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”Planar and Cylindrical Rayleigh-Taylor Experiments 
on Nova” on p. 232 of this Quarterly. 
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We summarize the accomplishments of the Nova Technical Contract to complete a series of target physics 
objectives and to concentrate on advanced target design for ignition achieved in collaboration with 
Los Alamos National Laboratory. 

Ignition Target Design for the National Ignition Facility 
We designed a number of targets that we predict to produce ignition and burn for the National Ignition 
Facility. Each of the targets gives a different trade-off of the physics issues. A point-design target has been 
modeled in detail and is acceptably robust. 

215 

Indirectly Driven, High-Convergence Implosions (HEP1) 226 
We describe a series of high convergence implosion experiments on Nova that were well characterized by a 
variety of diagnostics. Fuel-areal-density measurements, performed using a technique based on secondary 
neutron spectroscopy, demonstrate capsule convergence up to 24:l and imploded fuel density of 19 g ~ m - ~ .  

Planar and Cylindrical Rayleigh-Taylor Experiments on Nova (HEP2) 232 
The Rayleigh-Taylor instability is investigated in planar and cylindrical experiments in indirect drive on 
Nova. Perturbation growth is measured in ablatively accelerated planar foils with surface perturbations of 
various wavelengths, amplitudes, and shapes. Cylindrical experiments have been conducted to measure 
the integral effect of perturbation growth at the ablation front, feedthrough, growth at the inner surface 
during deceleration, and the initial effects of convergence. 

Diagnosis of Pusher-Fuel Mix in Indirectly Driven Nova 
Implosions (HEP3) 
We report measurements and analysis of controlled implosion performance degradation arising from the 
Rayleigh-Taylor instability in inertial confinement fusion capsules driven indirectly by the Nova laser. 
Variations in both capsule x ray and neutron emission are observed, which are consistent with a model that 
describes mixing pusher material into fuel material. 

High-Growth-Factor Implosions (HEP4) 
High-growth-factor, low-entropy implosions approaching the hydrodynamic instability conditions 
expected of ignition-scale capsules have been designed and fielded at Nova. The level of instability 
growth, controlled by using pre-roughened capsules, is inferred from neutron yields which are compared 
with predictions from one-, two-, and three-dimensional simulations. 

Energy Coupling in Lined Hohlraums (HLP1, HLP2, and HLP7) 
We summarize the results and analysis of experiments, studying the energetics of laser-heated, lined 
hohlraums. Using the Nova laser, hohlraums lined with either CH or Ni were heated using 1-ns square, 
3:l contrast shaped pulses. X-ray drive, scattered light, and fast-electron production were studied as a 
function of laser irradiation conditions. We heated the hohlraums to the temperature goals defined in the 
Nova Technical Contract, but that temperature is lower than obtained on pure Au hohlraums for similar 
laser-drive pulses. Experiments indicate that the lower drive may be due to increased losses due to 
scattering light, because of higher levels of laser-plasma instabilities. 
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Our two-dimensional LASNEX simulations of Nova’s nine symmetry scaling data bases reproduce the 
fundamental features seen in experiments. In particular, we predict how we must change Nova’s beam 
pointing to achieve best symmetry with various pulse shapes. This is the result of bulk-plasma-induced 
migration of the x-ray production region. We have observed and modeled this migration. 

Laser-Plasma Interactions in NIF-Scale Plasmas (HLP5 and HLPG) 305 
We have developed plasmas and laser beam smoothing that mimic many of the characteristics of those 
expected on the National Ignition Facility. Our experiments in such plasmas compare different beam 
smoothing options and show that scattering of light by laser-plasma instabilities can be reduced to 
tolerable levels. 

Appendix: Nova Technical Contract as presented to the 1990 

The Appendix provides more details of the objectives of the Nova Technical Contract as presented at the 
1990 National Academy of Sciences review. 
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FOREWORD 
This issue of the ICF Quarterly is dedicated to the design of inertial confinement fusion 

(ICF) ignition targets for the National Ignition Facility (NIF) and to accomplishments on the 
issues and goals established by the 1990 National Academy of Science review of ICF for 
accurately specifying the laser requirements for ignition. This set of issues and goals, called 
the Nova Technical Contract (NTC), has served as a valuable guide over the past five years 
for the Nova Target Physics Program. The significant progress on the NIF target designs and 
the NTC has been enhanced by the close cooperation between researchers at Los Alamos 
National Laboratory (LANL) and Lawrence Livermore National Laboratory (LLNL). 

Overall, the original NTC objectives have been met, and the results are consistent with 
the requirements of ignition targets. In the Introduction, we summarize those objectives and 
their motivation in the context of the requirements for ignition. The article ”Ignition Target 
Design for the National Ignition Facility” describes the NIF ignition target designs. Detailed 
LASNEX design calculations performed at both LLNL and LANL predict that a wide vari- 
ety of target designs will achieve ignition on the NIF. 

Seven articles summarize the principal accomplishments in the various elements of the 
NTC. The NTC consists of Hydrodynamically Equivalent Physics (HEP) goals and Hohlraum 
Laser-Plasma Physics (HLP) goals. 

The HEP program addresses capsule physics issues associated with ignition. These include 
hydrodynamic instability in planar and spherical geometries, the effects of drive nonunifor- 
mities on capsule performance, and the physics associated with ignition in the absence of 
alpha-particle deposition. The article ”Indirectly Driven, High-Convergence Implosions” 
describes the results of implosion experiments that used the Large Neutron Scattering Array 
(LaNSA) detector to measure imploded fuel conditions. These experiments provided an 
integrated test of symmetry and stability, which approach the requirements of NIF capsules. 
The article “Planar and Cylindrical Rayleigh-Taylor Experiments on Nova” describes the 
extensive work performed to look at the growth of hydrodynamic instability on an ablation 
front driven by x-ray ablation. The article ”Diagnosis of Pusher-Fuel Mix in Indirectly Driven 
Nova Implosions” presents the results of initial experiments designed to demonstrate that 
x-ray spectroscopy could be used to examine the effects of hydrodynamic instability on the 
imploded fuel conditions in targets with relatively little hydrodynamic instability growth. 
The final article on the HEP goals, “High-Growth-Factor Implosions,” describes the results 
of hydrodynamic instability on implosion experiments that used x-ray preheat shielding to 
control instability growth, as would be done on NIF targets. These targets have instability 
growth approaching that of NIF targets. The surface finish in these experiments was varied 
using laser ablation to provide a specified amplitude and spectral distribution of perturbations 
on the capsule. The HEP experimental results are consistent with calculations of the control 
of hydrodynamic instability required for ignition targets. 

The HLP program addresses laser-plasma coupling, x-ray generation and transport, and 
the development of energy-efficient hohlraums that provide the appropriate spectral, temporal, 
and spatial x-ray drive. The article ”Energy Coupling in Lined Hohlraums” summarizes the 
results of x-ray drive measurements and modeling for Nova hohlraums. These results are 
consistent with the drive calculated for NIF targets. The article ”Nova Symmetry: Experiments, 
Modeling, and Interpretation” shows the results of experiments designed to address the key 
issue of hohlraum symmetry. Over a wide range of hohlraum types and pulse shapes, the 
experiments and modeling are consistent with the requirements of ignition targets. The article 
”Laser-Plasma Interactions in NIF-Scale Plasmas” addresses the issue of laser-plasma coupling 
in plasmas designed to match the characteristics of NIF hohlraum plasmas. These experiments 
and theoretical modeling show that with appropriate laser-beam smoothing, stimulated 
scattering levels can be kept to the few-percent level on NIF targets. 

John D. Lindl 
Scientific Editor 

... 
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INTRODUCTION TO THE NOVA TECHNICAL CONTRACT 

J .  D. Lindl 

J .  D. Kilkenny 

The 1990 National Academy of Sciences (NAS) final 
report1 recommended proceeding with the construction 
of a 1- to 2-MJ Nd-doped glass laser designed to achieve 
ignition in the laboratory (a laser originally called the 
Nova Upgrade, but now called the National Ignition 
Facility, or NIF, and envisioned as a national user facility). 
As a prerequisite, the report recommended completion 
of a series of target physics objectives on the Nova laser 
in use at the Lawrence Livermore National Laboratory 
(LLNL). Meeting these objectives, which were called 
the Nova Technical Contract (NTC), would demonstrate 
(the Academy committee believed) that the physics of 
ignition targets was understood well enough that the 
laser requirements could be accurately specified. 
Completion of the NTC objectives was given the high- 
est priority (it was Recommendation 1.1) in the NAS 
report. The NAS committee also recommended a con- 
centrated effort on advanced target design for ignition. 
As recommended in the report, completion of these 
objectives has been the joint responsibility of LLNL 
and the Los Alamos National Laboratory. Most of the 
articles in this issue of the ICCF Quavtevly were written 
jointly by scientists from both institutions. 

of improvements to Nova’s power balance and point- 
ing accuracy and of new diagnostics and new target 
fabrication capabilities. These improvements were 
called “Precision Nova” and are documented in Ref. 2. 

The original NTC objectives have been largely met. 
This Introduction summarizes those objectives and 
their motivation in the context of the requirements for 
ignition. The articles that follow describe the NIF ignition 
target designs and summarize the principal accom- 
plishments in the various elements of the NTC. 
Reference 3 gives a much more extensive discussion 
of ignition requirements. 

Several of the NTC objectives required the completion 

UCRL-LR-105821-95-4 

Ignition Requirements 
The strong connection between the compression 

achievable in a spherical implosion and the ignition 
threshold was pointed out by Nuckolls et 
Because the compression that can be achieved in an 
implosion is related to the implosion velocity vimp, the 
ignition threshold depends strongly on yimp. If a laser 
pulse shape can be achieved that maintains compress- 
ibility independent of nimp, the ignition threshold 
varies3f5 as n. -n, where n = 5 for the target type m P  shown in Fig. 1. 

The implosion of a shell such as that shown in Fig. 1 is 
driven by the ablation of material from the surface of the 
shell and can be described by a spherical rocket equation. 
The work W done on the imploding shell is given by 
W = JP dV, where P is the pressure generated by abla- 
tion and V is the volume enclosed by the shell. For a 
given shell mass, the implosion velocity is maximized 
by generating the highest possible ablation pressure on 
a shell that encloses the greatest possible volume. 

The ablation pressure is related to the energy flux 
incident on the surface of the shell. In laser-driven 
inertial confinement fusion (ICF), laser-plasma interac- 
tion effects limit the incident flux to 
ion beam-driven ICF, the pressure is limited by the 
focused intensity achievable. In general, ablation pres- 
sures are limited to about 100 Mbar. 

As the volume enclosed by a shell with fixed mass 
and density (and thus with a fixed volume of shell 
material) is increased, the shell must become thinner. 
Hydrodynamic instabilities during the acceleration and 
deceleration phases of the implosion limit the so-called 
in-flight aspect ratio to R/AR < 25-35, where R = shell 
radius and AR = shell thickness as it implodes. For thin 
shells, the shell aspect ratio increases linearly with the 

in 1972. 

W/cm2. In 
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INTRODUCTION TO THE NOVA TECHNICAL CONTRACT 

volume enclosed. This limitation on shell aspect ratio, 
and the pressure limitation described above, together 
limit implosion velocities. If driver technology can be 
developed so that other details of an implosion, such 
as pulse shaping and pulse symmetry, can be controlled, 
these two limitations ultimately set the ignition thresh- 
old for laboratory fusion to a driver of about 1 to 2 MJ 
for capsules with implosion velocities of 3 to 4 x lo7 cm/s. 

As shown in Fig. 2, two principal approaches are 
used with lasers to generate the energy flux required to 
drive the implosion. In the direct-drive approach, the 
laser beams are aimed directly at the target. The beam 
energy is absorbed by electrons in the target’s outer, 
low-density corona, and they transport that energy to 
the denser shell material to drive the ablation and the 
resulting implosion. In the indirect-drive approach, the 
laser energy is absorbed and converted to x rays by 
high-Z material inside the hohlraum that surrounds 
the target. The NTC has concentrated on indirect drive. 

Because of the x-ray conversion and transport step, 
indirect drive is less efficient than direct drive. However, 
ablation driven by electron conduction is in general 
more hydrodynamically unstable than ablation driven 
by x rays.3 (Indirect drive is less sensitive to hydrody- 
namic instability because x rays generate a higher ablation 
rate than electrons.) Measures taken to mitigate hydro- 
dynamic instability in direct-drive targets3j6 largely 
offset the efficiency advantage. Also, direct-drive targets 
are very sensitive to intensity variations within individual 
beams. These variations imprint perturbations on the 

Driver-target coupling 
* Ir 5 lOI5  W/cm2 or 5300 eV 

To control: 
Absorption/preheat 
X-ray conversion 
Transport/drive 

target that are then amplified by hydrodynamic insta- 
bility. If adequate beam uniformity can be achieved, 
calculations for current target designs6 indicate that 
direct-drive targets have about the same ignition 
threshold as indirect-drive targets, but that they can 
have about a factor of 2 higher gain. The NIF will be 
configured with a beam geometry capable of being 
used for either direct or indirect drive.3 Beam smooth- 
ing and hydrodynamic instability requirements for 
direct drive will be determined in an implosion physics 
program on the Omega Upgrade laser at the University 
of Rochester and in planar experiments on Nova and 
on the Nike laser at the Naval Research Laboratory. 

Although indirect drive is less sensitive to individual 
beam nonuniformities than direct drive, beam placement 
inside the hohlraum must be accurately controlled to 
achieve adequate symmeby As indicated in Fig. 1, typical 
capsule convergence ratios are Cr = RA/rhs = 25-35, 
where R, is the initial outer capsule radius and Yhs is 
the final compressed hot fuel radius (the ”hot spot” 
radius). Achieving a convergence ratio this high 
requires x-ray fluxes uniform to 1 to 2%. Use of a rela- 
tively large hohlraum (with a ratio of hohlraum radius 
to capsule radius of 3 4 )  greatly reduces imbalances in 
irradiation between points close together on the cap- 
sule ~ u r f a c e ; ~ ~ ~  imbalances between points farther 
apart can be controlled by hohlraum geometry and 
laser beam placement. In the NIF laser, two rings of 
beams, each with an independent pulse shape, will 
enter each end of the hohlraum. (In Nova, a single ring 

20-35 j 
ratio 10-15% 

RA - Convergence 
Symmetry: - - 

‘h, 

rR 2 4 x 1014 W/cm* or 

Surface <IOOO A 
Stability: - R -  - = 25-35 j 250 eV 

AR aspect ratio 

Ti, hs = 10 keV 
prhs = 0.3 g/cm 

vhP 3 4  x 107 cm/s 
for Edriver = 1-2 MJ Ignition: * 

FIGURE 1. Physics specifications on current ICF ignition targets include constraints on drive intensity, symmetry, stability, and ignition. 
(02-08-0692-1 865Cpb02) 
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INTRODUCTION TO THE NOVA TECHNICAL CONTRACT 

of five beams enters each end.) The two rings will allow 
”beam phasing,” in which the power in the individual 
rings is varied independently to control time-dependent 
asymmetry. For a short-wavelength laser such as Nova 
(or NIF) (laser wavelength h = 0.35 pm in most experi- 
ments), about 70% of the incident laser energy is con- 
verted to x rays by the high-Z hohlraum material, but 
symmetry requirements limit overall coupling effi- 
ciency to 10 to 15% of the laser energy into the capsule 
for typical ignition designs. 

Since the hohlraum wall physics and the capsule 
physics are essentially the same for any x-ray source, 
much of what is learned on Nova is also applicable to 
ion-beam drivers. Because of this, Sandia National 
Laboratories has been able to carry out experiments on 
Nova to test pulse-shaping schemes important in light- 
ion-driven targets. Indirect-drive laser experiments 

Heavy Ion Driver Program, supported by the DOE 
Office of Fusion Energy. 

The laser requirements for ignition by indirect drive 
can be shown in a plot of laser power P, vs laser energy 

the achievable hohlraum temperature TR increases. 
The ablation pressure increases approximately3 as 
TR3.5, SO ZI 

plasma in the hohlraum increases as TR increases; this 
results in laser-plasma collective effects that limit T~ 
and the 
This power depends on laser wavelength, laser beam 

hohlraum size, and other variables. At TR = 400 eV, for 
the long pulses required for ignition ‘capsules, the 
hohlraum plasma density n will approach n /nc = 1 /4  
(the critical density nc = 1021 hP2 where h is the 

Hohlraum physics acceptable 

600 

400 

v 

kd 

also provide much of the target physics basis for the 200 

0 (Fig. 3). As laser power increases for a given laser energy, 0 1 2 3 
Total energy (MJ) 

FIGURE 3. For laser-driven indirect-drive ignition targets, plasma 
physics issues constrain the achievable hohlraum temperature, and 
hydrodynamic instabilities (represented here by surface finish) estab- 
lish the minimum required temperature at a p e n  driver energy The 
shaded region constitutes the accessible region in power-energy space 
where ignition with indirect-drive capsules is predicted. The NIF 
power+nergy operating curve shown here has ample margin. 

is a strong function of TR. Generation of 
imp 

power that can be put into the hohlraum. 

spatial and temporal uniformity, pulse duration, (OS-004693-2196DpbOl) 

(a) Direct (electron) drive (b) Indirect (x-ray) drive 
Laser 
beam 

Laser 
beam Advantages: 

Relaxed laser beam uniformity 
Reduced hydrodynamic instability ~ ~ ~ ~ ~ n c e  
Significant commonality for lasers hole 
and ion beams 

Advantage: 
Higher coupling efficiency 

FIGURE 2. ICF uses either (a) electron conduction (direct drive) or (b) x rays (indirect drive) to produce a high shell ablation pressure to drive 
an implosion. (08-00-0894-3312Apb01) 
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INTRODUCTION TO THE NOVA TECHNICAL CONTRACT 

laser wavelength in micrometers). Experiments3 at 
h = 1 pm suggest that this is an upper-limit tempera- 
ture for ignition hohlraums. (It should be possible to 
achieve higher temperatures for short pulses with 
reduced plasma filling.) We limit peak hohlraum tem- 
peratures in current ignition target designs to TR = 300 
eV, which limits plasma densities to n /nc  = 0.1. Above 
this temperature, it is likely that a significant fraction 
of laser light would be scattered out of the hohlraum 
or be absorbed in a way that results in the production 
of high-energy electrons that heat the fusion fuel and 
thereby reduce the achievable compression. 

At a given driver energy, hydrodynamic instabilities 
place a lower limit on the temperature required to 
drive a capsule to ignition conditions. A larger capsule 
requires a lower implosion velocity, which can be 
achieved with a lower radiation temperature consistent 
with the shell aspect ratio constraints. The value of the 
required minimum temperature at a given energy will 
depend on the allowed shell aspect ratio, which depends 
on the smoothness of the capsule surface, currently 
limited to 200 to 300 A rms for Nova capsules. Below a 
certain size, the required implosion velocity will exceed 
the velocity achievable within the temperature and 
capsule uniformity constraints, and ignition is not pos- 
sible. Above this threshold energy, there is a region in 
power-energy space where ignition is feasible. This is 
the shaded area in Fig. 3, which encloses the region 
limited by 300-eV hohlraum temperatures and 100-A 
capsule surface finishes. 

Hohlraum Laser-Plasma Physics (HLP): 
Absorption 
Laser-plasma instabilities 
X-ray conversion 
Radiation transport/wall loss 
Radiation uniformity control 

I 

~~ 

\ 
Hydrodynamically Equivalent Physics (HEP): 

Hydrodynamic stability 
Effects of drive asymmetry 
Ignition physics 

FIGURE 4. The Nova program comprises two elements that address 
the hohlraum and capsule physics of ignition and high gain: hydro- 
dynamically equivalent physics (HEP) and hohlraum laser-plasma 
physics (HLP). (05-00-0995-2136pb01) 

The NIF laser is being designed to operate at an 
energy of 1.8 MJ and a power of 500 TW; both values 
are about a factor of 2 above the threshold ignition values 
shown in Fig. 3, allowing for remaining uncertainty in 
the implosion process. Within the ignition region 
shown in Fig. 3, a wide variety of targets have been 
evaluated, as discussed in the article "Ignition Target 
Design for the National Ignition Facility, " p. 215. The 
predicted yields of these targets range from about 1 to 
greater than 25 MJ. 

