the results for the electron temperature 
measurement that uses the slope of the bound-
free emission continuum of the hydrogenic 
species. This experiment represents the type of 
detailed spectroscopy that can be performed on 
these plasmas even though they are rapidly 
evolving during the experiment. 

Time-integrated 
spatially resolved 

crystal spectrograph 

Laser spot overfills 
microdot target 

Photocathode 
entrance slit 

Framing crystal 
X-ray spectrometer 

X-ray streaked 
crystal spectrograph 

Figure IX-4. Schematic of a spectroscopy experiment that provides time, space, and spectral 
information. In this experiment a holographic interferometer is used to also provide an independent 
measure of the plasma electron density. 
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Figure IX-5. Temperature measurements from a 
spectroscopy experiment of the type shown 
schematically in Fig. IX-1. The temperature from 
the hydrogenic bound-free recombination 
continuum is measured for several frames on a 
spatially resolving spectrometer. 

This brings us to an important point con
cerning the laser irradiation of a surface. The 
plasma that is formed during the laser-matter 
interaction will be dense and warm at the surface, 
becoming tenuous and hot as the matter moves 
away from the target. Therefore, defining the 
temporal and spatial history of the material is a 
challenging feature of these experiments. This, as 
one might expect, gives rise to a field of study of 
its own. 

One rather elegant advance was to use a 
series of concentric dots of differing elements, 
bull's-eye fashion (to isolate the spatial informa
tion in the direction perpendicular to the laser 
axis), and then to use a gated spectrometer that 
provided spatial resolution along the laser axis. 
In this form of the experiment the NLTE charac
ter of the plasma can be both analyzed and at the 
same time used for simple line identification. 

The methods developed for use on laser-
produced plasmas include the standard line 
intensity ratio techniques, the use of spectral line 
broadening, and most recently, a novel but 
simple extension of the line ratios technique to 
the use of two different elements.6 

This new idea is illustrated in Fig. DC-6, 
which shows the ratios of the helium-like l s 2 -
ls3p transitions from titanium to chromium in 
the same plasma conditions. Figure IX-7 shows 

the results of an experiment on a long-scale-
length plasma created by irradiating a bag of gas 
that is underdense. That is, when fully ionized, 
the electron density (N e) of the gas is less than 
the critical density (N c) for the laser frequency 
used. The laser heats the gas to a few kilovolts, 
and the chromium/titanium line ratios are a 
good diagnostic of this temperature. The line 
emissions are obtained from chromium- and 
titanium- coated fibers introduced into a bag of 
n-pentane having an N e of 10 2 1 cm - 3 . The 
chromium and titanium line ratios in Fig. DC-7 
indicate that the T e is ~3 keV.7 

In terms of novel diagnostics, measurement 
techniques have been developed that employ line 
shapes,8 inner-shell absorption techniques,9 and 
quasi-steady-state models, 1 0 as well as x-ray 
laser probes. 1 1 Some these will be discussed 
below in Subsection F, Future NIF Experiments, 
under "Plasma Spectroscopic Topics." 

E. Radiative Transfer 
One of the unique capabilities of high-energy 

lasers is that they can reach sufficient energy 
density, albeit for short times, to permit the study 
of radiation transfer as a topic in its own right. 
Since the transport of radiation plays an integral 
part in stellar interiors, as well as in inertial 
confinement fusion (ICF) implosions, this has 
become an area of some interest. 

There are clearly two general regimes. In the 
first regime, when the transfer of radiation occurs 
in material that satisfies the conditions for local 
thermodynamic equilibrium, the transfer is 
studied as a flow of radiation through the 
material. In these experiments we are interested 
in measuring flow characteristics as these are 
represented by quantities such as the Rosseland 
opacities and described by the radiation diffusion 
approximation. 

The second regime deals with plasmas that 
do not satisfy the conditions for LTE, and the 
demands become somewhat more complex. 
Whereas in LTE we can use the Saha-Boltzmann 
equation or some related statistical method to 
obtain populations, in NLTE cases we require 
atomic models of some sophistication that 
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Figure IX-6. Ratio of the chromium to titanium helium-like ls 2 -ls3p intensities for a range of 
temperatures and densities. Note that each curve represents a single temperature. 
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Figure IX-7. A spectrum of the chromium and titanium produced by irradiating a large bag of gas with 
a single 3-ns long pulse of 3600-J energy. The chromium and titanium are on fibers introduced into a 
bag of n-pentane, yielding an N e of 10 2 1 cm - 3 . The line ratios indicate the T e is ~3 keV. Because the 
electron density of the gas is relatively undisturbed, due to the small amount of hydrodynamic 
motion, temperature can be determined. 
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demand rates for all the processes of importance. 
In addition, the radiation diffusion equation is 
no longer useful, and we must solve the detailed 
radiative transfer equation that, in general, must 
be solved self-consistently with the rate 
equations. 

LTE Radiation Flow 
Currently there is a series of experiments to 

study LTE radiation flow—the transfer of heat by 
x-rays through targets of varying types. The basic 
experimental geometry is shown in Fig. DC-8. The 
x-ray drive for these experiments is created by 
focusing eight of the ten laser beams at Nova into 
a gold hohlraum. The x-rays from the hohlraum. 
are incident on one end of a millimeter-scale tube 
containing one of several possible experimental 
packages (see Fig. IX-9). From the opposite end of 
the tube the backlight passing through the 

package is observed with an x-ray crystal 
coupled to an x-ray streak camera. 

Backlighting iUurnination is created using the 
other two Nova beams. Behind the radiation flow 
target is a tiny fiber of samarium that is heated by 
laser light. This produces a broad-band x-ray 
backlighting spectrum at photon energies from 
around 1 to 2 keV. 

Figure IX.-9 shows the various possible 
targets used in the radiation flow experiments. 
(Hohlraums represent a feature of these, and 
many other, experiments. For more information 
about the hohlraum, see Section HI, Fig. IH-1 and 
Fig.ffl-2.) 

The tube contains a series of thin fiducial foils 
that register the transfer of heat by allowing us to 
observe the absorption spectra of Ka transitions 
in the foils. As the fiducial foils heat, they go 
through several different ionization stages. Each 

Streaked SSC using a 
point backlighter or 

Dante, SXRFC, SXI, SOP 
Dante, SXRFC, SXI, 

Figure IX-8. Schematic of radiative flow experiment. X-rays from a Nova hohlraum are incident on one 
end of a millimeter-scale tube containing an experimental package. Eight of Nova's ten beams are 
focused on the hohlraum; the remaining two are used for the backlighter. (See Section III for 
instrument names.) 
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Figure IX-9. Possible experimental packages for 
radiation flow experiment shown schematically 
inFig.IX-8. 

ion stage absorbs different frequencies from the 
x-ray backlighting spectrum. The streak camera 
records the ionization history of each of the 
fiducial foils in the tube. From this, the time 
history of the temperature of each foil can be 
inferred.12 Fig. IX-10 presents an example of a 
streak-camera data record for radiation flow 
through a tube. 