Elements of the Nova Technical 
Contract 

The objectives of the NTC have been to experimen- 
tally demonstrate and predictively model laser-plasma 
interaction, hohlraum characteristics, and capsule per- 
formance in targets that have been scaled in key physics 
variables from NIF targets. Since the Nova geometry 
consists of a single ring of five beams in each end of 
the hohlraum, Nova experiments have been limited to 
controlling only the time-averaged symmetry. To 
address the hohlraum and hydrodynamic constraints 
on indirect-drive ignition, the NTC comprises so-called 
Hydrodynamically Equivalent Physics (HEP) goals 
and Hohlraum Laser-Plasma Physics (HLP) goals, as 
shown in Fig. 4. 

The HEP program addresses capsule physics issues 
associated with ignition. These include hydrodynamic 
instability in planar and spherical geometries, the 
effects of drive nonuniformity on capsule performance, 
and the physics associated with ignition (energy gain 
and energy loss to the fuel) in the absence of a-particle 
deposition. The HEP program was subdivided into 
five subgoals: 

HEP1: Demonstrate fuel densities of 20 to 40 g/cm3 
using high-contrast pulse shaping with noncryogenic 
targets. The fuel density will be inferred from mea- 
surements of fuel areal density pX using advanced 
neutron-based diagnostics. 
HEP2: Measure the reduced linear growth and early 
nonlinear behavior of the Rayleigh-Taylor (RT) 
instability at the ablation surface for x-ray-driven 
targets. Using planar targets, observe single-mode 
growth at the ablation surface by factors of >30, 
from which reductions by factors of 2 to 3 from the 
classical RT growth rate are inferred. Targets of 
various compositions will be used to confirm the 
modeling of plasma opacity as it affects x-ray- 
driven hydrodynamics. 
HEPS: Using x-ray spectroscopy, demonstrate 
pusher/fuel mixing that is dependent on initial tar- 
get surface quality. The targets will be low-growth 
(perturbations grow by a factor of -lo), low-conver- 
gence (Cr < 10) plastic capsules with a multimode 
spectrum of initial surface perturbations. 

UCRL-LR-105821-95-4 212 



INTRODUCTION TO THE NOVA TECHNICAL CONTRACT 

HEP4: Demonstrate quantitative understanding of 
implosion experiments to convergence ratios C, = 10 
with overall hydrodynamic instability growth fac- 
tors of 100 to 500 for an I-mode spectrum similar to 
those characteristic of ignition target designs (for 
which maximum growth occurs for mode numbers 
1 = 30). 

ratios Cr = 2040 with capsule performance consis- 
tent with Nova’s symmetry limitations. 
The HLP program addresses laser-plasma coupling, 

HEP5: Extend HEP4 experiments to convergence 

x-ray generation and transport, and the development 
of energy-efficient hohlraums that provide the appro- 
priate spectral, temporal, and spatial x-ray drive. The 
HLP program was divided into seven subgoals: 

HLP1: Demonstrate acceptable coupling of laser light 
to x rays in low-Z-lined hohlraums using shaped 
laser pulses and peak radiation temperatures up to 
TR = 210 eV. 
HLP2: Demonstrate acceptable coupling of laser 
light to x rays in lined hohlraums with peak radia- 
tion temperature TR 2 270 eV with l-ns square pulses. 
Acceptable coupling for HLPl and 2 was defined 
as follows: 
- Absorption fraction fabs > 90%. 
- Stimulated Brillouin scattering fraction 

- Suprathermal-electron fraction fhot < 5% at 

- Stimulated Raman scattering fractionfSRS < 5%. 
HLP3: Demonstrate an ability to measure and calcu- 
late energy balance in a hohlraum with emphasis on 
wall loss and albedo and an ability to diagnose and 
predict the (time-dependent) position of the laser- 
produced x-ray source within the hohlraum. 
Demonstrate an ability to characterize and model 
plasma evolution in a hohlraum. 
HLP4 Demonstrate symmetry control with low- and 
intermediate-Z-lined hohlraums. Achieve low-order 
l-mode (P2, P4) time-integrated symmetry 1 2 4 % .  
HLPS Demonstrate acceptable levels of scattering in 
large-scale plasmas that match the plasma conditions, 
beam geometry, and beam smoothing of ignition 
hohlraums as closely as possible. The plasmas 
should have density and velocity scalelengths -2 mm, 
electron temperature >1.5 keV, and n/nc < 0.15. 
Acceptable levels of scattering were defined 
as follows: 
- Stimulated Brillouin scattering fraction fsBs (back, 

- Stimulated Raman scattering fractions fsRs (back, 

fSBS < 5-10%. 

That 2 50 keV. 

side) < 5-10%. 

side) < 5-10% andfsRs (forward) < 5%. 
HLPG: Evaluate the impact of laser beam filamenta- 
tion on SBS and SRS and develop control techniques 
to the extent necessary to ensure acceptable levels 
of scattering. 

HLP7: Develop an improved understanding of x-ray 
conversion efficiency in hohlraums under conditions 
appropriate for NIF ignition targets. 
Table 1 shows where each NTC element is discussed 

in detail in this Quarterly. The degree to which conver- 
gence ratio can be increased on Nova for HEP5 is yet 
to be determined. The appendix gives a more detailed 
statement of the objectives of the NTC as presented at 
the 1990 NAS Review. Because of the declassification 
of many aspects of ICF in 1993, the appendix includes 
many details, such as specific hohlraum temperature 
goals, left out of the unclassified summary contained 
in the NAS report. These goals have served as a very 
valuable guide to the Nova Target Physics Program for 
the past five years, and have largely been carried out 
as specified. 

Changes to the NTC Objectives 
and Plans for Further Work 
on Nova 

One notable change to the Nova targets has been 
made as we have learned from the results of more 
detailed NIF target designs. Ignition-scale hohlraums 
require some sort of a low-Z fill to control the position 
of laser beam absorption and x-ray emission. At the 
time of the NAS report, ignition targets used low-Z lin- 
ers on the inside of the hohlraum wall to create this 
plasma. These ”lined hohlraum” targets, spelled out in 
the NTC, worked well in the Nova experiments 

TABLE 1. List of NTC elements in this Quauteuly. 

Subgoal 
discussion 

Article Page 
title no. 

HEP: 
HEPl 

HEP2 

HEP3 

HEP4 

HLP1, HLP2, 
and HLP7 
HLP3 and HLP4 

HLP: 

HLP5 and HLPG 

Appendix 

Indirectly Driven, High-Convergence 226 
Implosions 
Planar and Cylindrical Rayleigh- 232 
Taylor Experiments on Nova 
Diagnosis of Pusher-Fuel Mix in 265 
Indirectly Driven Nova Implosions 
High-Growth-Factor Implosions 271 

Energy Coupling in Lined Hohlraums 281 

Nova Symmetry: Experiments, 293 
Modeling, and Interpretation 
Laser-Plasma Interactions 305 
in NIF-Scale Plasmas 
Nova Technical Contract as presented A-1 
to the 1990 NAS Review of ICF 

UCRL-LR-105821-95-4 213 



INTRODUCTION TO THE NOVA TECHNICAL CONTRACT 

described below. But detailed NIF target calculations 
predicted a significant asymmetric pressure pulse on 
the capsule when the liner plasma collapsed onto the 
hohlraum axis. Although this pulse may have been an 
artifact of calculations that are currently constrained to 
be axisymmetric, the baseline NIF target design has 
been switched from a liner to a low-Z gas fill. Symmetry 
control with gas-filled targets has been demonstrated 
on Nova, but the experiments are still in progress and 
will not be described here. 

Continuing work aimed at gaining further under- 
standing of ignition targets is covered under a set of 
goals called the Target Physics Contract, which are 
extensions of goals in the NTC. Most of these goals 
should be reached within about a year. 

HEP2 has been extended to include direct measure- 
ment of perturbation growth in spherical and/or 
cylindrical geometry and demonstration of a quantitative 
understanding of the three-dimensional (3-D) evolu- 
tion of the RT instability. This objective has included 
the development of 3-D radiation hydrodynamics 
codes, which are now used in the planning and evalua- 
tion of experiments. 

HEP4 and HEP5 are continuing, with emphasis on 
3-D calculations of the effects of capsule surface and 
hohlraum flux perturbations on capsule performance. 
Target designs that minimize the flux asymmetry are 
being evaluated to determine the limits to the achiev- 
able convergence ratio on Nova. 

The goals of the HLP program, including energetics, 
x-ray emission pattern and hohlraum-wall blowoff, and 
symmetry have been extended to include gas-filled 
hohlraums. HLP5 and HLP6 will continue to explore the 
limits to hohlraums imposed by laser-plasma interaction 
with various forms of laser-beam coherence control. 
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Introduction 
The goa11J2 of inertial confinement fusion (ICF) is to 

produce significant thermonuclear burn from a target 
driven with a laser or ion beam. To achieve that goal, 
the national ICF Program has proposed a laser capable 
of producing ignition and intermediate gain.3 The 
facility is called the National Ignition Facility (NIF). 
This article describes ignition targets designed for the 
NIF4 and their modeling. Although the baseline NIF 
target design, described herein, is indirect drive, the 
facility will also be capable of doing direct-drive 
ignition targets-currently being developed at the 
University of Roche~ter.~ 

Figure 1 illustrates the baseline target, which is typi- 
cal of all our ignition targets. A spherical cryogenic 
capsule, composed of deuterium-tritium (DT) gas, DT 
solid fuel, and an ablator, is encased in a cylindrical Au 
hohlraum with two laser entrance holes (LEHs) at 
opposite ends. The hohlraum peak radiation tempera- 
ture (TR) is 250-300 eV, with a shaped prepulse for a 
low-entropy implosion. The ablation pressure allows 
the fuel shell to reach a velocity of 3 4  x lo7 cm/s. The 
central part of the DT is then compressed and heated, 
forming a hot spot that reaches ignition conditions of 
density times radius pr - 0.3 g/cm2 and ion tempera- 
ture -10 keV. Then, a deposition "bootstraps" the cen- 
tral temperature to >30 keV. The hot-spot density at 
ignition is typically 75-100 g/cm3. The hot spot is 
tamped by a colder main fuel layer, with pAr - 1 g/cm2 
and density -1000 g/cm3. The burn propagates into 
the main fuel layer, and 10-15% of the total DT mass is 

*Los Alamos National Laboratory, Los Alamos, New Mexico 
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Outer cone J (48" to 57") 

cm3 2 He +H2 

FIGURE 1. This ignition target (referred to as the point-design target 
or PT) uses 1.35 MJ of laser energy. (a) Shows the entire target, and 
(b) shows details of the central spherical capsule. The DT fuel is in a 
cryogenic layer, surrounded by a CH ablator doped with 0.25% Br. 
The capsule is in the center of a Au hohlraum, which the incoming 
laser beams heat to 300 eV. The beams are arranged in two cones 
entering from opposite sides. (50-05-0494-1802pbOl) 
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burned. The target shown in Fig. 1 produces 10-15 MJ of 
yield in simulations, depending on the modeling used. 

Assuming the laser meets other specifications, the 
two most important laser parameters determining the 
margin for ignition are the total energy and the peak 
power.6 Ignition requires both energy and power, as 
indicated in Fig. 2. The ignition region is bounded on 
one side by hydrodynamic instabilities. Ultimately, this 
boundary of the ignition region is determined by the 
capsule surface smoothness; Fig. 2 assumes the surface 
finish currently achieved on Nova capsules in modeling 
described in this article. On the other side, the ignition 
region is bounded by laser-plasma instabilities. Laser 
intensity and other parameters determining the insta- 
bilities (especially the electron density ne) depend 
primarily on the desired peak hohlraum TR. Estimates 
of the laser-plasma instabilities, described here, indicate 
that laser-plasma instabilities will be acceptable in tar- 
gets driven to at least 320 eV (shown as the upper 
boundary of the ignition region in Fig. 2). 

The smallest possible igrution target with this assumed 
surface finish, at 0.8 MJ and 300 TW, would have no 
remaining margin for uncertainties or errors in the tar- 
get modeling. We have specified the NIF at 1.8 MJ and 
500 TW to provide margin for such uncertainties. This 
margin is adequate to cover our estimates of energetically 
significant uncertainties, as described in this article. 

Baseline Ignition Targets 
Figure 1 shows the baseline design, referred to as the 

PT "point-design target." Cryogenic hardware, not 
shown, is external to the hohlraum. The spherical capsule 
is a doped CH ablator around a shell of solid cryogenic 
DT. The solid DT layer is self-smoothing, because of 
the P-smoothing e f f e ~ t . ~  The cryogenic temperature 
controls the density of the central DT gas. The hohlraum 
is filled with a 50-50 (atomic) mixture of He and H. 
This gas conducts away the p decay energy before the 
target is shot and maintains the open hohlraum cavity 
during the implosion. The mixture of gases minimizes 
stimulated Brillouin scattering (SBS). 

The PT uses 1.35 MJ of 30 light, which is intermedi- 
ate between the full 1.8 MJ and the "ignition cliff" at 
800 kJ. Most of our modeling concentrates on this 
intermediate-scale target. It is sufficiently robust that 
we can make a good case for its ignition, while it 
leaves margin for uncertainty with a 1.8-MJ facility. 
Also, by using a relatively small target to set specifica- 
tions for power balance, pointing, target fabrication 
quality, and so forth, we can be sure that the specifica- 
tions are adequate for a range of likely targets. 

Figure 3 shows an optimal TR profile for the capsule, 
used as input to our capsule modeling, and an input 
laser profile. The target can tolerate moderate devia- 
tions from the nominal profile. For example, Fig. 4 

shows the yield from integrated calculations (described 
later in more detail) as the duration of the peak power 
portion of the pulse is varied. Our robustness study of 
the PT is described in more detail below. 

The light entering each LEH is in two cones, as 
shown in Fig. 1, and we can minimize time-dependent 
asymmetry in the x radiation incident on the capsule 
by dynamically varying the relative power of the cones. 
About one third of the energy must go into the waist 

600 
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5 
& 
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'2 Laser operating I surface finish 
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Total energy (MJ) 

FIGURE 2. Total laser energy and peak power determine the margin 
for ignition. Powers and energies along the indicated curve will be 
accessible to the NIF, as currently planned. The upper dot illustrates 
the laser's nominal operating point (1.8 MJ, 500 TW); the lower 
dot illustrates the energy and power needed to drive the PT 
(1.35 MJ, 410 TW). (50-05-0494-lS05pbOl) 
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FIGURE 3. Temperature vs time optimal for the PT capsule, and 
laser power vs time to drive the target. The shaped pulse prior to 
peak drive is needed to compress the target, increasing the pressure 
in a controlled way before applymg peak power. The gray curve is 
the radiation temperature vs time that drives capsule simulations, 
and the black curve is the laser power vs time used as input to 
hohlraum simulations. (50-05-0295-0395pb01) 
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cones. The 192 beams are clustered in groups of four, 
so that there are effectively 48 spots. These are divided 
as 8 spots in each of the inner cones and 16 in the outer 
cones. We may use slightly separate wavelengths in 

15 
Input laser f 1.04 cm 

10 
h 

v 2 
2 
9 

5 

0 - -  
1.5 2.0 2.5 3.0 3.5 4.0 

Main pulse at full width half maximum (ns) 

FIGURE 4. Yield vs duration of the peak power pulse, from integrated 
2-D simulations. The pulse width changes by varying the cut-off 
time. The energy in a sample of the pulses is shown. The failure at 
short pulse appears to be due to asymmetry, not energetic failure to 
ignite. Two different hohlraum lengths, providing different symmetry 
"tunes," are shown. (50-05-0295-0388pb01) 
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FIGURE 5. Yield and bum-weighted ion temperature for geometric 
scales of the PT. The lines show 1-D calculations of the capsule alone, 
in which linear dimensions and times are scaled together (the hori- 
zontal scale is effective energy, that is, 1.35 MJ times the scale factor 
cubed; the dots are integrated calculations, plotted against the laser 
energy). For these, linear dimensions and times were scaled, and laser 
powers were scaled as the square of the scale factor. Hohlraum length 
and cone-to-cone power ratios were adjusted to recover symmetry. 
(50-05-0295-0389pb01) 
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the four beams in each spot to limit laser-plasma insta- 
bilities. The four beams combine at an angle corre- 
sponding to an effective f/8 optic. 

Each beam is focused to an elliptical spot, with the 
minor axis in the plane of the laser ray and the hohlraum 
axis. This maximizes the LEH clearance while minimiz- 
ing the laser intensity. The spot has a shape approxi- 
mating a flat top (probably a sixth-order super-Gaussian), 
again to minimize the peak intensity while maximizing 
LEH clearance. The nominal spot is 500 pm x 1000 pm 
at best focus. Such a spot can be made with recently 
developed kinoform phase plate techniques.8 

The pulse shape shown in Fig. 3 creates four shocks, 
with the final shock bringing the ablator up to peak 
pressure with sufficiently low DT entropy. The entropy 
requirement implies a corresponding requirement on 
the precision of the pulse shaping. For optimal perfor- 
mance, the shocks must be timed within about 200 ps. 
Adequate shock timing may not be predictable a priovi 
given uncertainties in opacity and equation-of-state 
(EOS), but is achievable with an experimental program 
using techniques currently in use on Nova.9 

The CH ablator contains 0.25% Br dopant. (Some 
Nova targets currently use Br-doped CH.l0) The dopant 
is used to control the stability of the ablator/DT inter- 
face. It reduces the preheat in the CH and eliminates 
an unstable density step at the CH/DT interface. The 
CH is assumed to contain 5% 0 as an incidental fabri- 
cation by-product. 

We conclude this section with a brief description of 
our baseline one-dimensional (1-D) capsule simulations. 
These simulations are performed with the LASNEX 
code,ll using Legendre decomposed radiation trans- 
port,12 EOSs calculated in line with a "Quotidian EOS 
package,13 and average-atom opacities calculated with 
the XSN code.14 We have also simulated the capsule 
implosion with other radiation transport schemes, but 
find no difference in the calculations. Implosion 
calculations use as a source nonPlanckian frequency- 
dependent radiation determined from hohlraum 
simulations. The spectrum affects the short-wavelength 
hydrodynamic instability growth; other than this, the 
spectrum has little effect on target characteristics. We 
normally calculate the deposition of a particles produced 
by the burn with the multigroup diffusion package in 
LASNEX.15 Hatchett16 performed a baseline 1-D simu- 
lation of the PT using a Monte Carlo charged-particle 
transport code17 and found that the ignition and burn 
are essentially the same as with multigroup charged- 
particle diffusion. 

Other Possible Ignition Targets 
Modeling of a wide variety of other targets has been 

performed at various levels of detail. Several impor- 
tant aspects of the target can be varied, providing 
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different trade-offs of the remaining uncertainties in 
our understanding. 

We can vary the size of the target, and the energy it 
uses. Direct geometric scales of the PT produce good 
burn at any laser energy above about 700 kJ, as shown 
in Fig. 5. This energy margin allows for loss of energy 
to stimulated scattering processes and laser coupling. 
Also, it allows us, if necessary, to change the relative 
size of the hohlraum and capsule. This allows a trade- 
off of the capsule ignition physics, and hydrodynamic 
instability, with symmetry and hohlraum filling. 

The knee at 600-800 kJ in Fig. 5 and the two thresh- 
olds at 1.6 and 1.8 ns in Fig. 4 are typical signatures of 
ignition. Without a deposition and thermonuclear 
bootstrapping, NIF targets would be expected to pro- 
duce no more than 10-100 kJ of yield at the likely ion 
temperatures of less than about 10 keV. Experimental 
demonstration of ignition will be clear when we do a 
series of targets that scan through the threshold between 
such a non-bootstrapping mode and burn producing 
about 1 MJ or more. This could be done by varying the 
target size, as shown in Fig. 5, or more likely by vary- 
ing the implosion velocity (implicit in Fig. 4). Varying 
the D to T ratio will provide another easy-to-interpret 
lever on the burn rate. Curves of yield vs implosion 
velocity, for various D to T ratios, should show an 
inflection and a large increase in yield when the burn 
threshold is crossed for ratios near 50-50. 

Various other target designs, described next, are at 
various scales in the ignition range. 