Both one-dimensional burn-through foils and 
more complicated two-dimensional geometries 
are being studied. The initial x-ray driving flux 
has been well characterized in terms of its time-, 
angle-, and frequency-dependence. Heat-transfer 
experiments are also being performed using a 
two-dimensional x-ray framing camera to 
study the longitudinal distribution of heat in 
both unobstructed and baffled straight 
cylindrical geometries. 

These initial experiments have also been 
extended using smaller hohlraums that create 
hotter radiation sources capable of driving longer 
and more complex two-dimensional geometries. 
The radiative drives from these hotter sources 
have also been well-characterized. 

Non-LTE Radiative Transfer 
Interest in the generation of x-ray lasers led 

to a series of relatively recent advances in theory 
and experiment. These advances have brought us 
to a position where detailed radiation 
hydrodynamics simulations are available and 
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Figure IX-10. Streak-camera record of backlight 
passing through a radiation-flow package in the 
experimental setup shown in Fig. IX-8. Time 
runs horizontally and the spectrum is vertical. 
At early time the silicon Koc lines are seen. As 
the radiation flows up the tube, at late time, the 
aluminum Kcx lines rise up. 

detailed kinetics models can be produced, with 
some effort. (It is important to note the central 
role of the astrophysicist in the development of 
these simulation capabilities. Although the 
largest part of the motivation for the experiments 
shown here was derived from interest in 
laboratory plasma sources, astrophysicists were 
producing the methodology for doing NLTE 
radiation transfer "correctly.") 

Thus, there are simulation codes that now 
provide a radiative-hydrodynamics capability for 
the analysis of NLTE experiments. A description 
of the basics of these codes is not necessary here, 
but the fact remains that these codes exist and 
that they have been developed at great expense. 
Rigorous testing of the codes has essentially been 
confined to benchmarking numerical problems 
where analytic solutions exist, and no rigorous 
tests have been performed against controlled 
high-energy-density plasma experiments. 

The first goal of the effort on NLTE radiative 
transfer will be to develop a method to test the 
simulation codes by making it possible to 
compare the results of radiative hydrodynamics 
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simulations with experimental results. This 
method must go as far as possible towards 
allowing detailed comparisons to be performed. 
We must be able to provide the initial conditions 
to the code more accurately than has been 
previously attempted, and then provide the 
results of the experiment. The hope is to provide 
experimental results in the form of absolute 
intensities so that the details of simulations can 
be tested for the first time. 

More specifically, there are three areas in 
which it is felt simulation capabilities should be 
tested. First, the accuracy of the atomic kinetics 
models will be measured insofar as we can 
provide spectral information of high enough 
quality to check model details. 

Second, the suitability of the kinetics models 
in simulating plasma dynamics can be tested. 
This testing will be made possible by the ability 
to obtain experimental information on the 
evolution of the radiatively driven system. 

Third, and most difficult, the level of 
information that will be available on a NTF-
scale facility may be sufficient to constrain the 
radiation transfer algorithms in these time-
dependent plasmas with multilevel 
atomic systems. 

Note that the testing of radiative transfer 
would require the generation of spectra that 
contain line transitions formed in a radiatively 
dominated regime. This is a very difficult regime 
to attain in the laboratory, as can be seen from the 
simple rule of thumb that for radiation to 
dominate the collisions in the line formation 
process, the following must be true: 

• The £ parameter (defined as the ratio of 
the collision decay to the radiative decay 
of a transition) must be small compared 
to unity 

• The optical depth t of the transition must 
be large 

• The source function S should reach the 
blackbody limit, B. 

The e parameter can be evaluated as 

where X is the transition wavelength in cm and 
Ne is the electron density in cm - 3 . (Here we 
assume that the Gaunt factor is 0.2 and the 
plasma temperature is 100 eV.) 

Next, the optical depth, x, of a Doppler 
transition can be approximated by assuming that 
the oscillator strength is =0.5, the temperature is 
=100 eV and the atomic number is =20. Then 

T =6.3x10-10 Ng XC 
Here /"is the plasma column length in cm and Ng 
is the ground-state number density. 

If we want the line formation to work in a 
regime where the source function reaches the 
blackbody limit (so that the medium is effectively 
thick), we can relate eto rby the equation 

for Doppler line profiles. Analysis indicates that, 
for example, a column length of 10 urn of plasma 
with an electron density of 10 2 0 cm - 3 and 10 1 9 

cm - 3 ground-state ions will yield (for 100-A 
radiation) an e~ 0.01, a i~ 6.40, and a maximum 
source function near the blackbody limit. 

These conditions are difficult to attain, but 
are possible in the type of experiments that are 
currently being performed. The main object of 
this work to obtain a test bed for radiative 
transfer experiments, therefore, would be to 
develop the techniques to perform measurements 
in such a plasma. Detailed studies of parameter 
regimes where eis much smaller and/or r is 
much larger are important to the verification of 
the radiation transfer schemes, but the goal of the 
current experiments is to create an experimental 
environment in which radiation dominates the 
collisions in the line formation process so that 
detailed studies can eventually be performed. 
But, first things first. 

The progress so far on the current 
experiments is as follows. First, based on several 
considerations, an experimental configuration is 
now being tested. The considerations are: 

• The use of radiation enclosures (i.e., 
hohlraums) is not necessary for the 
production of NLTE experiments. The 
enclosure provides nothing of interest to 
the experimental design, and in fact 
complicates the measurement process to 
the point of rendering the experimental 
plan all but unattainable. 

• The use of direct-drive experiments, 
although of great interest to the 
community of experimentalists as a 
fertile source of ideas and developments, 
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produces a plasma that is heated by 
mechanisms not relevant to the testing of 
the NLTE radiative hydrodynamics 
simulations. 

• The dimensionality of the experimental 
system must be reduced to the minimum 
so that we can provide, as nearly as 
possible, an ideal NLTE system. This is 
achieved by using a low-Z tamping layer 
to contain the material of interest. 

• Because the temperatures that can be 
reached with current facilities are well 
below the kilovolt range, spectral 
measurements should be made in the 
sub-kilovolt range. This will require an 
effort to develop XUV instruments. 

Given these considerations, the experiment 
can be defined. A schematic of the experiment to 
study NLTE phenomena as it is being fielded is 
shown in Fig. IX-11. 

The experimental plan is now going forward 
on three levels. First, we have developed a full 
understanding of the radiation heating source 
used in these experiments. The source, which 
arises from a gold burn-through foil, has been 
measured in time, spectrum, and angle (for more 
information see Section VIII, Radiation 
Sources). 1 3 

2500-A Au foil 

Backlight beam 2500-A Au foil 

Tamped sample: 
-1000-ALowZ 
- 200-AMidZ 
-1000-ALowZ 

Heater beam 

Spectrometer X 
Figure IX-11. Schematic of setup to study NLTE 
phenomena. Heating is achieved by using the 
flux from the rear side of a gold burn-through 
foil. The sample in this case is tamped, and the 
backlight can be delayed in time for 
the heating. 

Second, we have developed methods to 
perform the absorption spectroscopy of the 
heated samples. Figure TX-12 shows an example 
of the spectrum from an untamped boron nitride 
target. The figure shows a comparison of the 
theoretical absorption spectrum with the 
experimental results for this case. The boron 
nitride sample is untamped, so effects due to the 
vacuum/matter interface will be present. Note 
that this sample should not come too far out of 
LTE, and comparisons have been performed that 
indicate that this is true. 

The third step is spectroscopy of the tamped 
sample and the relevant characterization of the 
material with small gradients. In Fig. TX-13 we 
see the experimental results from first attempts at 
measuring a Stark-broadened absorption line 
profile to ascertain N e as a function of time. The 
results are for absorption of a gold backlight 
through a plastic-tamped Teflon sample. The 
figure shows both the measured lithium-like 
fluorine and the line shape predicted by theory, 
and includes the densities inferred from the 
measured results. Density can be determined as a 
function of time by using a long-duration 
backlight (i.e., absorption source) with an XUV 
streak camera. Then the time-dependent width of 
the absorption line yields a time-dependent 
density. The development of in-situ temperature 
diagnostics and further density diagnostics is 
being evaluated. 

F. Future NIF Experiments 

Spectroscopy of High-Z Elements 
To provide a background to assist in 

understanding the importance of experiments 
using high-energy lasers, we will describe the 
current state of knowledge of highly ionized 
atoms as it relates to some key isoelectronic 
sequences. In particular, this description will help 
in extrapolating those experiments to the NIF. 

The current state of experimental knowledge 
on isoelectronic sequences that lie between those 
presented below (i.e., K-shell, Uthium-like, 
sodium-like, and copper-like ions) is even less 
complete. A typical example of a current 
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Figure IX-12. Spectrum from absorption of untamped boron nitride. The experiment is the thick solid 
line; two predictions of the spectra are also shown. The thin line is the prediction of the NLTE 
radiative transfer code ALTAIR. Note that this sample should not come too far out of LTE, and 
comparisons have been performed that indicate that this is true. 

experimental setup is the dot spectroscopy 
schematic shown in Fig. DC-1. It is believed that 
using a source as powerful as the NIF laser with 
special foam target designs, or using other 
mechanisms for producing long-scale-length 
plasmas, can achieve coronal temperatures of 
6 keV, with eventual production of 10-keV 
plasmas. Such temperatures will make it possible 
to probe most elements of the periodic table to 
any desired degree of ionization. 

Observing transitions in higher-Z ions is 
important for deterrnining the contributions to 
the transition energies that become significant 
only at high Z. These include QED and 
relativistic contributions to the transition 
energies. In addition, electron correlation effects 
are important at high Z. Comparison of observed 
and calculated transition energies motivates and 

guides the improvement of the atomic theory of 
highly charged ions. For example, a great deal of 
work is presently being done on non-hydrogenic 
QED theory. Further, the atomic models are 
input to the codes that simulate opacity and 
atomic kinetics. 

The simplest spectra to interpret, and the 
easiest transition energies to calculate, are for 
ions with one weakly bound electron outside a 
closed shell. These are in effect "one-electron 
spectra," and they occur for lithium-like ions 
with 3 electrons, sodium-like ions with 11 
electrons, and copper-like ions with 29 electrons. 
To date, the copper-like sequence has been 
studied to the end of the sequence (i.e., up to 
copper-like uranium). The NIF would permit the 
study of other sequences, such as the sodium-like 
sequence up to uranium. 
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Figure IX-13. Experimental results for 
absorption of a gold backlight through a plastic-
tamped Teflon sample. The measurement 
shows the lithium-like fluorine measured along 
with the theoretical prediction for the line 
shape. The densities inferred from the 
measured lithium-like fluorine line shape are 
also shown. 

Isoelectronic sequences that are near the one-
electron sequences are also of interest. Examples 
are the fluorine sequence with 9 electrons and the 
magnesium sequence with 12 electrons. Of these 
two, the fluorine sequence has one electron less 
than the closed-shell neon-like sequence, and 
only two transitions are intense in current laser-
produced plasmas. Sequences such as the 
fluorine sequence are used to study the atomic 
physics of "nearly closed shells." The magnesium 
sequence has two electrons outside closed shells, 
and electron correlation effects require detailed 
calculation. This effect has become an important 
topic in atomic physics. 

The work planned on high-energy lasers 
must be referenced to the possibilities on other 
sources of high-Z ions such as the EBIT and 
Tokamak devices. With regard to EBIT, only two 

types of transitions are typically intense. These 
are the resonance transitions that are collisionally 
excited from the ground state of the ion, and the 
transitions from the auto-ionizing levels that are 
resonantly excited by dielectronic recombination. 
With the EBIT it is not possible to efficiently 
excite the transitions between excited states. The 
same limitation applies to Tokamak spectra— 
only the ground-state transitions are intense. 

In addition, although heavy ion accelerators 
can produce highly charged ions, Doppler shifts 
complicate the analysis. Also, synchrotron 
radiation can be used only for the study of cold 
material, not highly charged ions. Thus, the NIF 
is necessary for the in-situ and complete study of 
entire spectra of the highly charged ions that 
cannot be produced by currently available lasers. 

The Transparency Window 
The possible existence of a transparency 

window in the spectral region between the 
bound-bound transitions and the formation of 
the bound-free continuum has been discussed for 
many years, and the issue is still unresolved. 1 4 

This possible effect is important because such a 
decrease in absorption probability can have 
several serious effects. First, reduction of opacity 
in this spectral region can lead to overestimates 
of the opacity of the models used. Second, the 
recombination rate of ions into the high-lying 
states could be seriously reduced by such a 
transparency window, changing the kinetics of 
the plasma. Finally, modification of the density of 
states will have an effect on the thermodynamic 
properties of the plasma. This last effect is due to 
the direct connection between the density of 
states and the partition functions, from which all 
the thermodynamics properties are developed. 

To measure radiative properties of this type 
(that is, those measurements that go beyond 
spectral identification), the phenomenon of 
interest needs to be isolated by creating highly 
constrained plasma conditions. Figure TX-14 
shows a schematic of a method that generates a 
single-density single-temperature plasma for 
these types of studies. To ensure uniform heating, 
the experiment shown uses volumetric 
irradiation with x-rays. The sample is tamped to 
keep its density and temperature uniform. 
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Figure IX-14. Schematic of proposed experiment to obtain uniform temperature and density. To 
ensure uniform heating, volumetric irradiation using x-rays is employed. The tampers are used to keep 
the density and temperature of the sample at uniform levels. 

The requirements for a thin sample and x-ray 
heating imply that little absorption of the x-ray 
energy occurs. The low absorption, coupled with 
the fact that the sample x-rays are produced by 
laser-plasma generation, indicate that the laser 
energy must be large to yield substantial plasma 
heating. Combined with this is the requirement 
that the sample must be hydrodynamically 
isolated, which means that laser-plasma creation 
must occur at substantial distances. The distance 
further diminishes the coupling and increases the 
laser energy requirements. Simple calculations 
using approximately 160 of the NIF beams on 
gold burn-through foils yield x-ray flux that will 
provide researchers in the area of radiative 
properties an ideal plasma insofar as it has 
the correct conditions in which to perform 
measurements. 