Uncertainty in ablation characteristics can be 
addressed by using other ablator materials. In particu- 
lar, Be generally performs better than CH as an ablator. 
(The PT uses a CH ablator because of fabrication expe- 
rience with Nova.18) Be must be doped more heavily 
than CH, and radially varying the doping allows for 
complete optimization. Designs exist in which the Be is 
doped with Cu, which appears attractive from a fabri- 
cation point of view, and others with a mixture of Na 
and Br. In the most highly optimized targets, the addi- 
tional performance margin obtained by using Be instead 
of CH is equivalent to about 25 eV in peak hohlraum 
TR. The advantage is better at 250 eV than at 300 eV. 

Another important advantage of Be is more hydro- 
dynamic stability. Using the modeling described below 
in the section on hydrodynamic instabilities, we have 
found a clear advantage to Be targets. Because it ablates 
faster, Be is more stable-the initial mass of the Be 
ablator is nearly twice that of the CH. The outer sur- 
face roughness specification is somewhat looser for Be 
than for CH, but the most important difference is in 
the required surface quality for the inner surface of the 
DT ice. Perturbations initially on the ice grow by cou- 
pling to the outer surface, the unstable ablation front, 
during acceleration; this coupling is much less effective 
through the more massive Be shell. As a result, a Be 

target (driven at 300 eV) can tolerate about four times 
larger perturbations initially on the inner surface of the 
ice than a CH target. 

We can modify the convergence ratio (defined as the 
initial outer radius of the ablator divided by the igni- 
tion-time hot-spot radius) by varying the initial central 
DT gas density. Since reducing the convergence ratio 
reduces the final pr, it also reduces the yield. If the ini- 
tial gas fill is increased the ignition is marginal, i.e., 
the yield is reduced from 15 MJ nominal to about 1 MJ. 
These low-convergence targets require gas densities 
that would initially be in vapor equilibrium with liquid 
DT (as opposed to solid for the PT), and fielding them 
will require some modifications in the fabrication and 
fielding technology. The triple-point gas densityl9 
0.68 mg/cm3, corresponds to a PT yield of 10 MJ. 

temperatures stress laser-plasma instabilities while 
minimizing hydrodynamic instabilities, and low tem- 
peratures provide the opposite trade-off. The baseline 
is 300 eV, a compromise between the two constraints. 
We have designed capsules driven at temperatures as 
high as 400 eV that appear to be very resistant to 
hydrodynamic instabilities. Using doped Be as an abla- 
tor, we have designed targets driven at 250-eV for 
which ignition is nearly as robust as with CH at 300 eV. 
Laser-plasma instabilities are estimated to be very 
benign in the 250-eV hohlraum. 

There is also a wide variety of possible pulse shapes. 
The pulse shown in Fig. 3 has four pulses or steps, each 
at a time and power to launch a shock, as needed, for 
the low-entropy implosion. Many other pulses can 
result in the same shocks in the fuel. We can use shorter 
pulses at higher powers (sometimes called "picket 
fence pulses"); we have used steps with the power 
held constant for a few nanoseconds in each step; at 
the other extreme, we have used pulses in which the 
power increases smoothly from an initial 10 TW up to 
peak power. Each of these shapes represents a different 
trade-off of laser, hohlraum, and capsule physics. 

We have also designed targets in which the solid DT 
fuel is supported in a foam layer.20 This may be an 
important option if j3 layering is inadequate. DT-wettable 
foams of density 0.05 g/cm3 with micrometer-scale cell 
structure have been fabricated, and our designs assume 
this density. The foam targets work nearly as well as 
the solid DT targets. If j3 layering, or some other tech- 
nique, can be used to maintain a pure DT layer about 
10 pm thick on the inside of a foam-supported main 
fuel layer, ignition occurs in clean DT and target 
performance is barely degraded by the presence of the 
foam. If all of the solid DT must be supported by foam, 
it is somewhat more difficult to ignite, although targets 
at the PT scale still ignite with some remaining margin. 

There are numerous possible ignition designs that 
have attractive features, and may actually perform better 

Various peak drive temperatures are possible-high 
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than the point design, but that are not as closely con- 
nected to the existing experimental data. Direct-drive 
targets are an important option, pending experimental 
results from the Omega Upgrade at the University of 
Rochester. Other hohlraum designs are being investi- 
gated on Nova-for example, Au shields placed between 
the capsule and the LEHs can reduce the time-dependent 
asymmetry. Recent results on Nova for such a hohlraum 
are in excellent agreement with expectations based on 
simulations.21As the NIF is being planned and built, 
experiments on Nova will continue to refine our 
understanding of the target physics and will allow us 
to optimize the NIF design further. 

So far we have described the various target options 
that work according to current modeling; we have also 
found two target concepts where our modeling pre- 
dicts difficulties: 

We considered lining the hohlraum with CH, 
instead of the He/H gas fill described earlier. 
However, we find that the lining stagnates on axis, 
creating a pressure spike that perturbs the capsule 
implosion unacceptably. Unfilled hohlraums have 
too much Au absorption of the light. We intend to 
consider alternate liners and unfilled hohlraums 
with short, low-temperature pulses. 
In principle, it seems possible to achieve ignition 
with noncryogenic gaseous DT. However, we have 
found that the implosion velocities required for igni- 
tion at the NIF scale result in high core temperatures 
before ignition pr is reached, and then conduction 
from the hot spot is very high. In a cryogenic target, 
energy conducted from the hot spot into the DT 
pusher heats more DT-this increases the mass of 
the hot spot, and the energy is not lost. If the hot 
spot is surrounded by inert material, the energy is 
not only lost from the fuel, but it serves to degrade 
the compressibility of the pusher. Rayleigh-Taylor 
(RT) instabilities would also be much more prob- 
lematic if the igniting fuel were surrounded with 
inert material. Therefore, we have been unable to 
calculate ignition successfully in noncryogenic cap- 
sules at the NIF scale. 

Hohlraum Design and Modeling 
The size of the hohlraum relative to the capsule is 

determined by a variety of trade-offs. The required 
profile of TR vs time is determined by the capsule, and 
any hohlraum larger than some minimum size could 
provide the needed TR vs time profile. A larger 
hohlraum takes more laser energy and power, and the 
optimal size is a trade-off of the energy and power 
requirements and the need for symmetry and accept- 
able plasma filling. Our modeling indicates that the 
symmetry and laser-plasma instabilities are acceptable 
in the baseline hohlraum. Assuming a 1.8-MJ, 500-TW 

NIF, there will be margin to increase the hohlraum size 
with the PT capsule, increasing the margin for laser- 
plasma instabilities or asymmetry. If necessary, we can 
further increase this margin by using a smaller capsule, 
at the cost of either increasing hydrodynamic instabili- 
ties or developing Be-ablator fabrication technology. 

Even with perfect laser pointing and beam-to-beam 
power balance, there is some asymmetry that we call 
the intrinsic asymmetry. This asymmetry arises because 
of the LEH and the bright laser-irradiated spots (the 
LEH alone causes a 15% peak-to-valley asymmetry). 
As described in Ref. 6, the laser spots are placed to can- 
cel the LEH asymmetry. The symmetry can be adjusted 
by changing the hohlraum length and the pointing of 
the beams. The quantities determining the intrinsic 
symmetry change in time: the LEH shrinks, the laser 
spots move due to plasma evolution, and the spots 
become less bright relative to the overall hohlraum 
brightness. With a single cone of beams, we found that 
the time-dependent asymmetry was too large. Two 
cones of beams can be arranged to provide adequate 
symmetry. Also, with two cones the time-dependent 
asymmetry can be corrected dynamically by varying 
the relative power in the cones as a function of time. 
This detailed symmetry tuning will have to be done 
with a time-dependent symmetry campaign similar to 
those being done on the Nova laser.22 

To model the intrinsic asymmetry, we use a detailed 
two-dimensional (2-D) simulation with a radiation- 
hydrodynamics code such as LASNEX.13 We use the 
best available radiation transport model for the 
hohlraum/capsule coupling, and simulations are con- 
tinued all the way through burn. The simulations track 
the laser beams, calculating inverse Bremsstrahlung 
energy deposition and any refraction that occurs. We 
typically use XSN nonLTE multigroup opacities," 
although we have also performed simulations with an 
opacity table derived from the super transition array 
opacity m0de1.2~ Any coupling to the capsule via hydro- 
dynamic pressure or electron conduction is included. 

We have achieved adequate symmetry and good 
burn in such integrated simulations of a variety of 
designs: the PT at several scales as shown in Fig. 5, two 
Be designs driven at 250 eV and at 300 eV, and a 
smooth-pulse 250-eV Be design. All except the PT 
scales shown in Fig. 5 use 1.1-1.5 MJ, at powers ranging 
from 365-500 TW. They give yields in the integrated 
simulations that are between 50-90% of clean 1-D 
yields and show unambiguous ignition. 

and pointing of the laser beams requires fully three- 
dimensional (3-0)  asymmetry. This asymmetry has 
been estimated analytically using laser-spot brightness 
and positions determined from the 2-D LASNEX sirnula- 
tions. Also, the asymmetry has been calculated in 3-D 
with a view-factor c0de.2~ We have used fully integrated 

Modeling asymmetry from imperfect power balance 
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calculations (described earlier) to confirm the model- 
ing and for some sensitivity studies. The actual asym- 
metry on the capsule is 3-D, and its effect on the 
implosion must be estimated with 2-D simulations of the 
implosion driven with an asymmetric radiation source. 

We have imposed a wide variety of asymmetries on 
2-D capsule implosions to ensure that the specified 
asymmetry levels are acceptable. Asymmetry can 
affect ignition in a variety of ways: the obvious kine- 
matic effects of differing velocities; initiation of RT 
instability growth, especially evident during decelera- 
tion; mass flow toward less driven regions, seeding RT 
instability; irregular hot-spot compression, sometimes 
forming jets that protrude from the core and disrupt 
the imploded configuration; and delayed ignition, 
resulting in more RT growth. The maximum tolerable 
asymmetry depends on its temporal and spatial 
specifics. In summary, the capsule can tolerate less 
than about 1 % time-averaged asymmetry, 5-10% time- 
dependent swings in asymmetry that last for -2 ns, 
and larger swings if they last much less than 2 ns. 

We do not find much variation in sensitivity to 
asymmetry among the various targets we have 
designed. Smaller capsules are slightly more sensitive 
to asymmetries that couple to deceleration RT growth. 
The difference is not large, and symmetry sensitivity is 
not an issue that is important in deciding the overall 
trade-offs of laser size and power. Varying the hohlraum 
size, with a given capsule, is the symmetry issue likely 
to be more important in the trade-offs. 

The 3-D view factor calculations indicate that with 
nominal pointing errors-each beam is to point within 
50 pm of its nominal position, rms deviation-the 
resulting additional asymmetry on the capsule will be 
significantly 4%. This pointing specification also 
ensures more than adequate clearance of the LEH. This 
requirement is similar to that met by the Nova laser 
(30 pm rmsF5 which is 10 prad, while 50 pm rms on 
NIF is 7 prad because of the longer focal length). 

The 3-D view factor calculations also indicate that 
10% rms power imbalance results in <1% asymmetry 
on the capsule, provided the deviations are uncorrelated 
among the 192 beams. The tolerable power imbalance 
can be much larger than this, depending on its tempo- 
ral dependence. If there are correlations between the 
beams’ powers, a much tighter power balance require- 
ment is necessary. Groups of eight beams, with each 
group entering the same area of the hohlraum, must be 
balanced within about 3%. Generally the requirements 
are consistent with purely independent statistical devi- 
ations of the 192 beams; any correlations significantly 
beyond this may increase the asymmetry unacceptably. 

These requirements on the laser are well within cur- 
rent Nova performance parameters of 3% rms energy 
imbalance, and 5-10% power imbalance over time 
scales that are generally less than half the pulse length?6 
This does not mean that symmetry in Nova hohlraums 

- 

is as good as in NIF hohlraums; the looser requirements 
for NIF are a result of the larger number of beams. 

Asymmetries might also arise from laser-plasma 
interaction processes or other phenomena, such as RT 
instability at the Au/He interface, which are currently 
predicted not to be significant but for which uncertainty 
remains. Light can be scattered or it can be absorbed 
more or less efficiently at different positions in the 
hohlraum. The effect in all cases is equivalent to a 
power balance change, a movement of the x-ray emission 
spots, or perhaps a spreading of the laser deposition 
spots (for small-angle side-scattering). Difficulties could 
arise only if these effects are so large that the irrepro- 
ducible part of them is larger than the limits described 
here. If any of these processes occurs but is reproducible 
and not too large, the effect can be compensated for by 
changing the hohlraum design parameters. Estimates 
based on Nova experiments and appropriate theory 
and modeling indicate that these processes can be kept 
within acceptable limits. If not, our ultimate recourse 
will be to increase the hohlraum size, reduce the laser 
intensity, and correspondingly reduce the hohlraum 
drive temperature. 

Laser-Plasma Instabilities 
The most important laser-plasma scattering processes 

are SBS, stimulated Raman scattering (SRS), and filamen- 
tation. In SBS and SRS, the incident laser beam scatters 
from electron waves and ion waves, respectively, in the 
forward, side, or backscatter direction. Backscatter is 
calculated and observed to be the most unstable process, 
although sidescatter must be examined for its possible 
effect on capsule symmetry. SRS forward scatter is a 
very weak process; forward SBS is being evaluated for 
possible symmetry effects because of the exchange of 
energy between overlapping beams.27 Filamentation or 
whole-beam self focusing results from the refraction of 
the laser light into low-density regions, which are 
themselves produced by the pressure gradients from 
nonuniform laser heating or by ponderomotive forces. 
All of these processes are sensitive to the M, and tem- 
perature, and laser intensity and wavelength.28 In 
addition, SBS is sensitive to the electron-ion temperature 
ratio, velocity gradient, and the fraction of light and 
heavy ions in multiple species plasma.29 Also, we have 
shown with 3-D filamentation sir nu la ti on^^^ that fila- 
mentation is sensitive to the speckle length (the axial 
length of a diffraction-limited hot spot near the focal 
plane of the laser beam). The speckle length increases 
with the square of the f-number of the focusing system. 

The laser must propagate through 3-5 mm of 
hot (T ,  - 3-5 keV at peak power), low-density 
(ne 2 1 x 1021 crnp3), low-Z (mixture of He and H) 
plasma. The density is about 0.05 critical over most of 
the beam path. For the inner ring of beams, the density 
reaches as high as 15% of critical for the last millimeter 
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of pathlength. However, this far into the hohlraum the 
individual laser beam intensity has decreased substan- 
tially from its peak of 2 x 1015 W/cm2. 

These scattering processes affect the target perfor- 
mance in several ways. Of course, energy scattered 
back out of the hohlraum is unavailable for x-ray con- 
version. The total energy lost comes out of the -50% 
energy margin shown in Fig. 2. The irreproducible part 
of this becomes a pulse-shape uncertainty, and any 
resultant geometrical nonuniformity can affect the 
symmetry of the irradiation on the capsule. These 
effects will be tolerable if the scattering is less than 
about 10%. We do not expect hot electrons produced 
by SRS to have any effect on target performance. 

We estimate that the scattering processes will be 
acceptable under these predicted plasma conditions. 
Experimentally verifying these estimates is an action 
part of the Nova program, described in ”Laser-Plasma 
Interactions in NIF-Scale Plasmas (HLP5 and HLPG)” 
on pg. 305 of this Quutedy. 

Modeling of Hydrodynamic 
Instabilities 

The shell is subject to RT instability on the outside 
during its acceleration and on the inside during deceler- 
ation. There is also Richtmyer-Meshkov (RM) instability 
at all interfaces. (These instabilities are reviewed in 
Ref. 31.) Short-wavelength RT growth in these capsules 
is stabilized by ablation of material through the unstable 
interface and by the finite scale length on the ablation 
front. Experimental3* and cal~ulat ional~~ aspects of 
this stabilization are well documented. During deceler- 
ation, the growth of short wavelengths is also reduced 
from classical RT since the unstable interface is between 
two DT regions, the hot spot and the main fuel, and 
again there is ablation (driven by electron conduction 
in this case) and a finite gradient scale length. Also, 
perturbations that grow on the outside must couple 
through the shell to affect the ignition, and short wave- 
length modes couple less effectively. These effects all 
reduce the impact of the short wavelengths, so the sys- 
tem is only weakly nonlinear. The targets have been 
designed so that this is the case. 

is as accurate as possible, with an extension into the 
weakly nonlinear regime, as necessary. The linear 
analysis is based on a decomposition of the surface 
perturbations into spherical harmonics, which are 
eigenmodes of the linear evolution. We determine the 
single-mode growth spectrum by running multiple 2-D 
simulations, each of one single mode in the linear 
regime throughout the simulation. This provides the 
most accurate calculation of all known effects, includ- 
ing stabilization, RM growth, and convergence effects. 
This set of calculations provides a spectrum of growth 
factors, which we combine with an assumed initial sur- 

We have based our modeling on linear analysis that 

face spectrum to determine the ignition-time perturba- 
tion. Using a nonlinear saturation model from Ref. 34, 
we determine whether the perturbations are nonlinear 
and estimate the nonlinear saturation. This results in a 
curve of ignition-time perturbation amplitude as a 
function of initial perturbation amplitude. 

To test the weakly nonlinear analysis, we also run 
full simulations of multimode perturbations with real- 
istic initial amplitudes. Currently simulations must be 
2-D, and the number of modes that can be included is 
limited. We have run a variety of multimode simulations 
on several capsules, at solid angles ranging from rela- 
tively small conic sections to half-spheres. Results are 
consistent with the modeling described earlier, although 
further substantiation is an area of current work. Recent 
development of 3-D codes will allow testing of possi- 
ble differences between 2- and 3-D evolution.35 

We must also estimate how the perturbations around 
the hot spot at ignition time will affect the ignition. The 
unstable interface is between relatively cold, dense DT 
and the hot, lower-density DT. Material mixing of 
different elements is not occurring, and there is only 
thermal mixing. The actual perturbations are 3-D, and 
multimode, and the weakly nonlinear perturbation 
growth analysis indicates that the spectrum is strongly 
dominated by mode numbers around 1 = 10-15”. The 3-D 
character cannot be fully represented in any existing 
code; available 3-D codes do not include all of the rele- 
vant physical processes. There is e~per imenta l~~ and 
~alculational~~ evidence that the multimode 3-D pertur- 
bation is probably an array of spikes penetrating in 
toward the hot-spot center, surrounding approximately 
hexagonal bubbles. In 2-D, we modeled this array of 
spikes and bubbles five ways: (1) We simulated a sin- 
gle bubble of appropriate solid angle surrounded by a 
curtain of material falling along a reflecting boundary 
condition. The circular cone represents approximately 
a multifaceted 3-D cone of similar size and gross 
shape. (2) We ran perturbations with the opposite sign: 
a spike on axis surrounded by a circular bubble. (3) We 
simulated perturbations on the waist that represent 
long circular ridges and curtains. (4) We continued 
through burn time the multimode 2-D simulations 
mentioned earlier. (5) We did 1-D modeling in which 
the thermal mixing caused by the perturbation growth 
is represented as an enhanced thermal conductivity in 
the perturbed region. 

All of these approaches give similar results, regard- 
ing how large a spike can be tolerated before ignition 
is quenched. Combined with the modeling described 
earlier, this corresponds to a maximum tolerable ini- 
tial ablator surface roughness of about 50 nm rms. 
This compares with 30 nm rms on current Nova capsules. 

We have also considered the bubble penetration 
from the outside of the shell at peak velocity. We find 
that the surface finish requirements for shell integrity 
during acceleration and for ignition are similar. This 
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equivalence depends weakly on the shape assumed for 
the spectrum of initial perturbations. 

Because we have modeled the perturbation growth 
and its effects with a variety of different approaches, 
and get generally consistent results, we are fairly confi- 
dent that our modeling is accurate. The modeling 
relies on 2-D code simulations of linear-regime pertur- 
bation growth, so it is very important that these be 
tested thoroughly. The dominant uncertainties are the 
dependence on the spectrum of the drive x rays, and 
on zoning, resulting in a net uncertainty in the outer 
surface finish specification that we believe to be about 
a factor of two. Finally, of course, it is very important 
to test the modeling experimentally. A major fraction 
of the Nova program is oriented toward verifying this 
modeling, with a variety of experiments measuring 
perturbation growth and its effects in planaG2 and 
s p h e r i ~ a l ~ ~ ~ ~ r ~ ~  geometry. Results from these experi- 
ments have been consistent with the modeling. 