Figures IX-15 and DC-16 show plots of 
temperature and density as a function of time for 
samples handled two different ways, one over-
tamped and one undertamped. Figure IX-15 
shows a plot of temperature and density for a 
2000-A aluminum sample that is overtamped to 
provide a high degree of uniformity. The figure 
shows information for the three locations in the 
sample, the midpoint, the quarter-point (halfway 
between the edge and the midpoint), and the 

edge. The overtamping minimizes density and 
temperature gradients in the sample. Over
tamping produces some extreme states of matter 
for study—for example, note that at 1 ns the 
temperature is over 65 eV and the density is 0.25 
g/cm 3. This single temperature and density point 
is, of course, attainable in many plasmas; 
however, the study of radiative properties of 
samples at this single condition will be unique 
and requires the capability of the NIF. 

Figure IX-16 shows an untamped sample of 
aluminum for the same thickness, with the 
gradients in temperature and density indicated. 
The figure shows information for the three 
locations in the sample: the midpoint, the 
quarter-point (halfway between the edge and the 
midpoint), and the edge. The fact that the sample 
is untamped leads to an exponential decay of 
density and the formation of gradients. The outer 
edge of the sample blows down first, and there is 
a factor-of-three density gradient between the 
edge and the middle. The temperature shows that 
the lower-density outer region is hotter. This is 
consistent with the conservation of energy 
density of the sample. Clearly, tamping of the 
sample (as shown in the previous figure) will 
assist in the performance of single-temperature 
and single-density experiments. 
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Figure IX-15. Temperature and density vs time for an overtamped sample of 2000-A aluminum. The 
plots associated with the left-hand axis show density for the three locations in the sample. The 
midpoint is shown as a thick solid line; the quarter-point (the position halfway between the edge of 
the sample and the midpoint) as a thinner line; and the edge as a dotted line. The plots associated with 
the right-hand axis indicate the temperature. Again, the midpoint is shown as a thick solid line, the 
quarter point as a thinner line, and the edge as a dotted line. (Note that the quarter-point temperature 
is not visible as a separate line, as it overlaps the mid-point temperature.) The density and temperature 
enhancement at 0.4 ns is due to a shock generated in the rather thick 10-um plastic tamper. The 
overtamping minimizes density and temperature gradients in the sample. Overtamping produces 
some extreme states of matter for study—for example, note that at 1 ns the temperature is over 65 eV 
and the density is 0.25 g/cm 3. 

Transparency (and the other residual effects) 
are predicted to arise when two conditions exist. 
The first requirement is a strongly coupled 
plasma, or a state when the plasma-ion radiator 
potential energy is greater than the thermal 
energy, so that the required approximation for 
the plasma-ion interaction becomes complex. The 
second is to have an ion described by a non-
spherical potential, because for spherical 
potentials it can be shown that transparency and 
all the other residual effects do not occur. Thus, 
in strongly coupled plasmas with complex ions, 
the transparency effect may be important. 

Figure IX-17 shows a calculation illustrating 
the transparency window position and its effect. 
The logarithm of opacity is plotted against 
energy for an aluminum plasma at a temperature 
of 450 eV and an electron density of 10 1 9 cm - 3 . 

The calculations are performed for two cases, one 
with only Doppler broadening and one with both 
Doppler and Stark broadening. The region where 
the ionization potential of the helium-like species 
occurs is also shown. The Doppler profile 
spectrum in this region shows a substantial 
decrease—this is the region of the 
transparency window. 

The existence of a transparency window is in 
question. The subtlety of the effect indicates that 
high-quality experiments are required to make a 
quantitative assessment of the effect, and this will 
require a NIF-scale facility. 

The difficulty here is that to observe a change 
in the kinetics of the plasma or its thermo
dynamic properties requires a level of detailed 
information that is not possible, or thinkable, at 
the present time. However, there is the possibility 
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Figure IX-16. Temperature and density vs time for an untamped sample of 2000-A aluminum. The 
plots associated with the left-hand axis show the logarithm of density for the three locations in the 
sample. The midpoint is shown as a thick solid line; the quarter-point (the position half-way between 
the edge of the sample and the midpoint) as a thinner line; and the edge as a light line. The plots 
associated with the right-hand axis indicate the temperature. Again, the midpoint is shown as a thick 
solid line, the quarter point as a thinner line, and the edge as a light line. The fact that the sample is 
untamped leads to an exponential decay of density and the formation of gradients. The outer edge of 
the sample blows down first, and there is a factor-of-three density gradient between the edge and the 
middle. The temperature shows that the lower-density outer region is hotter. This is consistent with 
the conservation of energy density of the sample. (Figures IX-15 and DC-21 show an overtamped 
sample and an undertamped sample, respectively.) 

that we can probe the region in absorption 
between bound-bound and bound-free 
transitions in a specially prepared plasma. First, 
the effect we are looking for is a subtle change in 
absorption in a region that has bound-bound and 
bound-free transitions. Second, the very nature 
of the strongly coupled plasma problem indicates 
that the bound-bound transitions will be 
relatively broad and will form a quasi-
continuum. The ability to differentiate these 
effects and obtain absolute absorption cross 
sections requires the ability to rrrinimize the 
gradients of the system. Methods for generating -
hot, dense plasmas of this type were discussed in 
Subsection E and here. Importantly, there has 
been much effort spent on developing the 
techniques to perform precision absorption 
spectroscopy on these kinds of plasmas. 

The proposed experimental setup to study 
the transparency window might look similar to 
the experimental setup shown in Fig. IX-14. With 
this configuration, small differences in optical 
depth (on the order of 0.1 or less) can be 
measured accurately. However, it is difficult 
to generate a benign environment that can 
be probed. 

Strongly Correlated Effects 

It is important to make the distinction 
between the concepts of strongly coupled plasma 
effects and strongly correlated plasma effects. 
Strongly coupled plasma effects concern only the 
relative contribution made by the plasma 
interparticle Coulombic potentials to the plasma 
statistical mechanics. The Coulombic potentials 
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Figure IX-17. Transparency window (calculated) in the spectral region between the bound-bound and 
bound-free transitions. The logarithm of opacity is plotted against energy for an aluminum plasma at 
a temperature of 450 eV and an electron density of 10 1 9 cm - 3 . The spectral features arise from the 
helium-like l s ^ l s n p a P series and hydrogen-like Lyman series l s -np, which overlap. The calculations 
are performed with only Doppler broadening (indicated by the grayed line) and Doppler and Stark 
broadening (indicated by the solid line). The inset shows the region where the ionization potential of 
the helium-like species occurs. The Doppler profile spectrum in this region shows a substantial 
decrease—this is the region of the transparency window. Note that for the Stark-broadened 
transitions, transparency is substantially reduced. 

are given by V~ Z\Z2&2/*vb where the Zs are the 
charges on particles and x\2 is m e mean 
interparticle spacing. 

Strongly correlated plasma effects can be 
schematically defined as the regime in which 
modification of the interatomic potentials of the 
ions by other ions in turn substantially modifies 
effects on radiative properties. 

The regions in temperature and density 
parameter space where strong correlations occur 
are shown in Figs. IX-18 and IX-19. Figure IX-18 
indicates these regions with reference to physical 
parameter configurations for a pure hydrogen 
plasma. The figure shows the regions of current 
experiments. The radiatively heated experiments 
are shown in the left-hand rectangle, the plasmas 

arising from spherical implosion in the upper 
right rectangle, and the planar shock experiments 
in the lower rectangle. 

To indicate the regions that are strongly 
coupled, the contour where the strong coupling 
parameter F is unity is shown with a thicker line; 
the region below this line is strongly coupled. 
The strong coupling parameter Tis defined as the 
ratio of the ion-ion potential energy (Z 2 e 2 / ro) to 
the thermal energy (kT). Z is the mean ion charge 
(here taken to be 1 for hydrogen), and ro is the 
mean distance between ions [i.e., equal to 
(3Z/47tNe) 1 / 3]. 

The region where the electrons in a hydrogen 
plasma become degenerate (that is, the condition 
where the chemical potential is zero) is indicated 
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Figure IX-18. Temperature and density parameter configurations for various laser experiments. The 
regions of current experiments are the radiatively heated experiments (left-hand rectangle), the 
plasmas arising from spherical implosion (upper right rectangle), and the planar shock experiments 
(lower right rectangle). To indicate the regions that are strongly coupled, the contour where the strong 
coupling parameter Fis unity is shown (thick line); the region below this line is strongly coupled. The 
region where the electrons in a hydrogen plasma become degenerate (that is, the condition where the 
chemical potential is zero) is indicated by the contour labeled fi = 0 (thin line). All regions below this 
line require treatment of partial or completely degenerate plasmas. Finally, the regions that will be 
available with the NIF are indicated by the large light-gray area toward the top of the graph. 

by the contour labeled p. = 0 (the thinner line). All 
regions below this line require treatment of 
partial or completely degenerate plasmas. 

Finally, the regions that will be available with 
the NIF are indicated by the large light-gray area 
toward the top of the graph. It is easy to see that 
extension of these experiments to conditions of 
interest in the study of the radiative properties of 
strongly coupled matter will be greatly enhanced 
by the advent of the NIF. 

Figure IX-19 isolates the temperature and 
density case for aluminum, showing the effects of 
ionization in the study of strongly coupled 
plasmas. The figure defines three regions. The 
region where classical plasma physics is 
appropriate is shown in white. In this region 
Debye-Hiickel theory can be used, because there 
are many electrons in a Debye sphere. 

In the dense plasma region (the gray area in 
the middle), the Debye length is becoming 
comparable to the interparticle spacing, and 

high-lying states—the Rydberg states—of one ion 
can interact with other ions to form band-like 
states. This yields, among other things, lowering 
of the ionization potential. 

In the high-density-matter region (the dark 
area to the right of the dotted line), beyond the 
contour where degeneracy becomes important, 
three things happen: the plasma now becomes 
closely associated to a liquid metal; inner-shell 
states form energy bands; and the ions are 
densely packed, so distortion from neighboring 
ions is substantial. The F= 1 contour is irregular, 
which is due to the fact that detailed effects of 
ionization of the aluminum create changes in the 
Z and thus in the average potential. 

We can use as a measure of strong correlation 
the amount by which the ionization potential of 
the ion is perturbed. This is a reasonable 
measure, in that it points out that strong 
correlations occur for some principal quantum 
number in all plasmas. But it also shows that 
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Figure IX-19. Temperature and density diagram 
for a specific element (aluminum). The diagram 
shows the effects of ionization on the region of 
interest to the study of strongly coupled 
plasmas. Three regions are defined. The region 
where classical plasma physics is appropriate is 
shown in white. In this region Debye-Hiickel 
theory can be used, because there are many 
electrons in a Debye sphere. In the dense 
plasma region (the gray area in the middle), the 
Debye length is becoming comparable to the 
interparticle spacing, and high-lying states—the 
Rydberg states—of one ion can interact with 
other ions to form band-like states. This yields, 
among other things, lowering of the ionization 
potential. In the high-density-matter region (the 
dark area to the right of the dotted line), beyond 
the contour where degeneracy becomes 
important, three things happen: the plasma now 
becomes closely associated to a liquid metal; 
inner-shell states form energy bands; and the 
ions are densely packed, so distortion from 
neighboring ions is substantial. The r= 1 
contour is irregular, which is due to the fact that 
detailed effects of ionization of the aluminum 
create changes in the Z and thus in the average 
potential. 

modification of the radiative properties may not 
be substantive. This means that, for example, the 
depression of ionization potential, which is 
discussed below, can be well approximated by 

simple means, and is not formally associated 
with strong correlations. 

On the other hand, the formation of spectral 
features due solely to the correlations (e.g., quasi-
molecular formation) is considered an effect of 
strong correlation. Further, we note that it is 
simpler to get a strongly correlated plasma than 
to get a strongly coupled plasma. For example, 
the plasmas in stellar interiors are very dense, 
and while their plasma properties are calculable 
with weak coupling, or Debye, theories, strong 
correlations will exist because the overlap of the 
interatomic potentials is large. 

An example of these strongly correlated 
effects is the transient quasi-molecular effect 
giving rise to satellite lines. There are several 
suggestions in the literature concerning these 
satellite lines. First, there is the prediction of a 
molecular resonance on the far wings of the 
Lyman a transition of hydrogen in a plasma, due 
to strong correlation with other hydrogen 
atoms. 1 5 The upper limit of density for such 
effects can be estimated by considering that when 
the orbital of interest is at the mean ion sphere 
radius, quasi-molecular formation will occur. For 
the n = 2 state of a hydrogenic species of atomic 
number Z, the orbital radius is r = 6/Z ao, so that 
the limiting electron density would be Z4 x 7.46 
x 10 2 1 cm - 3 . The quasi-molecules would form at 
densities below this, but there would have to be a 
probability distribution associated with the 
dynamics of the system; at higher density the 
plasma would form band structures. 

Second, this strong correlation effect on 
radiative property has been numerically studied 
for a pure hydrogen plasma.1 6 This study does 
show that it is possible to get groupings of atoms 
in which the charge distribution is highly 
distorted, resembling molecular clusters. 
However, these clusters are not necessarily 
bound. Static calculations performed on argon in 
a hydrogen medium yield configurations of 
atomic positions from a molecular dynamics 
calculation. Subsequent electronic structure 
calculations over many configurations show that 
bands and line broadening form in a non-
perturbative manner, and the averaged results 
form one composite transition. Preliminary work 
for these static calculations indicate that the n = 3 
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manifold of argon is heavily influenced by the 
hydrogen band. 