The modeling described so far pertains to surface 
perturbations that are initially on the outside of the 
ablator. Of course, there will be perturbations on the 
other interfaces, as well as material inhomogeneity and 
other fabrication defects. Any of these can be modeled 
in a conceptually identical way, using LASNEX simu- 
lations that assume the existence of the perturbation of 
interest. We have determined that the capsule tolerates 
perturbations initially on the other interfaces, which 
are much larger than tolerable perturbations initially 
on the outside. Perturbations on the DT/CH interface 
are unlikely to be large enough to matter. Ignition does 
not occur if perturbations on the DT gas/solid interface 
are greater than about 3.0 pm for the PT, and more 
than about 8 pm for Be capsules, which are the same 
size as the PT and are driven at 300 eV. Current esti- 
m a t e ~ ~ ~  of the smoothness of p layer surfaces are -1 pm. 
Solid DT in a low-density foam is somewhat smoother. 

In summary, the PT has a factor of about two margin 
in surface finish beyond surface finishes on the best 
current Nova capsules. The requirement on the DT 
gas/solid interface also gives about a factor of 2 mar- 
gin compared with roughness measured on recent DT 
ice surfaces. 

Robustness Studies 
We performed extensive studies of the robustness of 

the PT target following the initial design work, which 
we categorize into two studies discussed below. 

Robustness of Yield in Integrated 
Simulations 

Choosing a particular configuration as nominal, we 
varied the laser powers and pointing in detailed 

integrated calculations (described earlier). Figure 4 is 
an example of such a variation (although the calcula- 
tions shown there used a laser pulse slightly different 
from what we chose as nominal for the full set of varia- 
tions). Table 1 shows the sensitivities we found, and 
compares them with estimates of the reliability with 
which we can determine and maintain these parame- 
ters. This study produced three valuable results. (1) We 
verified that the target can tolerate plausible variations 
in the input parameters (shown in Table 1). This allays 
concern that the performance of the target is a finely 
tuned optimum that would be impossible to achieve 
experimentally. (2) We identified ways in which the 
configuration we chose as nominal was not in fact 
optimal (most importantly, we found significant room 
for improvement in the pointing we were using for the 
inner cone). We are currently doing a second iteration, 
with improved pointing and better optimization of the 
other parameters, which should show a margin of 
performance even larger than that shown in Table 1. 
Some results of the study with the new optimization 
are shown in Table 1. (3) This study provides a context 
for designing the experimental campaign to achieve 
ignition. Table 1 (and subsequent revisions) shows 
which parameters must be measured and maintained 
and to what accuracy. 

We are also doing integrated simulations varying sev- 
eral parameters at once. We have varied both the inner 
and outer cone laser powers separately (in addition to the 
variations shown in Table 11, and see sensitivity similar 

TABLE 1. Sensitivity analysis of the PT using integrated calculations 
of the entire hohlraum/capsule target. 

Laser parameter* 

Power during foot 
Peak power 
Second-rise timing 
Third-rise timing 
Duration of peak power 
Inner beam power during foot 

(total power fixed) 
Inner beam power during peak 

(total power fixed) 

Determined 
sensitivities 

30% 
35 % 

500 ps 
500 ps 
800 ps 

25 % 

35 % 

Preliminary 
estimate 

<5% 
<5% 

4 0 0  ps 
4 0 0  ps 
4 0 0  ps 

<5% 

<5% 
Inner beam power during peak 

Pointing of inner beams 85 pn (200 pm)+ <20 bm 
Pointing of outer beams 100 bm (350 pm)+ <20 bm 
*For each indicated parameter describing the laser input power, we tabulated 
the full-width at half maximum of the yield as that parameter was varied. We 
also tabluated estimates of the precision with which the parameters can be 
determined and maintained in an experimental campaign working toward 
ignition. In all cases, the indicated precision is dominated by estimates of 
experimental precision, and the corresponding specification on the laser itself 
is significantly smaller. 
'These values are for a new optimization with the P6 asymmetry reduced. 

(outer cone power fixed) 25 % <5% 
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to that shown in Table 1. Ultimately we will explore the 
entire parameter space of possible variations, although 
we will use the new nominal design mentioned above 
instead of continuing to center the variations on our 
first preliminary optimization. 

Sensitivity to Combinations of 
Asymmetry, Pulse-Shaping Errors, 
and Hydrodynamic Instabilities 

To create a complete model for what could affect the 
implosion adversely, we utilized a series of capsule- 
only simulations. We started by simulating the capsule 
with the asymmetry determined from the nominal 
integrated calculation, then added perturbed surfaces, 
and finally added asymmetric drive sources. The 
asymmetry can be made to match that in the inte- 
grated calculations by extracting from the integrated 
simulation the asymmetry in ablation pressure in the 
imploding capsule. (The asymmetry can be character- 
ized with Legendre polynomial moments, with P2 
through P, contributing.) Then a matching radiation 
drive asymmetry, in a simulation of the capsule alone, 
produces an identically out-of-round implosion. This 
technique matches the asymmetry both for a nominal 
design and for the off-nominal integrated calculations 
represented in Table 1. (We chose as nominal the same 
integrated calculation used as the central point for 
the variations presented in Table 1). We performed 
three variations given the ”baseline” nominal asym- 
metric implosion. 
1. Asymmetry alone. We found that the ”nominal” 

asymmetry has about 50% margin in the P, moment 
and >loo% margin in the P, and P, moments. This 
suggests that the overall robustness can be improved 
by reoptimizing to minimize P,. This is part of the 
reoptimization mentioned above, increasing further 
the margin of the PT. 

face roughness. We performed implosions with the 
nominal asymmetry and perturbations on both the 
inner and outer capsule surfaces. The spectral features 
of the perturbations were based on characterization 
of p layered DT for the ice roughness and of Nova 
CH capsule surface roughness for the outside. The 
capsule ignites and burns well with nominal asym- 
metry and nominal surface roughnesses of 30 nm on 
the CH and 1.0 pm on the DT. 

wavelength surface roughness. In addition to the 
nominal asymmetry, we included further random 
asymmetry-up to 4.5% rms P, and 1.5% rms P,. 
The additional asymmetry was a random function 
of time, with zero mean and about 2 ns typical 

2. Nominal asymmetry plus short-wavelength sur- 

3. Off-nominal asymmetry and drive, plus short- 

UCRL-LR-105821-95-4 

period of variation. We also included variations in 
the drive profile (the net flux onto the capsule, Po) of 
+5%. The combination of asymmetry, drive profile 
errors, and surface roughness represents the most 
complete possible model of the implosion. We found 
that the additional asymmetry and profile variations 
had little effect on the yield; for example, with 30 nm 
outer roughness and 1.0 pm inner roughness, we 
obtain 11.5 MJ of yield with the nominal asymmetry 
plus the variations of 4.5% rms P,, 1.5% rms P,, and 

These robustness results are extremely encouraging 
+5% Po. 

assurance of the nominal design’s performance. 

Summary 
Given the experimental substantiation from the Nova 

program, we have good reason to expect ignition with 
a 1.8-MJ, 500-TW laser. Such a laser will provide an 
adequate safety margin, above the ignition threshold 
indicated by modeling supported by Nova experiments. 
This margin is sufficient to cover estimated uncertainties. 

We can compensate for the remaining uncertainties by 
adjusting the target design if necessary after additional 
Nova experiments, or after the NIF experiments begin. 
Some possible changes in the target design or perfor- 
mance will be energetically significant. These include: 

A factor of two in hydrodynamic instability growth 
(equivalent to a factor of two in surface finish, or a 
factor of two in the acceptable size of the bang-time 
perturbations) shifts the ignition cliff from 0.8 MJ to 
about 1.0 MJ. Improvements in surface finish could 
probably recover the original margin. 
The combined uncertainties in x-ray conversion and 
hohlraum wall loss are less than about 20% in energy. 
SBS and SRS should be less than about lo%, based 
on the experiments described in ”Laser-Plasma 
Interactions in NIF-Scale Plasmas (HLP5 and 
HLPG)” on pg. 305 of this Quarterly. 
Achieving the correct power balance between the 
inner and outer cones of beams may require reduc- 
ing the power in one or the other, so that it cannot 
run at its full power. This may result in a net energy 
IOSS of 10-15%. 
An error in hohlraum optimization that requires 
increasing the LEH radius 50% would require an 
increase in laser energy of 15% to regain the same 
hohlraum temperature. 
Similarly, increasing the hohlraum area by 35% 
increases the required laser energy by 15%. 
Several other uncertainties are energetically insignif- 

icant. For example, the EOS and opacity of the CH 
ablator are sufficiently uncertain that we expect to adjust 
the details of the pulse shape phenomenologically, but 
this will not significantly affect the performance 
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requirements from the laser or the target performance. 
These errors, in combined effect, are consistent with the 
factor of two margin provided by a l.S-MJ, 500-TW laser. 

There are some issues that we are addressing to sub- 
stantiate this conclusion further and to progress with 
plans for the facility. We need to make a final decision 
regarding the optimal cone-to-cone energy ratio, and 
beam angles, which will be built into the target cham- 
ber and will be difficult to change once detailed facility 
design is in progress. To maximize our understanding 
of the options available to us, we are continuing to 
pursue other designs-e.g., hohlraums with shields 
between the capsule and the LEH. Finally, we also con- 
tinue to pursue more detailed modeling of the PT. 
These results, along with the ongoing experimental 
program on Nova, will either lead to increasing confi- 
dence in the performance of the PT or will indicate 
what changes need to be made in the design. 
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Introduction 
High-gain inertial confinement fusion will most 

readily be achieved with hot-spot ignition,lt2 in which 
a relatively small mass of gaseous fuel at the center of 
the target is heated to 5-10 keV, igniting a larger sur- 
rounding mass of approximately isobaric fuel at higher 
density but lower temperature. Existing lasers are too 
low in energy to achieve thermonuclear gain, but 
hydrodynamically equivalent implosions using these 
lasers can demonstrate that the important, scalable 
parameters of ignition capsules are scientifically and 
technologically achievable. The experiments described 
in this article used gas-filled glass shells driven by x rays 
produced in a surrounding cavity, or hohlraum. These 
implosions achieved convergence ratios (initial capsule 
radius/final fuel radius) high enough to fall in the range 
required for ignition-scale capsules, and they produced 
an imploded configuration (high-density glass with hot 
gas fill) that is equivalent to the hot-spot configuration 
of an ignition-scale capsule. Other recent laser-driven 
implosions3r4 have achieved high shell density but at 
lower convergences and without a well defined hot 
spot. Still other experirnent~~{~ have used very-low- 
density gas fill to reach high convergence with unshaped 
drive (see below), but that approach results in a rela- 
tively low shell density. Moreover, even at the highest 
convergence ratios the implosions described here had 
neutron yields averaging 8% of that calculated for an 
idealized, clean, spherically symmetric implosion-much 
higher than previous high-convergence experiments. 

As we discuss below, the implosions described here 
were characterized by a number of diagnostics. In par- 
ticular, convergence ratios were directly determined by 
measurements of the areal density of the imploded fuel 
using a technique based on secondary-neutron spec- 
troscopy. The implosions were modeled, with the 
inclusion of non-ideal effects, with detailed computer 
codes such as LASNEX,7 a coupled radiation transport, 
hydrodynamics, and burn-particle transport code. All 
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observable quantities were in close agreement with 
these simulations, demonstrating good understanding 
of the implosions. 

Experimental Design 
The capsules, shown in Fig. 1, were indirectly driven 

gas-filled microballoons. We chose a relatively small 
capsule (capsule diameter 16% of hohlraum diameter) 
to limit the areal density of the imploded fuel, allowing 
the use of secondary neutrons for the determination of 
this quantity (see below). We used glass capsules filled 
with deuterium (D) or equimolar deuterium/tritium 
(DT). Capsule fill pressures varied from 25 to 200 atm, 
which changed the capsule convergence for constant 
drive (see ”Measuring Convergence”). Ten Nova 
beams (2.1 kJ each at 0.35 pm) were incident on the 
interior of a uranium (U) hohlraum at 2 x 1015 W/cm2 
and produced an x-ray drive flux on the surface of the 
capsule; the hohlraum geometry is shown in Fig. l(b). 
Figure 2 shows the measured laser power PL, corre- 
sponding brightness temperature of the x-ray drive 
Trad, and the neutron production rate X,. 

We measured x-ray drive using a multichannel, K- 
and L-edge-filtered x-ray spectrometer looking into 
the hohlraum at both directly illuminated laser spots 
and the indirectly illuminated 
were nearly Planckian. Subject to hydrodynamic insta- 
bility limitations? we chose the x-ray drive vs time 
dependence, or pulse shape, to optimize the pres- 
sure-density trajectory of the capsule compression. 
Use of a glass shell and a U hohlraum minimizes the 
x-ray preheating of the capsule. The capsule implosion 
is driven by pressure generated by ablation of the 
outer surface material. Under the conditions of these 
experiments-x-ray brightness temperature low enough 
that the ablation front is subsonic, time-scale short enough 
that the ablated material is optically thin to the driving 
x rays-it can be shownl0 that the ablation pressure is 

observed spectra 
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approximately given by Pabl = 0 . 5 ~ ~ ~ , , ~ * / ( ~ 7 , , / r ) l ' 2  
where CT is the Stefan-Boltzmann constant, R is the gas 
constant and p is the molecular weight. This gives abla- 
tion pressures of 8 Mbar at the foot of the pulse (t = 0.2 ns) 
and 110 Mbar at the peak of the pulse (t = 1.4 ns). 

Achieving High Convergence 
In implosions such as these, several factors limit the 

convergence ratio achievable. The most important are 
pusher entropy, drive asymmetry, and Rayleigh-Taylor 
(RT) instability. These factors must be minimized in the 
experiments and properly accounted for in models. 

The first factor is pusher entropy. The less dense the 
pusher is near stagnation, the less efficiently it can cou- 
ple its kinetic energy into compressing the fuel. X-ray 
preheat of the pusher raises its specific entropy; ablation 
pressure cannot then hold it at as high a density dur- 
ing inward acceleration, and at stagnation more of its 
kinetic energy will be spent compressing itself rather 
than compressing the fuel. X-ray preheat is minimized 
by the use of a U hohlraum, with the resulting near- 
Planckian x-ray spectrum, and a glass pusher, which 
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FIGURE 1. Capsule and indirect-drive hohlraum geometry. 
(50-05-0695-1 562pb01) 

self shields from hard x rays. Similarly, pulse-shaping 
is required to limit pusher entropy generation by shocks 
and to keep the pusher dense during inward accelera- 
tion. In the ideal, lowest entropy state, the pusher pres- 
sure results entirely from the Fermi degeneracy of the 
free electrons. In Figure 3, we plot the ratio of the pres- 
sure to the electron degeneracy pressure as a function 
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FIGURE 2. Observed laser power P,, hohlraum temperature Trad, 
and neutron production rate X, for 100-atm DT-filled capsules. 
(50-05-0695-1563pbOl) 
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FIGURE 3. Ratio of pressure to electron degeneracy pressure in fuel 
and pusher of 100-atm fill capsules at bang time as calculated with 
the Haan mix model. The dense glass pusher, from 10 to 15 pm, is in 
a good, low-entropy state. (50-05-0695-1564pb01) 
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of radius through the fuel and pusher at the time of 
peak neutron production (bang time) in a model calcu- 
lation of the implosion of a 100-atm DT-filled capsule. 
Figure 3 shows three more or less distinct regions: 
clean fuel (0-7 pm), mixed fuel and glass (7-10 pm), 
and dense glass pusher (10-15 pm). The pusher has been 
compressed along a good low-entropyP(p) trajectory, 
or adiabat, so that its pressure is only a factor of about 
two above the Fermi degeneracy pressure. This capsule 
has the sort of compressed configuration-isobaric 
with a hot spot surrounded by colder and denser 
matter-described in the introduction for a high-gain 
capsule implosion. 

convergence. The hohlraum does not produce a per- 
fectly uniform drive distribution, but any position on 
the capsule ”sees” radiation from all the various elements 
of the hohlraum (directly illuminated wall regions, 
indirectly illuminated regions, and entrance holes), so 
higher moments of the drive distribution are strongly 
smoothed. (Typically the drive symmetry is analyzed 
in terms of spherical harmonics, which reduce to 
Legendre polynomials P, with cylindrical symmetry.) 
The remaining systematic asymmetry is controlled by 
choosing the relative values of capsule radius, hohlraum 
dimensions, and the first bounce position of the laser 
beams along the hohlraum wall to minimize the P2 
and P, effects. PI and P, effects are eliminated by the 
left-right symmetry of the hohlraum. The remaining 
lower-moment asymmetry is time-dependent: both the 
albedo of the wall and the effective positions of the 
laser spots change as hot wall material moves into the 
hohlraum. By design with simulations, the configuration 
used in this work produces a P2 asymmetry that changes 
sign, is at most 8%, and averages to a very low value. 
Details of hohlraum design are being reported in ”Nova 
Symmetry: Experiments, Modeling, and Interpretation 
(HLP3 and HLP4)” on p. 293 of this Quarterly. 

is random variations due to imprecise laser beam-to- 
beam power balance and pointing. This is minimized 
by precise control of the laser.11r12 We maintain toler- 
ances of 8% rms beam-to-beam power balance during 
the foot of the laser pulse and 4% power balance dur- 
ing the peak. Pointing tolerance is 230 pm rms. This 
control gives a power balance on the capsule that from 
simulations is uniform to within 2% rms at peak power 
and 4% in the foot. Early experiments demonstrated 
that this level of power balance is necessary for high 
convergence. A version of Figure 6 with the early data 
showed convergence declining as fill was reduced. 

a denser pusher, convergence may be limited by RT 
instability at the fuel-pusher interface, which leads to 
what is commonly called mix. Calculations show that 
perturbations on the interface are primarily seeded by 
the feed-through of growing perturbations at the 

X-ray drive asymmetry is the second factor limiting 

A second source of time-dependent drive asymmetry 

Finally, since the fuel is compressed at stagnation by 

ablation front, which in turn are seeded by initial abla- 
tor surface finish perturbations. We have applied 
Haan’s multimode, moderately nonlinear mix model9 
to calculations of the implosions of the 25- and 100-atm 
fill capsules. In this model, growth factors (final ampli- 
tude at fuel-pusher interface/initial amplitude at abla- 
tor surface) are calculated at a number of I-modes, 
initial amplitude 0~ Pl(cosO), for perturbations small 
enough that the growth factors remain linear in the ini- 
tial amplitudes. We then obtain an estimate of the rms 
depth of mix penetration by multiplying the initial sur- 
face-finish mode spectrum by the growth factors, 
applying a saturation model in which nearby modes 
contribute to the saturation of a particular mode, and 
then adding the saturated mode amplitudes in quadra- 
ture. There is an empirical parameter in the saturation 
model, which Haan calls V, that must be estimated 
from mix experiments. (In the presence of a dense 
spectrum of modes, mode I has a saturation amplitude 
at radius Ro of vX0/l2.> Haan’s current best estimate of 
this parameter is v = 2, which is the value we have 
used in our analysis. 

Figure 4 shows the linear growth factors we calcu- 
lated. At low 1 values (long wavelengths), the growth 
factors are comparable for the 25- and 100-atm cap- 
sules, whereas at higher 1 values the 100-atm capsules 
have much larger growth factors. This is a reflection of 
much more feed-through in the 100-atm case. When 
the first shock breaks out of the back of the glass 
pusher into the fuel, there is less decompression in the 
100-atm case, leading to a thinner, denser pusher during 
inward acceleration. Were our pulse shape more highly 
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FIGURE 4. Calculated growth factors for surface perturbations on 
25- and 100-atm fill capsules. (50-05-0695-1565pbOl) 
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tuned, the 25-atm shells would have been thinner, but 
then mix and shell breakup might have destroyed their 
convergence altogether. As it is, with saturation 
applied, most of the quadrature sum of amplitudes at 
bang time comes from 1 I 2 0  for either fill pressure. 

is in terms of the distance from the fuel-pusher inter- 
face to the fall line, which is the trajectory the interface 
would have if it never decelerated at stagnation. For 
our capsules, the Haan model gives a bang-time mix 
depth-defined as the height of bubble tops above the 
interface-of about 35% of the distance to the fall line. 
Mix depth is not a constant with time, but rather it 
peaks at about that fraction near bang-time. Were it a 
constant, we would have another, simpler mix model, 
known as a fracrnix model. In either model, the spike 
penetration-the distance from interface to spike 
tips-is estimated at (1 + a) times the bubble height, 
where a is the interface Atwood number. 