Third, there have been claims of satellites, 
assumed to be quasi-molecular in origin, that 
form in laser-produced plasmas. The effect was 
tentatively observed in the spectra from laser 
plasma produced by irradiating a lithium 
fluoride planar target. This was done by 
analyzing the Lyman p transition in fluorine with 
an emphasis on the short-wavelength wing. The 
results provided small features that may be 
attributable to quasi-molecular resonances.17 

These observations are not sufficient to prove the 
existence of the satellite lines and do show the 
difficulty with current experimental techniques. 

The performance of experiments on plasma-
emitter radiative properties will require a more 
idealized setup than employed in the direct-laser 
planar target irradiation experiment. The effects 
sought are quite subtle, so working as close to a 
gradientless case as possible will improve the 
chances of success. To have at the same time both 
a uniform plasma and a plasma in an extreme 
state requires the expenditure of a large amount 
of energy. 

The highest level of success would be 
achieved by using a well-structured shock-based 
system. For example, an adiabatic or isentropic 
shock could be produced using a tailored x-ray 
driving source. This may allow the possibility of 
compressing material to 10 times denser than 
liquid density. The difficulty will be in 
maintaining a low temperature in the shock-
compressed region and devising a diagnostic 
complement that can observe the effect. There are 
further discussions of shock compression in 
Section VI, Material Properties, Subsection C. 

Plasma Spectroscopic Topics 

Spectral Line Shifts, Level Shifts, and 
Continuum Lowering 

The measurement of spectral line shapes, 
including spectral line shifts, has been a topic of 
continuing interest because of the diagnostic 
capability provided by this non-interfering probe 
of plasma conditions. This has meant that for 
each new plasma source there is a new and 
challenging series of theoretical developments 

that must follow to provide the diagnostic 
information. 

Thus, on the one hand, experimental 
development has fueled the need for line shape 
modeling. On the other hand, the line shape, 
width, and shift, and the formation of the line 
series leading to the bound-free limit contain 
some of the most fertile ground for exploring the 
general area of radiator-plasma interactions. In 
this way the underlying plasma-electron density 
and temperature are important, but so are the 
more subtle facets of the plasma, such as 
fluctuation levels, composition of the plasma, and 
non-equilibrium velocity distributions. 

All of these facets can provide important 
signatures in the line spectrum and thereby 
provide a method of testing theoretical statistical 
mechanics and kinetics formulations, which 
means the line spectrum has both diagnostic and 
intrinsic interest. Figure TX-20 shows an example 
of the competing effects of line shapes, line 
merging, and continuum lowering for a K-shell 
aluminum sample at several densities and a 
single temperature (450 eV). 

The spectral features arise from the helium-
like l s^ lsnp *P series and hydrogen-like Lyman 
series ls-np, which overlap. In the lowest density 
case (at 10 1 9, lower plot), the line spectrum has 
many states leading to the bound-free 
continuum. In the intermediate density case (at 
10 2 2, middle plot), the lines are substantially 
broadened and there is a merging of levels, due 
to the broadening near the continuum edge. At 
the highest density (at 10 2 5, top plot), the 
spectrum shows the ionization potential to be 
depressed by 250 eV, and thus only the states 
with principal quantum numbers equal to 2 
still exist. 

It can be seen from these results that single-
density, single-temperature samples will be 
critical to evaluating the complex interaction of 
the related mechanisms of line broadening, 
ionization potential depression, and line merging. 
The NEF holds out the promise of attaining these 
plasma conditions in the ideal experimental 
conditions. 

One aspect of the line spectrum that is 
opened to study is the evaluation of line shifts. 
Line shifts are relatively small compared to line 
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Figure IX-20. Effects of line shapes, line merging, and continuum lowering. The logarithm of the 
relative intensity of the aluminum K-shell transitions is plotted against energy for three plasma 
conditions—three different electron densities at an electron temperature of 450 eV. The spectral 
features arise from the helium-like l s ^ l s n p a P series and hydrogen-like Lyman series l s -np, which 
overlap. In the lowest density case (lower plot, N e = 10 1 9 cm - 3 ) , the line spectrum has many states 
leading to the bound-free continuum. In the intermediate density case (middle plot, N e = 1 0 2 2 cm - 3 ) , 
the lines are substantially broadened and there is a merging of levels, due to the broadening near the 
continuum edge. Increased plasma density has depressed the continuum edge by 25 eV. At the highest 
density (top plot, N e = 1 0 2 5 cm"3', the spectrum shows the ionization potential to be depressed by 250 
eV, and thus only the states with principal quantum numbers equal to 2 still exist. 

width, and are therefore difficult to measure and 
extremely difficult to calculate. No significant 
advance, in terms of a theory, has been made 
on the calculations of the spectral line shifts since 
the first formulations of the standard theory 
were developed in the late 1950s by Baranger 
and Griem. 1 8 

The shapes of many lines have still not been 
quantified, because there have been very few 
high-energy-density experiments where 
supporting data on the temperature and density 
of the plasma has been measured. To date there 
are, for example, no experiments where the 
density and temperature have been measured 
with sufficient accuracy in any plasma with a 
density higher than those probable by Thomson 
scattering. Thus, although we have for two 
decades diagnosed laser-plasma densities using 

line widths, these have never been independently 
verified. The difficulty in obtaining single-
density, single-temperature plasma is discussed 
above. The main point is that hot, dense plasma 
is highly transitory and usually has large 
gradients. These hot, dense plasmas do not easily 
lend themselves to the production of high-
precision measurements. 

The situation becomes even more complex as 
we attempt to study the entire line series with its 
associated continuum. The various processes that 
arise as the series limit is approached are line 
broadening, line merging, and ionization 
potential lowering. To distinguish these is very 
difficult, but experiments that allow for a 
controlled plasma environment may be able to 
solve some of theses problems. As indicated in 
Subsection E, Radiative Transfer, under Non-LTE 
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Radiative Transport, single-temperature, single-
density gradient data may allow us to separate 
the effects of various mechanisms. 

We note further that the various processes 
are in fact all due to the same perturbative 
mechanisms—the plasma particle fields cause the 
broadening and shifting of a line, while at the 
same time they change certain orbitals from 
bound to free. It is the interplay among these 
various physical manifestations that forms the 
nexus for our understanding of radiator-plasma 
interaction. 

We note the fact that there is no complete 
theory describing the broadening of a bound-
bound transition as it goes over to a bound-free 
transition. From a purely phenomenological 
view, what happens is that the bound-bound 
resonance must continuously broaden in energy 
space while the change to a bound-free 
resonance is made. A schematic approach to this 
behavior is discussed by Liberman.19 

To measure an effect of this type requires an 
experiment that would have observably large 
ionization-potential depression and substantial 
line broadening. These two effects are largely 
complementary in that these both increase 
directly with electron density. Further, to be able 
to isolate the line broadening and the transition 
into the continuum from the effects of line 
merging (i.e., the Inglis-Teller limiting case), we 
would like to go to high density and high Z in 
order to depress the ionization potential to a low 
enough principal quantum number to allow the 
broadened spectral lines to be distinguishable 
(i.e., not merged). 

Such experiments have been possible in the 
core emission of gas-filled microspheres 
imploded by both direct and indirect laser 
irradiation.20 However, these experiments 
indicate that the technique of using implosion 
cores is not sufficient for the task. Although the 
experiments provide indications of the various 
critically interesting effects and an interesting 
set of possible explanations, the data is not 
of sufficient quality to validate any 
particular theory. 

We note that the development of better 
diagnostics and smoother implosion-core 
densities may be the solution, but these would 

require the increased energy of the NIF. The 
implosion dynamics that are now available will 
not allow adequate constraining of the problem. 
This is simply because the system is driven to 
peak densities for very short times, and the 
gradients thus produced are large. This is 
unacceptable for spectroscopy of the details of 
the line shape, line merging, and ionization 
potential depression processes. On the other 
hand, using somewhat lower-Z elements than 
argon as fill gases may provide some 
amelioration of the steep density effect by 
permitting the study of the interplay of the 
various line shape effects at a lower density. 

Ion Dynamics 
The role of the dynamics of ions in the 

formation of spectral lines in plasma has been a 
topic of intense investigation for the last twenty 
years. Much effort has been expended since the 
experimental verification that the Lyman a 
transition of neutral hydrogen was seriously 
affected by the dynamics of the ions, forcing 
modification of the standard theory that assumes 
quasi-static ions. The fact that this discovery 
came at a time when ionic emitter line profiles 
started to become ever more available from laser-
produced plasma experiments led to much work 
on the ion dynamics of spectral lines that arise 
from ionic emitters. 

However, to date there are no experiments 
that can be used to provide a serious test of the 
theories for hot, dense plasmas. Verification of 
the ion dynamics contribution is of critical 
importance for two complementary reasons. 
First, the use of spectral line broadening may be 
seriously compromised if the ion dynamics 
seriously change the widths of the spectral. 
Secondly, even in those cases where the ion 
dynamics are negligible, it is only possible to 
know this by access to a verified model. 

To study ion dynamics requires the same 
type of uniform plasma conditions that are 
required by the study of plasma-emitter radiative 
properties, and the discussion on that subject 
should be consulted. Additional considerations 
for these experiments require observation of line 
profiles from the same ionic radiator emitting at 
the same plasma conditions but from plasmas 
with different ion perturber masses. The use of 
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implosions is attractive from the point of view 
that hot, dense conditions can be reached. 
However, both the gradients in these implosions 
and the difficulty in obtaining temperature and 
density histories with different atomic species in 
the fill are unsolved problems. Qn the other 
hand, this area is ripe for investigation. 
Alternatively, the tamped-sample-type plasma 
may be the solution, but reaching the correct 
conditions will definitely require MF-size 
experiments. 

Continuum Measurements 
The problem of providing continuum 

measurements is similar to the difficulty of 
measuring the absolute values of the continuum 
in any given experiment. The spectral localization 
of bound-bound or even bound-free edges 
provides a great simplification in separating out 
signal from background compared to the 
determination of continua. This is true in all 
plasmas, but when we add the hot, dense and/or 
strongly coupled (and correlated) effects we are 
faced with, a daunting problem arises in how to 
proceed with measurement. While it is clear that 
interesting processes, such as strongly correlated 
scattering cross sections, can come into play in 
the formation of continua, what is not clear is 
how to proceed. 

The experimental setups discussed above 
(e.g., Fig. IX-14) are not sufficient in themselves to 
provide good continuum measurement. The 
additional constraint is that the material 
surrounding the material of interest, whether it 
be a tamped sample or an implosion, must have 
continuum contributions that are either small or 
completely quantified. It is easy to envision 
keeping the contributions small. In such cases the 
density of the material of interest would have to 
be increased relative to, for example, a sample 
prepared for the line shape measurements, where 
the optical depth in the lines would be kept 
small. However, with increased thickness come 
increased plasma gradients, and the problems of 
volumetric heating are exacerbated. This makes 
the energy-rich environment of the NIF even 
more desirable. 

In this context it would be appropriate to 
note that the important aspects of bound-free 
edges and continuum processes are at some level 

the same, with the formation of free-free 
continua being an additional part of the puzzle. 
Further, the study of auto-ionization processes 
and how these behave in dense plasmas is also of 
great interest, not only in the study of plasma-
emitter radiative properties, but also in the area 
of kinetics and radiative transfer. 

Population Kinetics 
The study of the dynamics, or kinetics, of an 

atom immersed in a plasma is at the center of the 
ability to model time-dependent behavior of 
atoms in plasma. For the present discussion we 
assume that radiative transfer is not an integral 
part of those kinetics. (Situations where the 
radiative transfer is important are discussed in 
the next section, Radiative Transfer and Line 
Formation.) 

Even when the radiative properties have 
been understood, the kinetics of the plasma are 
still in question. The reason is quite simple; in 
order to model population dynamics, the rates 
(or more accurately, the cross sections) for all the 
processes involved must be well known. Further, 
in those cases where non-Maxwell-Boltzmann 
distributions are important, the kinetics behavior 
would have to be accompanied by a 
measurement of the velocity distributions in lieu 
of temperature measurements. 

Knowing the rates and measuring velocity 
distributions is an extremely difficult task and is 
not made simpler by choosing to study the 
behavior of the atom in hot, dense media. 
Although the densities may be high and give rise 
to plasmas that rapidly thermalize the velocity 
distributions, the rates for ionization and 
recombination are also rapid. Thus the dynamic 
ionization balance can be dictated by non
thermal distributions. This will be particularly 
important for experiments with short-pulse, 
intense laser-solid matter interactions. 

In the laser intensity regimes of 10 1 5 W/cm 2 

and above, which will be realized for sub-
picosecond pulses, the electron distribution that 
is produced in the laser-matter interaction is 
highly non-thermal. This non-thermal electron 
distribution is created through non-local 
transport of electrons from the laser interaction 
region to a region of higher density, where the 
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electron temperature (as measured by the 
electron subsystem energy content) is predicted 
to be up to ten times higher than the local ion 
temperature. Ionization, therefore, is of great 
interest. However, the more mundane plasmas 
(at least by these standards) created by 
volumetric x-ray heating or implosion of a 
microsphere have the same interesting problems. 

Further, we note that at these high intensities 
the laser electric field equals or exceeds the 
binding field in many atoms. In such cases, the 
laser field must be included non-perturbatively in 
the calculation of atomic and molecular 
properties. The laser field also affects scattering 
processes. For example, Feshbach-like resonances 
can be induced even in such a simple system as 
electron + proton, which without the field can 
have no resonances. Of course, these studies of 
intense field effects are in their infancy, but they 
will have to be addressed at some stage in future 
plasma models and experiments. 