One way of expressing the depth of mix penetration 

Measuring Convergence 
We determined burn-averaged fuel density and cap- 

sule convergence b measuring burn-averaged fuel 
areal density pX = ii ,,,p(v)dr. If p is uniform, as we 
assume, then p = po(pX/poRo)3/2, so a determination of 
pR gives both p and R. When we make comparisons 
later with calculations of p and X, we shall calculate 
those quantities in exactly the same way, with pR 
determined from the calculated secondary neutron 
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FIGURE 5. Secondary-neutron energy spectrum measured with 
array of neutron time-of-flight detectors (LaNSA). Observed is sum 
of spectra from all 25-atm capsules. (50-05-0695-1566pb01) 

spectrum as described below for the experimental 
analysis. In fact, the uniform-p assumption gives a 
slight underestimate of the actual convergence and 
density because the actual density must increase with 
radius as the temperature decreases. From simulations, 
this is about a 15% effect in the density for the 25-atm 
capsules and about a 25% effect in the 100-atm capsules. 

We measured fuel pR by the secondary-neutron 
technique.13-17 This technique relies on the observa- 
tion of 12-17-MeV secondary neutrons produced via 
the D(T,d4He reaction in an initially pure D fuel. The 
1.01-MeV tritium nuclei, or tritons, are produced in the 
primary fusion reaction D(D,p)T. If the tritons do not 
slow significantly as they traverse the fuel, then the 
fraction of tritons producing secondary neutrons is 
proportional to fuel pR. For the fuel conditions in this 
work, (low temperature with mixed pusher material), 
pR values above a few mg/cm2 cause significant triton 
slowing, and corrections must be made for the energy 
dependence of the D(T,d4He cross section. Cable and 
Hatchett13 have outlined how this can be done based 
on a measurement of the secondary-neutron energy 
spectrum. Since the cross section rises with decreasing 
triton energy, this correction typically results in a pX 
value lower than that calculated for the case of little 
slowing. We measured the secondary-neutron energy 
spectrum with an array of neutron time-of-flight detectors 
(LaNSA).I8 Figure 5 shows a spectrum obtained by 
summing all the 25-atm capsule data; the figure also 
shows the spectrum obtained from calculations of 
these implosions with the Haan mix model, as dis- 
cussed further below. 

Observed fuel areal densities, which ranged up to 
16 mg/cm2, allowed us to determine the densities and 
convergences plotted in Fig. 6. For this figure, observed 
values were averaged over several implosions (two at 
200 atm, six at 100 atm, and ten at 25 atm), and the 
errors were dominated by statistics related to the num- 
ber of the observed secondary neutrons. Figure 6 
shows that the observed values are consistent with or 
better than those expected from simulations if the effects 
of fuel-pusher mixing are included at the level that 
current models9 predict given the capsules' surface fin- 
ish. (The calculations labeled "clean 1 - D  include no 
mix effects and assume perfect spherical symmetry; 
this is physically unrealistic but is commonly quoted 
as an "ideal" limit). Fuel-pusher mixing introduces 
two important effects: mixing of high-Z matter into the 
fuel enhances the triton slowing, and mixing of fuel 
outward into the pusher decreases the fuel convergence. 
Secondary-neutron spectroscopy allows us to quantify 
these effects since the secondary-neutron energy spec- 
trum is dependent on the rate of the triton slowing. 
Figure 5 shows that the calculated and observed sec- 
ondary spectra are in good agreement, which further 
supports the validity of the mix modeling. 
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Other Diagnostics and Discussion 
We determined primary neutron yield19 and pusher 

areal density20 by activation techniques. We determined 
burn duration and burn time relative to the start of 
the laser pulse with a scintillator/streak camera 
arrangement21 capable of measuring neutron production 
as a function of time with 20-ps resolution. Figure 2 
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FIGURE 6. Observed and calculated (a) convergence and (b) density 
vs capsule fill pressure. Density is expressed as equivalent DT fill 
even when capsule is D-filled. (50-05-0695-1567pbO1) 

shows an example of the measured reaction rate. We 
measured fuel ion temperature by observing the tem- 
perature-dependent Doppler broadening of the primary- 
neutron energy spectrum with a neutron time-of-flight 
system22 that was simpler and separate from that used 
for secondary-neutron spectroscopy. 

Primary-neutron yields for these implosions were 
2 x lo7 to 1.4 x log with pure D fill (2.45-MeV neutrons) 
and 3 x lo8 to 3 x lo9 with equimolar DT fill (14-MeV 
neutrons); the lower yields were observed for the 
higher-convergence, lower-fill capsules. Figure 7 shows 
the individual capsule yields and pR values, with the 
yield expressed as a fraction of that calculated for a 
clean, 1-D implosion. Also shown for comparison are 
the values calculated for these implosions with the 
Haan mix model. 

error, but scatter in the yield is larger since yield is 
very sensitive to the fuel ion temperature (roughly 

The scatter in pR is consistent with the measurement 
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FIGURE 7. Observed neutron yields and pX values for (a) 100-atm 
and (b) 25-atm capsules. Yields are plotted as a fraction of simulated 
clean 1-D yield. (50-05-0695-1568pb01) 
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proportional to T5 for this temperature range) and 
because the fuel temperature is affected by small varia- 
tions in capsule surface finish, capsule dimensions and 
laser energy. (The yield would be much less sensitive 
to mix if the glass pusher were replaced by a layer of 
cryogenic liquid DT, as it is in most current ignition- 
scale capsule designs.) 

at this temperature, the observed fuel density corre- 
sponds to a final fuel pressure of 16 Gbar. 

The glass shell pR was 73 f. 16 mg/cm2 (100 a b )  and 
60 f 19 mg/cm2 (25 atm) in a pair of shots at each fill. 
These values are about lo from the simulated values of 
54 and 81 mg/cm, respectively. In the 25-atm simula- 
tions, the peak burn-time glass density is 160 g/cm3. 

burn occurred at 1600 f 100 ps after the start of the 
laser pulse (see Fig. 2); simulations gave 33-ps burn 
duration occurring at 1603 ps. We see in both simulations 
and measurements from a separate, brief experimental 
series that shock breakout, which corresponds to initial 
fuel movement, does not occur until 1 ns after the start 
of the laser pulse. This gives an average implosion 
velocity of 1.4 x lo7 cm/s; simulations show that peak 
velocity is 1.8 x lo7 cm/s. Using the observed fuel den- 
sity and burn duration, we obtain a confinement 
parameter of y 1 ~  = 1.9 f 0.6 x 1014 s/cm3. 

Fuel ion temperatures were 0.9 f 0.4 keV for all cases; 

Burn duration for the 100-atm capsules was 50 f 15 ps; 

Summary and Conclusion 
We have done a series of indirectly driven high- 

convergence implosions with the Nova laser fusion 
facility. These implosions were well characterized by a 
variety of measurements, and computer models are in 
good agreement with the measurements. We measured 
the imploded fuel areal density using a technique based 
on secondary-neutron spectroscopy. At capsule con- 
vergence ratios of 24, comparable to what is required 
for the hot spot of ignition-scale capsules, these cap- 
sules achieved fuel densities of 19 g/cm3. Independent 
measurements of density, burn duration, and ion tem- 
perature gave nzf3 = 1.7 f 0.9 x 

These experiments, which used better diagnostic 
techniques than previous work, have allowed detailed 
comparisons with simulations and have permitted a 
deeper understanding of the sensitivity of the implosion 
process to factors such as laser power balance. These 
implosions have provided an integrated test of our ability 
to control and model the implosion dynamics enough 
to achieve convergence ratios comparable to those 
required for the hot spot of an ignition-scale capsule. 

keV-s/cm3. 
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Introduction 
A high-density fluid on top of a low-density fluid is 

Rayleigh-Taylor1 (RT) unstable. Driven by gravity, ran- 
dom perturbations at the interface between the two 
fluids will grow: fingers ("spikes") of the heavier fluid 
will poke through the lighter fluid, and bubbles of the 
lighter fluid will rise into the heavier fluid. The RT 
instability and its shock-driven analog, the Richtmyer- 
Meshkov2 (RM) instability, have been a focus of research 
in inertial confinement fusion (ICF) for some 
In ICF, the driver-laser light, x rays, or ions-heats 
the outer layer of the capsule wall, causing it to ionize 
and expand rapidly. The result is a low-density ablated 
plasma accelerating the high-density capsule wall 
("pusher"). The ablation front is RT unstable, and 
outer-surface imperfections grow. This growth can 
seed perturbations at the pusher inner wall, which in 
turn become RT unstable during deceleration and stag- 
nation. Ultimately, pusher material can mix into the fuel, 
degrading performance. 

The role of the RT instability in ICF can be under- 
stood heuristically as follows. The goal of ICF is to 
maximize the fuel core pressure P,,,, for a minimum 
applied (ablation) pressure Pa. To see how we might 
do this, we write20 

(1) 

where R,/AR is the capsule aspect ratio (the ratio of 
initial shell radius to shell thickness) and R,/R, the 
convergence ratio [the ratio of outer capsule radius to 
final compressed hot fuel radius (the "hot spot" radius)]. 
The [(Ro/AR) + 11 factor results from converting the 
kinetic energy of the pusher into pressure at stagnation, 
by using Bernouilli's theorem, i.e., P,,, = Pa + (1 / 2 )  pz?. 
The (R0/R,)0.9 factor results from the pressure multi- 
plication due to the spherically imploding shock wave 
and is based on the self-similar solutions of Guderley?O 

From Eq. (11, we immediately see that maximum pres- 
sure amplification occurs for high-aspect-ratio capsules 
with a high convergence ratio. 

The RT instability limits the aspect ratio, however, 
as we see from the following. In the linear regime, per- 
turbation growth is exponential in time, 

where the exponent ydt represents growth in terms 
of perturbation e-foldings. A dispersion curve for the 
RT growth rate y can be written as 

(3) 

where k = 2n/h is the perturbation wave number, g is 
the pusher acceleration, L = p / Ap is the density gradi- 
ent scalelength at the ablation front, P is a multiplier 
usually set in the range of 1 to 3, va = k / p  is the abla- 
tion velocity, riz is the mass ablation rate per unit area, 
and p is a characteristic density at the ablation front. If 
we assume (1) a constant acceleration over a distance 
S = Ro/2, (2) that 80% of the pusher is ablated over this 
distance (I v,dt = 0.8AR), and (3) a density gradient 
scale length that is 10 to 20% of the shell thickness 
( L  = aAR, with a = 0.1-0.2), then we can approximate 
the perturbation e-foldings as 

\1/2 

(4) 

Here we have substituted k = C/R, where is the mode 
number of a spherical harmonic. We have chosen p -1 
which is typical of indirect drive. When AR/R is small, 
Eq. (4) shows that the perturbation e-folding is large. 
One can maximize RO/AR, and hence the pressure 
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amplification, only to the extent that the RT growth 
will allow. 

The situation for a capsule implosion, illustrated in 
Fig. 1, can be approximated as GT = G, f G,, where the 
total growth factor GT has been decomposed into growth 
at the ablation front or outer surface G,, fractional 
feedthrough f to the inner surface or pusher-fuel inter- 
face, and growth at the inner surface G,. Experiments to 
measure mix (and hence GT) directly in implosions are 
difficult, typically relying on spectroscopic tracer layers 
or yield degradation to signal the onset of mix.lsfl9 The 
dominant source for the total perturbation growth and 
subsequent mixing, however, is the growth GI of outer- 
surface perturbations during the acceleration phase. 
This can be measured directly with high precision with 
face-on experiments in planar geometry. The integral 
effect, namely, outer-surface growth, feedthrough, and 
inner-surface growth, can be measured with side-on 
imaging of cylindrical implosions. The HEP2 campaign 
comprises these two areas-planar and cylindrical 
RT experiments. 

The evolution of a single-mode perturbation at the 
ablation front of an accelerated planar foil is expected to 
have three distinct phases. (1) When the drive first turns 
on, a strong shock is launched through the foil during 
compression. The shock front will typically be deformed, 
bearing the imprint of any initial surface imperfections. 
The behavior of this perturbed (or "rippled) shock front 
is dynamically similar to that produced by the RM 
instability.2 Material behind the shock develops a lateral 
velocity component, moving from regions in which the 
foil was thinner (initial perturbation valley) towards 
regions in which the foil was thicker (initial perturbation 
peak), increasing the areal density modulation. The 
shape of the shock front is not constant, but evolves with 

(a) Ablation front (G,) (b) Feedthrough (fl 

time.,,.,, The areal density modulation may decrease or 
even reverse phase, if the foil is thick enough with 
respect to the perturbation wavelength. (2) After the 
shock breaks out of the back of the foil (the side away 
from the drive), and a rarefaction wave returns to the 
ablation front, the compressed foil accelerates as a unit. 
Perturbation growth continues, now as a result of the RT 
instability. The linear regime is defined by b << 1, where 
k = 2x/h represents the perturbation wave number and h 
and r are the perturbation wavelength and spatial 
amplitude. In the linear regime, the perturbation grows 
exponentially as given in Eq. (21, namely, q(t) = Toe@, 
where the growth rate y can be written approximately as 
in Eq. (3) in the form of a dispersion curve? 

(3) After sufficient growth, ?q is no longer small and the 
perturbation enters the nonlinear regime. The shape of 
the perturbation changes from sinusoidal to "bubble and 
spike," which corresponds in Fourier space to the gen- 
eration of higher  harmonic^.^ Within the framework of 
third-order perturbation theory,23 the amplitudes of the 
perturbation fundamental mode (first harmonic) q,, sec- 
ond harmonic q,, and third harmonic q3 can be written as 

1 r, = ,h?, 

3 2 3  r3 =gk rlLl 

(5a) 

(5b) 

(c) Stagnation (G,) 

FIGURE 1. Schematic showing how RT perturbation growth affects an implosion. The quantities G,, GI, f, and G2 correspond to the total 
growth factor, growth factor at the outer surface during acceleration, feedthrough to the inner surface, and growth factor at the inner surface 
during deceleration. (20-03-12934392pb02) 
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where qL is the linear-regime spatial amplitude given 
by Eq. (2). The wave numbers of the first three harmonics 
correspond to k, = 2nn/h, n = 1,2,3. At third order, we 
see in Eq. (5a) the occurrence of negative feedback to the 
first harmonic; that is, the growth of the fundamental 
is decreased. The perturbation growth is said to ”satu- 
rate.” In the asymptotic limit of the nonlinear regime, 
the bubble amplitude can be written as 

which corresponds to a perturbation growing at its ter- 
minal bubble velocity,24 

where F = u2/gl is the dimensionless Froude number, 
which depends only on the shape of the perturbation 
(here u, g, and 2 are characteristic flow velocity, acceler- 
ation, and spatial scale, respectively). As derived by 
LayzerF5 F112 = 1 / ( 6 ~ ) l / ~  = 0.23 in two dimensions (2-D) 
and 0.36 in three dimensions (3-D) for an axisymmetric 
bubble. If we define the transition into the nonlinear 
regime as taking place when the growth in the funda- 
mental mode is reduced by lo%, then from Eq. (5a) we 
have k2$ = 0.1, or qL/h  = 0.1, which is a typical and 
widely used threshold for nonlinearity. This same tran- 
sition criterion results if one assumes that the onset of 
nonlinearity occurs when the linear-regime perturbation 
velocity is equal to the asymptotic nonlinear bubble 
velocity, namely, ?l= vB, or m = (kg)l/? = ( g h / 6 7 ~ ) l / ~ .  
Rearranging again leads to q / h  M 0.1 at saturation. 

mode coupling leads 
to the appearance of “beat” modes k. + k.. To second 
order, this can be written as 

In the nonlinear 

2 -  J 

Eq. (8) is derived in the Appendix. Mode coupling 
redistributes a multimode perturbation to longer and 
shorter wavelengths and affects the saturation of indi- 
vidual modes. If a perturbed interface has a sufficiently 
dense Fourier composition, it becomes convenient to 
think of the perturbation in terms of a characteristic wave 
number kchar = 2n/hchar and a characteristic spatial 
amplitude qchar. In these terms, the criterion for the onset 
of saturation becomes kcharqchar no longer being 
small. Within a continuum this leads to individ- 
ual constituent modes saturating when their amplitudes 
reach a threshold Sk given by 

Sk =- v3D, in3-D 
Lk2 

where L represents the system size and v is a parameter 
determined by comparison with simulations or data. 

We present here the results of an extensive, multiyear 
experimental and computational study of perturbation 
growth on planar foils and on imploding cylinders 
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FIGURE 2. (a) The experimental configuration consists of a cylindrical 
Au hohlraum (3000 pm long, 1600 pm diam) with the modulated 
CH(Br) foil mounted on the wall. (b) In the hohlraum, eight h = 351-nm 
laser beams are converted to x rays, which ablatively accelerate the foil. 
Two additional laser beams at h = 528 nm generate backlighter x rays 
used for in-flight diagnosis of the foil. (2043-1293-4392pbO3) 
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driven with an x-ray drive. We investigated initial per- 
turbations of the form 

m 
q(x) = TI, cos(k,x), 

n = l  

where k, = 23cn/h, for m = I, 2, and 8. The modes are enu- 
merated as harmonics of the longest repeating pattern. In 
the next section, we discuss the ”Experimental Details,” 
and in ”Drive Characterization” we present our drive 
characterization work. The following sections discuss 
”Single-Mode Experiments,” “Two-Mode Experiments,” 
and ”Eight-Mode Experiments.” Our 3-D single-mode 
experiments and simulations are discussed in ”3-D 
Single-Mode Experiments.” The cylindrical experiments 
are discussed in “The RT Instability in Cylindrical 
Implosions,” and conclusions are given in ”Summary.” 
The final section, “Appendix: Amplitude of Coupled 
Modes,” discusses a second-order perturbation model. 

Experimental Details 
Figure 2 shows the experimental setup for the pla- 

nar experiments using a shaped, low-adiabat drive. 
Sinusoidal surface perturbations are molded onto one 
side of a planar 750-pm-diam bromine-doped CH foil 
[C50H47Br2.7, or ”CH(Br)”] of density p = 1.26 g/cm3. 
A subset of the experiments were with fluorosilicone 
(SiOC,H,F, or ”FS, at p = 1.28 g/cm3). As shown in 
Fig. 2(a), the foil is mounted across a hole in the wall of 

Face-on image 2” = 50 um 1 
I I  X = 5 0 ~ m  . 

Position 

FIGURE 3. Sample images taken (a) in side-on geometry, (b) in face- 
on geometry, and (c) from 2-D simulations for planar experiments 
with FS foils. (20-03-1293-4393pbOl) 
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a 3000-p-long, 1600-pm-diam cylindrical Au hohlraum 
with the perturbations facing inwards. The foil is diag- 
nosed by back-illumination with an 800-pm-diam 
spot of x rays created by irradiating a backIighter disk 
with one or two h = 528-nm Nova33 beams, typically 
delayed relative to the drive beams, as shown in Fig. 2(b). 
The modulations in foil areal density cause modula- 
tions in the transmitted backlighter x-ray flux, which 
are recorded as a function of time with gated or 
streaked x-ray imaging diagnostics. This is illustrated 
in Fig. 3 (taken from Refs. 14 and 15). 

expressed as the modulation transfer function (MTFX 
namely, the ratio of observed to actual contrast [AlnE, 
where E = film exposure]. The MTF for the 22x-magni- 
fication grazing-incidence Wolter x-ray mic ro~cope~~  
used for most of these experiments is given 

M(k) = 

Instrumental spatial resolution is most conveniently 

1 
1 i- ( ko )2  ’ 

(10) 

with o = 6.65 pm; Fig. 4(a) shows M vs perturbation 
wavelength. The inverse Fourier transform of M(k) cor- 
responds to an exponential resolution function, 

R ( X )  = e - x / O .  (11) 

Figure 4(a) also shows a curve corresponding to Eq. (10) 
with o = 8.1 pm; this is the lowest MTF that is consis- 
tent with the data. 

Equations (10) and (11) correspond to the ”top” sec- 
tor of the Wolter microscope, which was used for most 
of the shots in this work. The ”west” sector was used 
in one experiment; its resolution (which is slightly 
worse than that of the top sector) is given by 

(12) R ( X )  = -[exp(-x/ol)+uexp(-x/02)], 1 
l + u  

with a = 0.22, o1 = 3.5 pm, and, o2 = 18 pm. Table 1 
gives the correspondence between experiment and 
Wolter sector used. Figure 4(b) shows the MTF for one 
of the gated x-ray pinhole cameras used for some of 
these experiments, the FXI.38 This camera was run at 
8x magnification with 10-pm pinholes. 

The Wolter microscope is a grazing-incidence x-ray 
optic, so it has a high-energy cutoff in its reflectance. 
We measured this cutoff on an identical second Wolter 

Fig. 5(a) gives the x-ray emission spectrum resulting 
from electron-beam excitation of a cold Nb target at 5 kV. 
The dotted curve represents the same spectrum after 
double reflection off the x-ray optic. The ratio of these 
two curves (dotted/solid) gives the reflectance, shown 
in Fig. 5(b). The high-energy cutoff is at -3 keV; the 
peak reflectance is only about 10%. The smooth dashed 
curve in Fig. 5(b) is the theoretical double-bounce 

as illustrated in Fig. 5. The solid curve in 
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reflectance of an ideal Ni surface at grazing angles of 
1.1" and 1.2", multiplied by an overall degradation fac- 
tor of 0.3, and represents the reflectance assumed in 
the post-processing of the simulations for these experi- 
ments. The degradation factor is presumably caused 
by surface roughness and absorption by contaminants 
that have settled onto the Wolter optic surface. 

Figure 6 shows the measured (time-integrated) 
spectra for Mo, Rh, and Sc, the backlighter materials 
used in the face-on experiments. On separate shots, the 

backlighter disks were irradiated with 528-nm light at 
1 = 1 x 1014 W/cm2. The Mo spectrum [Fig. 6(a)l is 
dominated by n = 3+2 L-band emission at 2.4-2.8 keV; 
the Rh spectrum [Fig. 6(b)l is also dominated by n = 3+2 
L-band emission, here at 2.8-3.3 keV. The Sc spectrum 
[Fig. 6(c)I is dominated by the n = 2+1 He, K lines. 
These backlighter materials were chosen by consider- 
ing the total optical depth (OD) of the experimental 
foils and the response of the recording instruments. 
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FIGURE 4. (a) Instrument modulation transfer function (MTF) vs perturbation wavelength for the 22x-magnification grazing-incidence 
Wolter x-ray microscope. The data points represent the measured MTF from the observed t = 0 contrast from accelerated rippled-foil targets 
The data points and error bars for the h = 50 pm and h = 75 pm perturbations correspond to the means and standard deviations of the 
deduced MTF from seven and nine separate rippled-foil shots, respectively. The other data points correspond to single shots at each wave- 
length, and the error bars correspond to the standard deviation assuming that each individual period is independent data. The black curve 
represents a best fit of the data with the function M(k) = 1/[1 + ( k ~ ) ~ ] ,  with o = 6.65 pm; the gray curved is M ( k )  for o = 8.1 pm. (b) MTF for 
the FXI gated imager at 8x magnification with 10-pm pinholes and a Sc backlighter. (20-03-0394-0738pb03) 

TABLE 1. Compilahon of the data for each face-on single-mode shot, using the Wolter x-ray microscope. The ten columns in order 
give (1) foil material, (2) drive pulse shape, (3) perturbation wavelength, (4) the perturbation mitial amplitude, (5) the foil thickness, 
(6) the total laser energy, (7) the sector (top or west) of the Wolter mcroscope used, (8) the backlighter materlal used, (9) the observed 
growth factor, and (10) the predicted growth factor from the LASNEX simulations 

Single-mode 
-5LrLz 

h VO Thk €Laser 
Foil Drive (pm) (pm) (pm) (kJ) Sector Back-lighter Gobs GLASNEX 

CH(Br) 
CH(Br) 
CH(Br) 
CH(Br) 
FS 
FS 
FS 
FS 
CH 

Shaped 
Shaped 
Shaped 
Shaped 
Shaped 
Shaped 
Shaped 
1 ns sq. 
1 ns sq. 

100 
70 
50 
30 
50 
50 
50 
50 
50 

2.4 
2.4 
0.42 
1.5 
4.5 
0.8 
0.16 
2.2 
2.5 

48 
50 
57 
53 
57.5 
56.0 
65.5 
34.2 
59.4 

16.1 
18.5 
17.4 
15.1 
19.3 
16.6 
16.7 
13.4 
13.9 

Rh 
Rh 
Mo 
Rh 
Rh 
Rh 
Rh 
DY 
U 

3.8 5.8 
6.5 7.3 

19.9 24.0 
7.2 9.7 
6 4 

22 20 
75 75 
2.9 2.8 
1.7 1.9 
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Drive Characterization 
Figure 7 shows the low-adiabat x-ray drive used in 

most of these  experiment^.^^^^^,^^ This drive was gen- 
erated by focusing eight 351-nm, 2.0-2.4-kJ, 3.3-ns 
temporally shaped Nova beams into the hohlraum, 
where they are converted to approximately thermal 
x rays. The black curve shows the total power of the 
eight laser beams on a typical shot. The intensity dur- 
ing the first 1.6-1.8 ns of the drive, called the "foot," is 
about a factor of 10 lower than in the 16-TW peak, 
which occurs at 2.6 ns. This shaped pulse leads to a 
lower adiabat and higher compression than if the same 
total laser energy were delivered in a square pulse. The 
x-ray drive used in our analysis results from a two- 

dimensional (2-D) hohlraum simulation39 using the 
experimental laser power P,, and is shown as radiation 
temperature TR(t) by the gray curve in Fig. 7. This 
x-ray drive has been checked by two independent 
experimental techniques: (1) shock breakout trajectory 
through an AI wedge mounted on the hohlraum and 
viewed with a streaked U V  imagerPo and (2) accelerated- 
foil trajectory using streaked side-on r a d i ~ g r a p h y . ~ ~ ! ~ ~  
The resulting TR profile has a -95-eV foot increasing to 
200 eV in the peak at about 3 ns. This shape mimics, on 
a short time scale, the early stages of an ignition pulse 
shape, which typically has a -90-eV foot followed by a 
stepped ramp to a 300-eV peak.41 
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FIGURE 5. Measured Wolter reflectivity vs x-ray energy. In (a) the solid curve corresponds to the x-ray emission spectrum from a N b  trans- 
mission target bombarded by a focused electron beam accelerated across a potential difference of 5 kV. The dotted curve is the same except 
the x rays have undergone two -1" grazing-incidence reflections off the Ni surface of the Wolter x-ray optic. 03) The solid histogram gives the 
ratio (dotted/solid) of the two curves in (a) and corresponds to the Wolter reflectance. The smooth dashed curve represents the calculated 
reflectance for two ideal Ni surfaces at grazing angles of 1.1" and 1.2", with an overall degradation factor of 0.3. (20-03-0394-0740pbO2) 

(a) Molybdenum (Z = 42) 03) Rhodium (2 = 45) (c) Scandium (Z = 21) 
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FIGURE 6. Time-integrated spectra for the backlighters used in the face-on experiments. In each case, a single 5-11s laser beam (h = 528 nm, 
I= 1 x lOI4 W/cm2) was used. The backlighter disks were (a) Mo, (b) Rh, and (c) Sc. The dominant transitions are marked. The high-energy 
portion of each spectrum was measured with a static crystal (RAP) spectrometer, and the low-energy portions with a filtered photodiode 
array. (20-03-0394-0739pbO2) 
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Figure 8 shows the drive spectrum during the foot and 
at peak power for the nominal conditions of this investi- 
gation. For comparison we also show Planckian spectra 
corresponding to radiation temperatures TR = 95 eV dur- 
ing the foot and TR = 200 eV during the peak. The actual 
drive spectrum used derives from a full hohlraum 
sirn~lation?~ but is not too different from the time- 
dependent combination of a Planckian with the spectrum 
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FIGURE 7. Drive expressed in terms of laser power and x-ray radiahon 
temperature. Black curve (scale on right) gives total power vs time of 
the eight h = 351-nm drive laser beams. The adopted drive temperature 
T&), shown by the gray curve (scale on left), was obtained from a 2-D 
hohlraum simulation. The first 2 ns represents the ”foot”; peak laser 
power P, occurs at 2.6 ns; peak T, occurs at 3 ns. (20-03-1293-4397pb02) 
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from a planar Au disk illuminated by a shaped A = 351-nm 
laser pulse. The weighting of the two spectra for this 
case (shown in Fig. 8) corresponds to the relative solid 
angles subtended by the foil mounted on the hohlraum 
wall for the eight laser spots in the hohlraum versus that 
for the wall area not directly illuminated with laser light. 
The contribution of the Au M-band emission from the 
laser spots causes the drive spectrum to be ”harder” 
than a Planckian spectrum. 

the shock-front velocity us and pressure P behind the 
shock front are related by P = pusu:, where pus is the 
density of the unshocked material. From Ref. 43 we 
can write P Oc T ~ ~ / ~ ,  so we have TR = ~ 2 ’ 7  
When applied to Al, for example, and after correcting 
for albedo effects, this becomes40 

From the strong-shock relations for ideal 

v,4/7. 

T R = F /  V Y 3  

with TR in eV and us in cm/s; the numerical factor 
arises from the equation of state (EOS) of Al. A 
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5,0 FIGURE 9. The drive is characterized with measurements of shock 
trajectory, deduced from measuring in face-on geometry the shock 
breakout time across a variable-thickness A1 wedge mounted on the 
wall of the hohlraum. Corresponding 1-D LASNEX simulations are 
shown. (a) Results for 19.4-kJ shot discussed in Figs. 7 and 8. 
(b) Results for ELaser = 17.6 kJ. 
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FIGURE 8. Black curves represent nominal drive spectra during the 
foot and the peak of the drive shown in Fig. 7. Gray curves correspond 
to Planckian spectra at TR = 100 and 200 eV. (20-03-0394-0743pbO2) (20-07-0394-0744pb03) 
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measurement of shock velocity therefore allows us to 
deduce the ablation pressure and drive temperature. 

shots. The measurements were made by viewing a 
wedged A1 witness plate face-on with a streaked UV 
imager.40 The shock breakout time is recorded as a 
function of position across the increasing thickness of 
the witness plate, allowing the shock trajectory to be 
reconstructed. Figure 9 shows the experimental trajec- 
tories at two laser energies and the corresponding 
simulations from 1-D LASNEX44 using the drive 
described above (scaled in proportion to the laser power 
history for the lower-energy shot). The absolute timing 
of the shock trajectory data relative to drive turn-on 
( t  = 0) was experimentally determined in the data 
shown in Fig. 9(b) but not in Fig. 9(a), where only the 
relative time was measured. The agreement between 
the data and simulation is very good. The data for the 
higher-energy shot [Fig. 9(a)] and the simulations for 
both shots show a two-component trajectory corre- 
sponding to an initial shock launched by the foot, and 
a delayed second shock coming from the peak of the 
drive. For the measured two-shock system in Fig. 9(a), 
the first shock has a velocity ul = 20 pm/ns, and the 
second shock has a peak velocity of u2 = 53 pm/ns. The 
simulations give velocities of 16 and 46 pm/ns, respec- 
tively. Applying Eq. (13) directly to the data gives 
T ,  = 120 and 215 eV for the foot and peak of the drive, 
as compared to 100 and 200 eV from the simulations. 

Figure 9 shows measured shock trajectories for two 
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FIGURE 10. Foil trajectory (for a FS foil) in side-on geometry measured 
with the Wolter x-ray microscope. The profiles are of optical depth OD, 
and are artificially offset vertically by time, as indicated on the right- 
hand vertical axis. The circles represent the position that was taken as 
the foil rear edge (side away from x-ray drive). (20-03-0895-2047pbOl) 

The foil trajectory, which is a measure of the gross 
hydrodynamics, was obtained by viewing across the 
rear edge of the foil in side-on geometry,14/15 as shown 
in Fig. 10. This trajectory is reproduced very well with 
the 1-D simulation using the drive model described 
above, as illustrated in Fig. 11 for a CH(Br) foil. The 
back edge of the foil does not begin to move until 
shock breakout at -2.6 ns. The foil then accelerates 
during the interval 2.6 5 t 5 3.6 ns, after which the 
drive is turning off and the foil begins to coast. The 
black curve represents the foil trajectory from the 1-D 
LASNEX simulation; the gray curve represents the 
acceleration of the ablation front, defined as the zone 
of half peak density. The fluctuations in the acceleration 
at 0.2 and 2.2 ns are due to the passage of the first and 
second shocks. The inset in Fig. 11 gives the ablation 
velocity ua = riz / pmax and density gradient scalelength 
L = p / Vp where riz is the mass ablation rate per unit 
area, Pmax is the peak density, and p and Vp are the 
density and its gradient. (Computationally, the scalelength 
L is taken as the minimum value of [a( In p) / aZ1-l). 
Calculations based on this drive give better agreement 
with experiment than was obtained in preliminary 

It is instructive to look in more detail at the effect of 
this shaped drive on the foil. Figures 12(a)-12(c) show 
results from the 1-D LASNEX simulations for radiation 
drive temperature, ablation pressure (defined as peak 
pressure in the simulation), and foil peak density as 
functions of time. Figures 12(d)-12(f) give the corre- 
sponding spatial profiles of electron temperature Te(z), 
pressure P(z),  and density p(z) at five times spanning 

0 1 2 3 4 5 

Figure 11. The square plotting symbols represent the measured posi- 
tion of the rear edge (side away from the x-ray drive) of the foil as a 
funchon of time. These data represent the average of two shots, one 
using a 50-pm-thick and the other a 48-pm-thick CH(Br) foil. Error 
bars represent uncertainties in defining the edge of the foil. The black 
curve represents the result of the I-D LASNEX simulation. The rear 
edge of the foil does not start to move until after shock breakout at 
2.6 ns. The gray curve represents the acceleration of the ablation 
front (defined as the zone of half peak density). Inset: ablation 
velocity and density gradient scalelength from the simulation. 

f (ns) 

(20-07-0592-1702Bpb02) 
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1.3-2.9 ns. In Fig. 12(a), the drive TR(t) shows a -90-eV 
foot for the first 1.5 ns, an increase to a peak of 190 eV 
at 3 ns, and a decay to -100 eV at 5 ns. The resulting 
ablation pressure in the CH(Br) foil (Fig. 12b) shows a 
3-5 Mbar foot and a peak of 28 Mbar at 3 ns, i.e., at the 
same time as the peak in TR. [This is also the time of 
peak acceleration and peak ablation velocity (Fig. ll).] 
The peak density of the foil [Fig. 12(c)] is generated 
just behind the strongest shock, reaching 6.5 g/cm3 or 
a compression of 5.2 at 2.6 ns, when the second shock 
breaks out of the back of the foil and is at maximum 
strength. (This is also the time of minimum L, shown in 
the inset in Fig. 11.) The Te(z) profile at 1.3 ns [Fig. 12(d)] 
shows a sharp increase at z = -20 pm because of the pas- 
sage of the first shock. Notice, however, that a low level 
of heating precedes the first shock (z > -20 pm). This 
”preheat” results from the deep penetration of the hard 
component (kv >, 1.4 keV) of the drive spedrum. By 2.5 ns, 
the second shock has overtaken the first, and the sharp 
features in Te(z) are washed out. The pressure profiles 
[Fig. 12(e)l convey a similar picture. During the interval 
1.3-2.1 ns, the sharp rise in pressure to 4 Mbar due to 
the first shock is readily apparent. At 2.5 ns, the second 
shock has overtaken the first, increasing the pressure to 
20 Mbar, and at 2.9 ns the pressure reaches its maximum 
of 28 Mbar. Figure 12(f) shows the effect on the foil 
compression of this staged two-shock drive. The com- 
pression at 1.3 ns just behind the first shock increases 
the foil density from 1.26 to 3.3 g/cm3. By the time the 
second shock has overtaken the first at 2.5 ns, the peak 

density has reached 6.4 g/cm3, corresponding to a 
compression of 5. This is greater than the maximum 
possible compression of 4 for a single strong shock (in 
the ideal-gas limit). The staging of multiple shocks 
allows a higher compression by maintaining the foil on 
a lower adiabat. 

We illustrate the lower adiabat achievable with this 
shaped drive by characterizing an adiabat with the 
ratio a = P / P ,  of pressure at peak density to that of a 
Fermi-degenerate gas at the same density (which rep- 
resents the lowest possible internal energy). For P,,, 
we use the pressure at zero temperature for the EOS of 
the foil. For the low-adiabat drive shown in Fig. 12, we 
have a = 2; for a 1-ns square drive at the same laser 
energyI3 we have a = 9, a factor of 4.5 higher. Note that 
the EOS for a real material differs significantly from 
that of an ideal Fermi fluid for densities only a few 
times solid density. The value of the parameter a 
defined above does not uniquely characterize an isen- 
trope but changes with density along one. The value of 
a goes to infinity at solid density because P,, + 0. The 
value of a does, however, approach a constant along 
an isentrope in the limit p + 00. This asymptotic limit 
of a is about 1.25 for our low-adiabat drive, but it is 2.3 
for a 1-ns square drive. Thus, if the foil driven with the 
shaped pulse were to be compressed to high density 
without introducing additional entropy, as in a capsule 
implosion, its compression would be close to that 
expected in the degenerate limit. 

FIGURE 12. Various repre- 
sentations of the 16.4-kJ drive 
corresponding to results 
shown in Fig. 11 from 1-D 
simulations to illustrate the 
effect of pulse shaping. 
(a) Laser power P, and radi- 
ation temperature TR vs 
time. (b) Ablation pressure 
(defined as the peak pressure 
in the simulation) vs time. 
(c) Peak density vs time. 
(d)-(f) Spatial profiles of (d) 
electron temperature T,, 
(e) pressure in the foil, and 
(f) foil density at 1.3,1.7,2.1, 
2.5, and 2.9 ns, spanning the 
foot through the peak of the 
drive. The 0-pm position 
corresponds to the initial 
position of the back edge of 
the foil (the side away from 
the drive). The drive is inci- 
dent from the left (negative) 
side. (20-03-0794-2831pbO4) 
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Single-Mode Experiments 
Figure 13 shows the data from a single-mode face- 

on experiment with a h = 100 pm, yo = 2.4 pm initial 
perturbation on a 48 pm thick CH(Br) 
shows the "raw" image; Fig. 13(b) shows profiles of 
modulations in optical depth AOD = -1nE at early, 
intermediate, and late times. The initial perturbation 
amplitude was large, and we observe clear sinusoidal 
contrast (AOD) even at the earliest time, 0.2 ns. At 2.2 ns, 
the contrast is slightly greater and still sinusoidal, indi- 
cating that the growth is still in the linear regime. At 
4.2 ns, the shape of the perturbation has deviated sub- 
stantially from sinusoidal, forming sharp spikes and 
bubbles of high and low OD, respectively; the pertur- 
bation has entered the nonlinear regime. The transition 
from the linear to nonlinear regime is particularly clear 
in Fourier space; Fig. 13(c) shows the real components 
of the Fourier transform for the three AOD profiles. At 
0.2 ns, only the ql fundamentaI mode (first harmonic) 
exists, indicating a purely sinusoidal perturbation. At 
2.2 ns, q1 has grown slightly but is still the only com- 
ponent, indicating a purely sinusoidal shape and linear 
regime. At 4.2 ns, a whole spectrum of higher Fourier 
harmonics-up to the fifth-is observed, corresponding to 
the bubble-and-spike shape of the top lineout in Fig. 13b. 
The perturbation is fully into the nonlinear regime. 