To map the kinetics of atoms in a plasma 
requires a rich set of diagnostics that can provide 
spatial, temporal, and spectral coverage of the 
same event. This requires not only a well-
characterized plasma, but a resource base that is 
beyond the level that can be brought to bear by 
an independent effort without the support of a 
facility of the scale of the NIF. Further, primary 
information on the plasma character must be 
available to corroborate the results. Again, the 
ability to perform temperature and density 
measurements is critical to the success of these 
experiments. 

We note here that the numerous studies to 
date on the kinetics of plasma formed by direct 
illurrunation (for example) have left many 
unresolved issues. This is not for lack of desire, 
but mostly for the lack of both resources and 
plasma-generating devices that would allow 
critical investigations. The NIF would provide 
such a research environment. 

Below we will discuss one type of experiment 
that is motivated by astrophysical considerations. 
However, the range of areas in which kinetics is 
of importance is much broader. The most 
important factor is that with the plasma-
production capability and the diagnostic 
complement that the NIF will offer, the complex 

mix of processes relevant to the kinetics problem 
can be attacked in a coherent manner. 

Radiation Transfer and Line Formation 
The study of the formation of spectra for 

time-dependent hot, dense media is the culmina
tion of all the topics that have been discussed 
above. First, the radiative properties are required 
as initial input, and second, the kinetics model 
must be verified by experiment so that one can 
isolate the radiative transfer effects. With these 
two in place, it is possible to study the non-local 
effects that arise in the formation of the spectrum. 

For these effects one must solve the radiative 
transfer equation in tandem with the equations 
for the population dynamics. Because each affects 
the other, the problem is a compounding of 
previous investigations. Here, the regimes where 
the radiation transfer will be severely stressed 
will also be challenging for experiments. Part of 
the problem is the need to quantify the sources of 
the radiation field and radiation matter coupling. 
The rest of the problem is to create high-optical-
depth, radiatively dominated transitions. These 
are extremely difficult in the present generation, 
and the NIF will certainly be required to 
investigate the regime thoroughly. 

Fluorescence has been used in the study of 
kinetics to probe the movement of population 
around a network of levels, thus allowing the 
direct study of the redistribution of population. 
However, the difficulty in generating efficient 
photopumps is dependent on the radiative 
transfer process. For hot, dense matter, pump-
probe experiments are beyond the realm of 
present-day laser systems. There may be the 
chance line coincidence between a soft x-ray laser 
and a transition of interest, but other than this bit 
of serendipity, pump-probe experiments will 
have to wait for the increased photon densities 
available with the NIF laser. Then it will be 
possible to use filtered backlights of sufficient 
brightness to pump line transitions in hot, 
dense matter. 

A schematic experiment would look roughly 
as follows. We take a large low-Z tamped sample 
of mid-Z element. The sample is irradiated with 
an x-ray source that is filtered to ensure that there 
is no surface deposition due to critical density 
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effects. Next, with the tamping controlling the 
gradient scale-length in the problem, we perform 
absorption and emission studies, in different 
spectral regimes. It should be possible to obtain 
temperatures of >100 eV for centimeter-size 
samples. The limiting factor here is that 
hydrodynamic isolation is absolutely required to 
ensure that blast wave and debris do not 
compromise the results. 

Next, a photopump of measured temporal, 
angular, and spectral content is used to pump the 
plasma. The technique can now be used to 
observe line formation in the chosen transitions. 

It would then be possible to explore the 
control of velocity gradients, and more generally 
the interaction of the radiative transfer and the 
hydrodynamics of the plasma. We note again that 
this is a regime that is completely beyond current 
capability. Measurement of the velocity fields in 
addition to the other parameters required would 
be impossible in the current experiments. 

Figure IX-21 shows a calculation of the 
behavior of an undertamped aluminum sample 
with a modest gradient. Undertamping leads to 
controllable density and temperature gradients in 
the sample. Obtaining these conditions in a 
controlled manner requires the energy of a NIF. 
This undertamped case, together with the 
overtamped and untamped cases shown in 
Figs. DC-15 and DC-16, indicate the degree of 
control that the x-ray heating flux will provide to 
the users of the NIF. 

We note that with hot, dense matter, for the 
velocities to be of concern, they must be larger 
than the line width, which we assume is given by 
the Doppler width of the transitions of interest. 
Thus, for example, for a 100-eV plasma with 
Z ~ 16, velocities in excess of 5 x 106 cm/s would 
be required. Such velocities are easily obtained 
from a free expanding surface and can be 
associated with untamped surface expansion. 
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Figure IX-21. Temperature and density vs time for an undertamped sample of 2000-A aluminum. This 
represents the time evolution of a plasma that can be used to study radiative transfer and line 
formation in a controlled system. The plots associated with the left-hand axis show density for the 
three locations in the sample. The midpoint is shown as a heavy solid line; the quarter-point (the 
position half-way between the edge of the sample and the midpoint) as a thinner line; and the edge as 
a dotted line. The plots associated with the right-hand axis indicate the temperature. Again, the 
midpoint is shown as a thick solid line, the quarter point as a thinner line, and the edge as a dotted 
line. Undertamping leads to controllable density and temperature gradients in the sample. (Figs. IX-15 
and IX-16 show an overtamped sample and an untamped sample, respectively.) 
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Strong Magnetic Field Effects 
It is straightforward to deduce from 

Ampere's law that hot, dense plasmas with small 
scale lengths might contain strong magnetic 
fields, with B > 106 G, and indeed this is the case. 
Flux compression yields megagauss fields as a 
matter of course in explosive pinch experiments, 
and suprathermal electron currents arising from 
laser plasmas can produce fields exceeding 100 
megagauss. 2 1 ' 2 2 

The behavior of matter in such strong 
magnetic fields continues to pose difficult 
questions in atomic/plasma physics, with 
importance for astrophysical as well as laboratory 
applications. For instance, some white dwarf 
stars have megagauss surface fields, and 
gigagauss fields are usually ascribed to neutron 
stars. Strong, primordial fields may also exist in 
the interiors of giant planets and in the cores of 
normal stars, including the sun, but their 
presence cannot be deduced with our primitive 
understanding of how equations of state and 
transport coefficients are modified by large 
B-values. 

Recent years have witnessed considerable 
progress in understanding certain effects of the 
huge 101 2-G fields expected in neutron star 
crusts. 2 3 However, the fact that Coulomb 
interactions are relatively unimportant there 
actually makes it easier to develop good 
theoretical models for this regime than for the 
intermediate 107- to 109-G regime, where 
magnetic and Coulomb effects are comparable24 

and perturbation methods are reliable. The suite 
of diagnostics expected to be available for 
studying high-energy-density plasmas with the 
NIF will provide a unique opportunity to probe 
specific issues related to intensely magnetized 
plasmas, such as: 

• How do the strong B-fields modify 
plasma ionization balance? 

• How important are the anisotropic 
pressure effects that arise when B 2/8n is 
comparable to the gas pressure? 

• What is the effect on transport 
coefficients of non-spherical atomic 
charge distributions that occur when 
B > 10 8 G? 

• Is it possible to use Stark broadening by 
motional (i.e., v x B) electric fields as a 
reliable diagnostic of the strong B-fields 
in plasmas? 
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