Figure 14 shows the results of our 1-scaling experi- 
ments with single-mode CH(Br) foils. The data points 
represent the observations for the fundamental and the 
second harmonic. The error bars represent the standard 
deviation of the ensemble formed by treating each 

Figure 13(a) 

individual period of the perturbations as independent 
data. The solid curves are the corresponding 2-D 
LASNEXM simulations. The h = 100 pm data shown in 
Fig. 14(a) is the full time evolution of the results shown 
at three particular times in Fig. 13. The perturbation 
growth evolves through three stages. Before shock 
breakout (t < 2.5 ns), the perturbation is growing only 
slowly because of the rippled shock dynamics.21T22 For 
a brief period after shock breakout (2.5 ns 5 t I 3.2 ns) 
the perturbation is growing strongly because of the RT 
instability in the linear regime. Late in time ( t  > 3.2 ns), 
the perturbation "saturates." The evolution has 
entered the nonlinear regime, the second harmonic 
appears, and the observed contrast rolls over. The 
growth factor G, defined as the ratio of peak to initial 
contrast, was small here-G = 4. A similar situation 
occurs for h = 70 pm, qo = 2.4 pm [Fig. 14(b)l. Here, the 
overall growth was slightly greater, G = 6, reflecting 
the higher growth rate. For h = 50 pm, qo = 0.4 pm 
[Fig. 14(c)], the situation is qualitatively different. 
Because the initial amplitude is small, the perturbation 
evolution remains primarily in the linear regime, 
achieving the higher growth G = 20. Figure 14(d) 
shows the results for 3\. = 30 pm, qo = 1.5 pm. Because 
of the low instrumental MTF at h = 30 pm (see Fig. 4), 
the contrast remains low and no higher harmonics are 
observed. The observed growth factor for the fundamen- 
tal mode was G = 7. Table 1 lists the key parameters for 
these experiments, including observed and simulated 
growth factors. 

The solid curves in Fig. 14 represent the corresponding 
results from 2-D LASNEX simulations, after convolution 

0 4.2 IIS 
A 2.2 ns 
0 0.2ns 

Higher harmonics 

0 2 4 6 8 1 0  
Order of harmonic 

0 
0 100 200 300 

Position (pm) 

FIGURE 13. Various representations for single-mode face-on data for a h = 100 pm, qo = 2.4 p m  perturbation imposed on a 48ym-thick 
CH(Br) foil. (a) The "raw" streaked image is shown as film density. The film response is removed using a calibrated exposure across a preci- 
sion P20 optical density wedge. 6) Profiles of A(optica1 depth) = -AlnE at 0.2,2.2, and 4.2 ns. (c) Real components of the Fourier transforms for 
the profiles in (b). At late time, the perturbation enters the nonlinear regime, and up to the fifth harmonic of the perturbation Fourier compo- 
sition is observed. (20-03-0394-0748pb02) 
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of the simulated image exposure with the instrumental 
resolution function [Eq. (1111. (Our modeling is discussed 
in detail in Ref. 45.) Qualitatively, the simulations agree 
quite well with the data. There is modest growth dur- 

ing the shock transit phase, strong growth after shock 
breakout, and then saturation with the appearance of 
the second harmonic, indicating entry into the nonlin- 
ear regime. 

FIGURE 14. Results 
from single-mode, 
h-scaling series for 
various values of h and 
qo Data points repre- 
sent first harmonic 
(fundamental mode) 
and second harmonic 
Fourier coefficients of 
1nE. Solid curves are 
corresponding results 
from 2-D LASNEX 
simulations. (a) Shows 
full time dependence 
for data of Fig. 13. All 
shots except that in (c) 
used the "top" sector 
of the 22x and a Rh 
backlighter; in (c), the 
west sector was used, 
and a Mo backlighter 
was used for slightly 
improved contrast. 
(20-03-0394-1 063pb02) 
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FIGURE 15. Isodensity contour plots from 2-D simulations, in 1-ns steps, for perturbation growth from (a-d) h = 50 pm, qo = 0.4 pm and (e-g) 
h = 70 pm, qo = 2.4 pm, corresponding to the results shown in Figs. 14(c) and 14(b), respectively. The contours correspond to equal density 
steps and span densities of (a) 0.2177-3.265, (b) 0.4837-7.256, (c) 0.3389-5.084, (d) 0.1548-2.322, (e) 0.2287-3.431, (f) 0.4976-7.464, and 
(g) 0.5786-8.679 g/cm3. (20-03-0894-3227pbO2) 
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This basic behavior can be understood in terms of 
the simple linear and perturbation theories outlined in 
Eqs. (2,3,5). In the linear regime, RT growth is exponen- 
tial. For q/X 2 0.1, the evolution enters the nonlinear 
regime, higher harmonics appear, and at third order, 
the growth in the fundamental mode is reduced. The 
late-time rollover in the simulations (and presumably 
in the data), is partially an instrumental artifact, how- 
ever. Mass is being concentrated in long, narrow spikes 
in the nonlinear phase, as illustrated in Fig. 15 with 
isodensity contour plots from the simulations for h = 50 
and 70 pm. For example, at t = 3.5 ns for A =  70 pm 
[Fig. 15(g)l, 50% of the highest density contours lie 
within a 10-pm region at the center of the spike, which 
is difficult to resolve with the 10-15-pm resolution of 
the imaging instrument used (see Fig. 4). The observed 
contrast is therefore decreasing after t = 3.5 ns. Notice 
that there is much less concentration of material in the 
spike at 3.5 ns for ?L = 50 pm [Fig. 15(c)l. For this case, 
spatial resolution does not become an issue until very 
late ( t  = 4.5 ns). For completeness, Fig. 16 shows the 
simulations before and after convolution with the 
instrument resolution function. The contrast is greater 
before inclusion of the MTF, the difference being great- 
est for the shortest wavelengths. 

The simulations systematically predict slightly more 
growth than is observed (Fig. 14). The seeds of this 
discrepancy occur early-by 1.5 ns for the h = 100 and 
70-pm foils, well before the shock has broken out-so 
the disagreement occurs during the shock transit phase. 
We consider possible causes for this discrepancy in 
Fig. 17, using the h = 70 pm experiment as a test case. 

1.5 

1.0 

E 0.5 5 
t: w o  e 
.3 

.* 

(a) h = 100 pm, qn = 2.4 pm (b) h = 70 hm, qo = 2.4 pm 

I 

(d) h = 30 pm, qln = 1.5 pm (c) h = 50 hm, qn = 0.4 pm 

0 1 2  3 4 5 0  1 2  3 4 5 
t (ns) t (ns) 

FIGURE 16. Effect of instrument resolution on the results from the 
simulations. Black curves in (a)-(d), which include the effects of 
instrumental MTF, are reproduced from Fig. 14. Gray curves represent 
the simulation results before inclusion of MTF. (20-03-0394-0745pbO3) 

Possible uncertainties in the drive TR(t) could arise 
from uncertainties in the albedo of the Au hohlraum 
wall early in time and from stagnation of Au plasma 
on the hohlraum axis late in time. To assess the sensi- 
tivity of perturbation growth to uncertainties in the 
drive, we compare in Fig. 17(a) the results of simula- 
tions in which the foot of the drive was 10 eV higher 
and the peak 10 eV lower than the nominal drive. This 
variation in the drive produces very little variation in 
the predicted overall growth for h = 70 pm. 

foil compression, which affects the RM-like growth 
during shock transit. In Fig. 17@) we compare the 
effect of using a tabular EOS library with that of using 
an in-line QEOS The QEOS model generates 
a slightly stiffer EOS, which leads to less foil compres- 
sion and hence to -15% less perturbation growth. 

There is also uncertainty in the exact magnitude of 
preheat in the drive spectrum early in time. In Fig. 17(c) 
we assess the sensitivity of perturbation growth to pre- 
heat by comparing simulations with a nominal drive 
spectrum and with a "high preheat" drive, in which 
the drive spectrum above hv = 1.4 keV is increased by 
a factor of 10 for the first 2 ns, while keeping the total 

Different EOS models can lead to different predicted 

(a) h = 70 pm, qln = 2.4 pm 

I - Nominaldrive 

- Peak- 10 e 

8 "  
.- 5 (c )  
2 I - Nominal drive 2 0,6t Highpreheat 

f w  

- Tabular EOS 

(d) - Nominal MTF 

" 
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FIGURE 17. Sensitivity of perturbation growth for h = 70 p, qo = 2.4 p 
to (a) drive, (b) EOS, (c) preheat, and (d) MTE Data and black curves are 
reproduced from Fig. 14(b). (a) The light gray curve corresponds to a 
simulation in which the radiation tempera& in the foot of the drive was 
increased by 10 eV; the dark gray curve represents a simulation in which 
the peak of the drive was reduced by 10 eV. (b) The nominal simulation 
(black) uses a tabular EOS library. The gray curve uses an in-line model 
called QEOS, which results in a slightly "stiffer" EOS. (c) The gray curve 
corresponds to a simulation in which the preheat in the drive was arti- 
ficially increased during the first 2 ns (the foot), the drive for hv 2 1.4 keV 
was increased by a factor of 10, and the drive for hv < 1.4 keV was 
decreased to maintain the same total energy. (d) The gray curve corre- 
sponds to post-processing the simulation with a resolution function 
artificially degraded to give a 15% lower MTF. (20-03-0894-2839pbO3) 
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drive power constant. Enhancement of the preheat sig- 
nificantly reduces perturbation growth. 

We also illustrate the sensitivity of observed growth 
to uncertainties in the MTF. Decreasing the MTF by 
15%, the maximum reduction consistent with the data 
shown in Fig. 4(a), decreases the predicted growth by 
15%, as shown in Fig. 17(d). 

To summarize, the simulations slightly but system- 
atically overpredict perturbation growth during the 
shock transit phase. A possible cause is higher preheat 
in the foot of the drive, but a combination of stiffer 
EOS and degraded MTF may also be involved. 

We have also done single-mode 2-D experiments 
aimed at measuring large RT growth factors.14 These 
experiments differed from those described above only 
in the use of fluorosilicone (SiOC4H7F,, or "FS") as the 
foil material. We used FS because its admixture of 
opacities shields the foil from x-ray preheat, keeping 
the foil on a lower adiabat. The density gradient at the 
ablation front is therefore steeper, and the ablation 
velocity is lower, leading to higher RT growth factors. 

We did these experiments in an amplitude-scaling series, 
starting with large amplitude to see the initial contrast 
easily. In this case, however, the RT evolution quickly 
enters the nonlinear regme, higher harmonics are formed, 
the perturbation takes on the classic bubble-and-spike 
shape, and the growth slows sharply, ultimately 
changing from exponential to linear. We then shot an 
intermediate-amplitude target, which entered the non- 
linear regime only towards the end of the acceleration. 
Finally, to maximize the observed growth, we used a 
very-small-amplitude perturbation, so that the foil 
remained in the linear regime throughout the accelera- 
tion. Figure 18 shows the results. For the smallest 
amplitude perturbation, a growth factor of 75 was 
observed in the fundamental mode. The peak-to-valley 
amplitude grew by a factor of 80 (that is, 4.4 e-foldings 
of growth), in agreement with the simulations. 

To better illustrate the differences between the evo- 
lution of these three targets, we use the simulations to 
show in Fig. 19 the actual shape of the perturbations at 
peak growth. The large-qo foil [Fig. 19(a)] shows the 
classic bubble-and-spike shape of the nonlinear RT 
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FIGURE 18. Amplitude (TO) scaling results for three fluorosilicone 
(E) foils. Perturbations were h = 50 pm, qo = 0.16,0.8, and 4.5 pm; 
the smallest-q0 perturbation yielded the highest growth factor (G = 
75). (20-03-1293-4395pb01) 
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FIGURE 20. LASNEX simulations of the RT evolution for the inter- 
mediate-qo foil (from Fig. 18), and corresponding results from 
third-order perturbation theory. (20-03-0895-2046pb01) 

(b) 

qo = 0.8 pm qo = 0.16 pm 
-20 

4 0  2 4 0  

-60 h -60 

-80 -80 

5. v 

0 20 40 60 80 100 
-100 - -100 

0 20 40 60 80 100 
-1 00 

0 20 40 60 80 100 
x (pm) x (pm) x (pm) 

244 UCRL-LR-105821-95-4 



PLANAR A N D  CYLINDRICAL RAYLEIGH-TAYLOR EXPERIMENTS ON NOVA (HEP2) 

regime; the small-qo foil [Fig. 19(c)] still looks largely 
sinusoidal, indicating linear RT evolution; the interme- 
diate-qo foil [Fig. 19(b)l is midway in between. 

The transition to the nonlinear regime can be illustrated 
qualitatively with third-order perturbation t h e o r ~ l ~ ~ ~ ~  
We compare the results from the LASNEX simulation 
for the intermediate-qo foil (yo = 0.8 pm) with those 
obtained from perturbation theory [Eq. (511. Amplitudes 
in areal density pR are converted to spatial amplitude 
by dividing by a characteristic density. Figure 20 shows 
the results. Third-order perturbation theory predicts 
the entry into the nonlinear regime very well. 

The quantity of most interest in RT instability stud- 
ies is the growth rate y in Eq. (2), which is often 
parametrized as in Eq. (3) in terms of foil acceleration 
g, density p, and density gradient scalelength L. 
Unfortunately, because of the nature of our low-adiabat 
drive, the foil g, p, and L are not constant, as shown in 
Figs. 11 and 12. Hence, our RT growth cannot be char- 
acterized in terms of a single value of y over the full 
duration of the foil acceleration. Nevertheless, from 
linear-regime simulations for ?L = 50 pm [Figs. 21(b), 
21(c)], we show the dispersion curves in Fig. 21(d) for 
CH(Br) and FS, using parameters characteristic of the 
foils at t = 3.0 ns. Even though the exact quantitative 
form of Eq. (3) for indirect drive is not settled, the 

equation appears qualitatively to describe the effect of 
stabilization at the ablation front. This has recently been 
demonstrated conclusively by comparing RT growth at 
the ablation front with that at an embedded interface, 
away from the ablation front, for this same drive and 
ablator material. At the ablation front, no growth was 
observed for wavelengths shorter than 30 pm, whereas 
at the embedded interface, strong growth down to 
wavelengths as short as 10 pm was observed.47 

Earlier experiments were done with a 1-ns drive 
pulse shape, using FS and CH f0i1s.l~ Figure 22 shows 
the results. This drive puts the foils on a much higher 
adiabat; the duration of the acceleration was short, and 
the growth was predominantly due to the rippled shock 
dynamics. Growth factors were G = 2.5 and G = 1.5 for 
the FS and CH foils, respectively. 

itatively understood by the density profiles in Fig. 23, 
where we have carried out 1-D LASNEX simulations 
with the shaped drive, changing only the foil material. 
The FS foil remains on the lowest adiabat, has the 
steepest density gradient at the ablation front, and (as 
we saw above) exhibits the largest RT growth factors. 
The CH foil is at the opposite extreme. With no opacity 
shield against the hard x rays in the drive, the CH foil 
jumps to a very high adiabat, the density gradient at 

All of our single-mode 2-D experiments can be qual- 

FIGURE 21. Results for 
intermediate-qo foil 
(from Fig. 18). (a) raw 
data, (b) Fourier coeffi- 
cient of fundamental 
mode vs time. (c) As in 
(b), but for a CH(Br) 

u foil (from Fig. 14c). 

FS and CH(Br) with 

D~ = 3.2 pm/ns; for 
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the ablation front has only a very gentle slope, the 
ablation velocity is very high, the RT growth is practi- 
cally zero, and the foil burns through quickly. The 
CH(Br) foil falls between these two extremes. 

Two-Mode Experiments 
We next turn to the two-mode  experiment^.^^^^^ 

Figure 24(a) shows the two-mode perturbations we 
investigated; the upper side of each curve corresponds 
to the foil. Figure 24(a) shows a large-amplitude two- 
mode perturbation given by % = 75 pm and h3 = 50 pm, 
with q2 = q3 = 2 pm. 

Characterization of the initial perturbations is critical 
for proper interpretation of the RT growth. The initial 
perturbations are characterized by three independent 
techniques-interferometry, contact profilometry, and 
x-ray radiography-and are accurate to 10% or better. 
Figure 25 shows examples of characterization by pro- 
filometry and radiography for the two-mode foils (and 
for the eight-mode foils of the next section, "Eight-Mode 
Experiments"). The agreement between the two tech- 
niques is very good except at the shortest wavelengths 
(1 I 2 5  pm) because of the finite resolution of our 
radiography setup. We use the qn from contact pro- 
filometry as the most accurate initial amplitudes. 

Figure 26 shows the results for the large-amplitude 
two-mode foil shown in Fig. 24(a). Figure 26(a) shows 
the raw image, and Fig. 26(b) shows a profile of In€ at 
2.7 ns aligned relative to the mold, showing how the 
phase of the data is established. Figure 26(c) illustrates 
the analysis technique with a profile of In€ at 3.3 ns. To 
remove the long-range structure arising from the back- 
lighter, we fit a low-order polynomial to the profile of 
lnE, shown by the gray curve. The lower solid curve in 

0.6 FIGURE 22. Results 
from the 1-ns square 
drive pulse shape for 
(a) €3 and (b) CH foils. 
For this high-adiabat 
drive, the growth fac- 2 
tors were G < 3. 
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Fig. 26(c) shows the 1nE profile after having subtracted 
the fit to the backlighter structure. The vertical dotted 
lines represent the boundaries for the Fourier analysis. 
The histogram in Fig. 26(d) shows the real component 
of the Fourier transform of 1nE at 3.3 ns. Because of the 
cosine symmetry of the perturbation, the imaginary 
component (not shown) is identically zero except for 
random noise. 

The Fourier modes are enumerated as harmonics of 
the longest repeating pattern (150 pm). Hence, the two 
pre-existing modes are k2 (h = 75 pm) and k3 (h = 50 pm). 
Because the initial amplitudes are large, the perturbation 
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mode perturbation corresponds to the sum of wavelengths h, = (180 pm)/n, n = 1-8; Table 1 gives corresponding amplitudes. 
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FIGURE 25. Multimode perturbations characterized by contact profilometry and radiography. (a) Lineout from the 
2-D radiograph of the large-amplitude two-mode perturbation shown in Fig. 24(a). The contact radiograph corre- 
sponds to a 2-hr exposure on Kodak high-resolution glass plate film using a Mo anode at an electron accelerating 
voltage of 5 kV and a 1-pm Ag filter. (A film density of 1024 pixels corresponds to an optical depth of 5.115.) The 
film response is removed using a simultaneous exposure across a Be step wedge covering the same range in optical 
depth. (b) The black histogram is the real component of the Fourier transform of the curve shown in (a). The gray 
histogram represents the Fourier transform of the contact profilometer trace (not shown), and is essentially identi- 
cal with the radiography result. (c) Same as (a) except for the eight-mode perturbation shown in Fig. 24(b). (d) 
Same as (b) except for the eight-mode perturbation. (20-03-0394-0742pbO3) 
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quickly evolves into the nonlinear regime with the 
appearance at 3.3 ns of the second harmonic of k2, 
namely, 2k2. We also observe very distinct k, = k3 - k2 
and k5 = k3 + k2 coupled modes corresponding to h = 150 
and 30 pm, respectively. Notably absent is the second 
harmonic of k3, namely, 2k3. This is because 3k2, the 
third harmonic of k2, has the same magnitude as 2k3 
but the opposite sign, leading to a cancellation. 

to the exact functional form used in fitting the back- 
ground. The smooth gray curve shown in Fig. 26(c) 
corresponds to a fifth-order polynomial fit. If we had 
chosen a second-order polynomial to fit the background, 
the k, term would have been 5% larger, and the other 
modes would have changed by -1 %. With no back- 
ground subtraction at all, the k ,  mode would have 
been only 20% different, and the other modes would 
have varied by -5% or less. This is illustrated by show- 
ing the Fourier composition of the background itself. 
The gray curve in Fig. 26(d) corresponds to the Fourier 
transform of the gray curve in Fig. 26(c). Thus there is 
little sensitivity to the exact details of how we treat the 
backlighter background subtraction. 

It is instructive to view these nonlinear mode coupling 
effects within the context of perturbation theoryz6 We 

The results shown in Fig. 26(d) are rather insensitive 

consider here only a qualitative application for the 
coupling from two pre-existing modes k2 and k3 using 
Eq. (8) from the Introduction, namely, 

where qk represents the spatial amplitude of mode k, 
had the gowth been entirely in the linear regime. 
Notice that Vk3 -k, has the same sign as the product 
qk2qk3, whereas qk ,+k ,  has the opposite sign, in agree- 
ment with the experimental observation shown in 
Fig. 26(d). If the boundaries of the Fourier transform 
are shifted by 75 pm (that is, by half of the fundamental 
n = 1 period), the k2 and k3 modes have opposite signs 
(not shown). The k3 - k2 mode is then negative, and the 
k3 + k2 mode is positive, again in agreement with Eq. (8). 
Qualitatively at least, the observation of the k3 f k, 
coupled terms can be understood from second-order 
perturbation theory. The modes are too large already 
by shock breakout to apply second-order theory quan- 
titatively, however. 

Figure 27 shows the full time dependence of the 
two-mode data shown in Fig. 26. The plotting symbols 
represent the data, which again correspond to the real 

FIGURE 26. Various 
representations for the 
large-amplitude two- 
mode data. (a) Raw 
streaked image. (b) Late- 
time (2.7 ns) profile of 
1nE and initial pertur- 
bation on the mold, 
corresponding to the 
superposition of a 
h = 75 pn and h = 50 
~r IIo = 1.8 P pb- 
bation. Data are aligned 
relative to the mold, 
showing how the per- 
turbation phase is 
established. 
(c) Background-sub- 
traction technique, 
illustrated on a late-time 
(3.3 ns) profile of 1nE: 
"raw" profile, polyno- 
mial fit, and result after 
subtracting background. 
Vertical dotted lines 
represent boundaries 
for Fourier analysis. (d) 
Real component of 
Fourier transform of 
background-subtracted 
profile in (c), and Fourier 
transform of back- 
ground itself. 
(20-03-03940746pbO2) 
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component of the Fourier transform of In€. Because of 
symmetry, the imaginary component of the Fourier 
transform should be zero, and we take its value as a 
measure of the error for each point. The k3 * k2 coupled 
terms are not observed until after about t = 2.5 ns, after 
the perturbation has entered the nonlinear regime. The 
black curves in Fig. 27 are the corresponding results 
from 2-D LASNEX simulations, after convolution of 
the simulated image exposure with the instrumental 
spatial resolution function [Eq. (11)l. The gray curves 
in Fig. 27(a) correspond to simulations of the evolution 
of each mode had it been the only mode initially pre- 
sent. The departure of the black curves from the gray 
curves for t 2 3 ns coincides with the growth of the 
coupled terms, as shown in Fig. 27(b). The Fourier 
composition of the perturbation is redistributed into a 
broader spectrum because of the k3 k2 mode cou- 
pling. This corresponds in physical space to a change 
of shape: mode coupling makes the bubbles broader 
and flatter and the spikes narrower. This is illustrated 
explicitly in the next section. 

Eight-Mode Experiments 
Figure 24(b) shows a small-amplitude eight-mode 

perturbation given by 1, = (180 pm)/n. The individual 
amplitudes qn (given in Table 1) are about a factor of 10 
smaller than those for the two-mode foil. Figure 28(a) 
shows the raw image of the experimental shot, and 
Fig. 28@) gives a late-time profile of 1nE aligned relative 
to the mold, showing how the phase of the data is 
e ~ t a b l i s h e d . ~ ~ , ~ ~  The vertical dashed lines indicate the 
boundaries for the Fourier analysis. The black histograms 
in Figs. 28(c) and 28(d) show the real component of the 
Fourier transform at an early time (3.2 ns) and at late 
time (4.4 ns). Because of the cosine symmetry, the 
imaginary component (shown by the gray histograms) 

oscillates around the baseline as random background 
and serves as an estimate of the error. Early in time in 
the linear regime [Fig. 28(c)l, only the pre-existing modes 
grow, in accordance with their initial amplitudes and \ 

growth rates. The k3 mode (1 = 60 pm) dominates. Late 
in time [Fig. 28(d)], the perturbation has entered the 
nonlinear regime and the modes no longer grow 
independently. The k3 mode no longer dominates, its 
magnitude having been reduced by k3 - k2 mode cou- 
pling to drive up the k,  mode. This causes the k ,  term 
to reverse phase; the initial sign of the k, mode was 
negative, as given in Table 1. 

Figure 29 shows the full time evolution of the eight- 
mode data. The plotting symbols correspond to the 
real component of the Fourier transform of the data, and 
the error bars correspond to the imaginary component. 
The black curves represent the eight-mode LASNEX 
simulation after convolving In€ with the spatial resolu- 
tion function [Eq. (ll)]; the qualitative agreement with 
the data is good. The light gray curves represent the 
single-mode simulations, in which it is assumed that 
each mode existed alone. As a result of mode coupling, 
modes k2 through k5 grow less than they would have 
alone. Growth reduction is least for mode k4, which 
has the largest amplitude at the time of saturation. The 
presence of multiple modes causes nonlinearity to occur 
earlier than if the modes had existed alone. 

Modes k,, k6, and k7 reverse phase and grow with the 
opposite sign. These modes show most prominently 
the effects of coupling from the dominant modes, k,, 
k3, and k4. The dark gray curves show the amplitudes 
predicted for these modes from second-order theory, 
described in more detail below. The phase reversal for 
mode k,, for example, can be understood from Eq. (8) 
and considering only the dominant modes k2, k3, and 
k4. Both the k3 - k2 and k4 - k, coupled terms are posi- 
tive, tending to cause a phase reversal in the growth of 
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FIGURE 27. Full time dependence for two-mode data of Fig. 26. (a) Results for the h = 75 pm component of the pre-existing perturbation and 
for k3 (the h = 50 pm component). (b) The k3 + k,, h = 30 pm and k3 - k,, h = 150 pm coupled terms and corresponding 2-D LASNEX two-mode 
and single-mode results. (20-03-0394-0747pbO3) 
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the k ,  mode (which was initially negative), as observed. 
Similarly, the phase reversals of modes k6 and k7 can also 
be understood from Eq. (8), considering ki + k.  coupling 
from the dominant modes k2, k3, and k4. Figure 29(d) also 
shows (dashed curve) the result for mode k4 of an eight- 
mode simulation with enhanced preheat in the drive 
(factor of 10 increase in drive spectrum for hv > 1.4 keV 
and t < 2 ns, as discussed in the earlier section "Single- 
Mode Experiments"). As in Fig. 17(c), the enhanced 
preheat reduces the perturbation growth considerably, 
bringing the simulation into good agreement with the 
data. This is true for all eight modes, although we 
show only the enhanced-preheat result for mode k4. 

The second-order perturbation model can be uanti- 
tatively applied to the eight-mode e ~ p e r i m e n t ~ z ~ ~ ~ ~ ~ ~ ~ ~  
using Eq. (A3) from the final section "Amplitude of 
Coupled Modes," 

I 

FIGURE 28. Eight- 
mode data in various 
representations. (a) 
Raw streaked image. 
(b) Late-time profile of 
In€, aligned with the 
mold as in Fig. 26. 
Vertical dashed curves 
give boundaries used 
in Fourier analysis. (c) 
Real and imaginary 
components of Fourier 
transform of "early- 
time" (3.2 ns) profile of 
1nE = -OD. The imagi- 
nary component 
(which should be zero 
because of the cosine 
symmetry) illustrates 
the level of back- 
ground noise and can 
be used for an estimate 
of the error. The domi- 
nant k3 (h = 60 pm) 
mode is indicated. (d) 
Same as (c) except at 
late time (4.4 ns). The 
dominant term is now 
k4 (h = 45 pm), and the 
strength from the k2 
and k3 terms has been 
redistributed into the 
k ,  = k3 - k2 coupled 
mode, as indicated. 
(20-03-1293-4406pbO2) 

by summing over the products of all pairs of modes 
whose sum or difference equals the k of interest. The 
yk represent spatial amplitudes, which we define 
frsm the LASNEX simulations by dividing the modu- 
lations in areal density by the foil peak density, that is, 

q P  dz (14) rl (pm) = -. 
Pmax 

We apply this model to our experiment as follows. 
For each A, in the eight-mode foil, 2-D LASNEX simu- 
lations are run for perturbations of very small initial 
amplitude, ensuring that the RT evolution remains in 
the linear regime. The qbTl (t) are then obtained by scaling 
by the ratio of actual to the assumed initial amplitude. 
This technique of generating the q$ ( t )  automatically 
includes the effects of the time-depgndent acceleration, 
compression, density gradient, and ablative stabiliza- 
tion. The dark gray curves in Figs. 29(a), 29(f), and 
29(g) show the results from this perturbation analysis 
for t 5 3.7 ns. After this time, the central assumption of 

t 
t = 3.2 ns 

I I I 
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the model (dominant modes not affected by the cou- 
pling terms) is violated and the model is no longer 
applicable. In each case, the phase reversals are well 
described by second-order perturbation theory. 

k3 results from the redistribution of the Fourier compo- 
nents because of mode coupling. In physical space, this 
corresponds to a change in shape, as illustrated in Fig. 30 
for the two-mode and eight-mode perturbations. The 
black curves correspond to profiles of In€ taken from the 
LASNEX simulations before inclusion of the instrument 
spatial resolution function. The gray curves represent 
the sum of the results from the single-mode simula- 
tions. Comparing the gray and black curves, we see 
that the shapes of the perturbations with and without 
mode coupling differ. With mode coupling, the bubbles 
are broader and flatter and the spikes are narrower. This 
shape effect has been observed in other sim~lations?~ 
but to our knowledge this is the first experimental 
observation of the effect in ablatively accelerated foils. 

The results from our eight-mode experiment can also 
be compared with results from a saturation model devel- 
oped for a full continuum of initial modes.32 The basic 
premise of this model is that a perturbation correspond- 
ing to a full continuum of modes saturates when the 
product kAarqchar is no longer small, that is, when 

At late times (t 2 4 ns), the saturation of modes k2 and 

where qchar and hchar are a characteristic spatial ampli- 
tude and wavelength and c1 is some number less than 

(a) k, (h = 180 pm) (b) k,  (h = 90 pm) 
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-0.4 - 2nd order 
- a No coupling' 
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unity. But qchar can be approximated as the quadrature 
sum of individual modes within a band Ak centered 
around kchar = 2n/hChar, namely, 

where Ak = ~~k for some c2 < 1, L is the system size, 
L / 2 x  is the 2-D density of Fourier states, and s k  is a 
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FIGURE 30. Effect of mode coupling on perturbation shape. The 
upper black curve represents the two-mode simulation at 3.6 ns, and 
the upper gray curve corresponds to the sum of the simulations for 
the two individual modes run alone. The lower curves are the same 
only for the eight-mode perturbation at 3.8 ns. (20-03-01940106pb02) 
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FIGURE 29. Full time dependence for data shown in Fig. 28. (a)-(h) Growth of modes h, = (180 pm)/n, n = 1-8, vs time. Solid circles repre- 
sent data; black curves represent corresponding 2-D LASNEX simulations. Light gray curves represent simulations under the assumption that 
each individual mode existed alone, and the dark gray curves for modes k,, k,, and k,  correspond to the results of a calculation using weakly 
nonlinear, second-order perturbation theory. The dashed curve for mode k4 corresponds to a simulation with assumed enhanced preheat in 
the foot of the drive. (20-03-0394-0749pb03) 
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typical spatial amplitude of an individual mode within 
Ak. Combining Eqs. (15) and (16) gives 

Sk = %Q (in 3-D), 
Lk2 

where E~ and 
parameter v (set in Ref. 32 for the 2-D case to v~~ = 1.14), 
and L represents here the longest wavelength in the 
periodic perturbation, L = 180 pm. The result for 3-D 
given in Eq. (1%) is derived the same way, but with 
~~k replaced by (E2k)2, and the density of states factor 
becomes ( L / ~ T c ) ~ .  The normalization = 1.14 was 
arrived at by comparison with the classical (incom- 
pressible) fluid RT experiments of Read and Y o ~ n g s . ~ ~  
The above saturation results, namely Eq. (17a) and (17b), 
can be derived more elegantly as follows. A multimode 
perturbation in a localized region of space can be thought 
of as a wavepacket. Over a small but finite spectral 
range, this wavepacket cannot be distinguished over 
short distances from a single-mode at wave vector k. 
We expect RT saturation to occur at roughly the same 
amplitude in both cases (wavepacket vs single-mode), 
which means that amplitudes at saturation of the indi- 
vidual components of the wavepacket will be less than 
the amplitude of the single mode. Based on the criterion 
of Layzer for a single mode?5 saturation is expected to 
occur when the spacial amplitude q reaches -(0.6/k). 
In the multimode case, an additional factor of h/L 
enters to account for the number of similar modes 
about k that can contribute to the saturation of mode k. 
Hence s k  = h/kL = 2n/k2L, as given by Eq. 17(b). We 
apply this saturation model, namely Eq. 17(a), to our 
eight-mode experiment by calculating with LASNEX 
the growth of each mode k, in the linear regime until 
its spatial amplitude defined by Eq. (14) exceeds the 
s k ,  given by Eq. (17). At this time we make a smooth 
transition to bubble growth that is linear in time, corre- 
sponding to a terminal bubble velocity equal to the 
velocity at saturation. This transition to saturated growth 
is accomplished with the logarithmic construction 

have been combined into a single 

(18) 

where qf; ( t )  represents the spatial amplitude had the 
growth remained in the linear regime. The modes are 
added in quadrature to produce the predicted root- 
mean-square (rms) bubble amplitude. We compare this 
with the rms bubble amplitude from the LASNEX 
eight-mode simulation. Bubbles are defined in terms of 
foil areal density jp dz (that is, the foil pr) by consider- 
ing only those perturbations leading to pr < ( p ~ ) ~ ~ .  
Figure 31 shows the result for the nominal v~~ = 1.14 
and for values of v~~ a factor of 2 higher and lower 

than 1.14. The result corresponding to vZD = 0.57 
agrees best with the LASNEX eight-mode simulation. 
This is only a crude test of the model for ablatively 
accelerated foils, because the density of Fourier modes 
is low. Future work will involve 3-D experiments with 
a near continuum of modes and larger growth factors 
as a better test of this saturation model. 

3-D Single-Mode Experiments 
The nonlinear RT growth of a perturbation depends 

upon its shape. Perturbations of the same magnitude 
wavenumber k = (k: + k1/2)1/2 can have different shape 
and can therefore evolve differently in the nonlinear 
regime while having the same linear-regime RT growth 
rate. In this section we examine how the 3-D shape 
affects the growth of single-mode perturbations on pla- 
nar foils.51 The CH(Br) foils were made using a new 
laser ablation technique to make molds in Kapton or 
Mylar substrates?2 We prepared perturbed foils all with 
the same magnitude wave vector k = (k: + k 2)1/2 
and nominally the same amplitude. The "2-D foil (1-D 
wave vector k = k,) was a simple 3L = 50 pm sinusoid 
with initial amplitude q0 = 2.5 pm. One of the "3-D 
foils 12-D wave vector k = (kx, kY)l corresponded to a 
"stretched" k, = 3k perturbation, and the other was a 
square k, = k mode. The three foils were characterized 
using contact radiography [Fig. 32(a)-32(c)l and contact 
profilometry. The radiographs were converted to spatial 
amplitudes using a CH(Br) step wedge. Figure 32(d)-32(f)] 
show corresponding images from Nova shots at 4.3 ns, 
which is near peak growth. The gated x-ray pinhole 
camera for these images was run at 8x magnification 
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FIGURE 31. Results of eight-mode LASNEX simulation and corre- 
sponding results from multimode saturation theory. Black curve 
corresponds to the rms perturbation in areal density AJp dz  from the 
eight-mode simulation, where we consider only the bubble amplitude. 
Other curves correspond to results of the saturation model for normal- 
izations [Eq. (17a)l of v2D = 2.28, 1.14, and 0.57. (20-03-0194-0131pbO2) 
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with 10-pm pinholes and 150-pm Be filtering. The 
backlighter was Sc at 4.3 keV. 

Each image from the Nova shots [Fig. 32(d)-32(f)l is 
converted to In E 0~ -OD = - j p ~  dz. Hence, modulations 
in 1nE correspond to modulations in foil areal density. 
To visualize the 3-D RT evolution better, we focus 
momentarily on the k, = k mode. Figure 33(a) gives a 
3-D surface perspective o?the data shown in Fig. 32(f). 
Figure 33(b) shows the corresponding simulation with 
the new 3-D radiation-hydrodynamics code HYDRA.53 
The height of these surfaces is proportional to -(areal 
density), and crudely speaking, represents the boundary 

(a) 

. .  

between the hot, low-density ablated plasma and the 
dense pusher material ahead of it. 

In the reference frame of the accelerating ablation 
front, one would see a broad, hot bubble of ablated 
plasma rising up through the pusher and spikes of 
dense pusher fluid falling essentially freely through 
the ablated plasma. This canonical shape of the 3-D RT 
instability can be understood from a simple buoyancy- 
vs-drag e q ~ a t i o n ; ~ ~ ~ ~  

Plv%=(Pl -P2)vg-cDPlu2s, 
au 

(19) 

(e’ 

I f Y  

FIGURE 32. (a)-(cl 
Contact radiographs of 
foils identical to those 
used in the 3-D single- 
mode Nova experiments. 
I’zrhirbatious correqxmd 
to (a) 2-D h = SO pm, 
q, = 2.5 pm; (b) 3-D 
k ,  = 3k,, i., = 53 pm, 
i.,, = 158 pm, q ~ ,  = 2.1 
pin; and ( 5 )  3-D k ,  = k,,, 

- 4  1, = h = 71 pm, 
yo = 2.7 pm. (d)-(f) 
Corresponding images 
from Nova shots at 4.3 IIS. 

Y 

(20-03-0595-1390pb01) 

FIGURE 33.3-D surface 
perspective of the k, = ky 
case from Fig 32 as (a) mea- 
sured on the Nova shot at 
4.3 ns and (b) simulated 
with the 3-D radiation- 
hydrodynamics code 
HYDRA?3 The height is 
proportional to In E. 
(50-05-0595-111 6pb01) 
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where subscripts 1 and 2 refer to the dense pusher fluid 
and low-density ablation plasma, respectively, V is the 
volume of fluid pushed aside by the bubble passage, S 
is the cross-sectional area of the bubble, and cD is the 
drag coefficient. Equation (19) states that the net force 
on the mass p1 V of the heavy fluid equals the buoyancy 
force minus drag. The bubble tip naturally acquires the 
shape that minimizes the drag per unit mass, i.e., the 
bubble evolves towards a shape that minimizes S/V, 
which implies a spherical bubble tip shape, as observed. 
This is entirely equivalent to the common interpretation 
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FIGURE 34. (a) Results of the evolution of the fundamental mode 
Fourier amplitude of lnE for the 3-D k, = ky, k, = 3ky, and 2-D h = 50 pm 
perturbations. Connecting lines are meant only to guide the eye. (b) 
Predicted Fourier amplitude of lnE from 3-D HYDRA simulations for 
the evolution of four perturbation shapes, all with the same wave 
vector magnitude k = (k: + kt)1/2, for somewhat different drive 
histories and foil thicknesses from those of (a). The most symmetric 
(k, = ky) mode is predicted to grow the most, the 2-D h = 50 pm mode 
to grow the least, and the 3-D stretched cases fall in between, in agree- 
ment with the experiments. (2043-0595-1389pb01) 

that for a spherical 3-D bubble the flow can carry mate- 
rial away from the bubble tip on all sides, allowing it 
to transit more easily into the spike  region^.^'.^^ One can 
also obtain from Eq. (19) the form of the terminal bubble 
velocity of Eq. (7). When buoyancy is exactly balanced 
by drag, one has (pl - p2) Vg = cDplu2s. If we let v 0~ h3, 
S 0~ h2, and p2 = 0, we then have plh3g 0~ cDp1u2h2; this 
yields u2 0~ gh, as in Eq. (7). Also note that if g = 0, as in 
the Richtmyer-Meshkov instability (long after shock 
passa e), we obtain uREyl - h/t ,  as pointed out by Alon 
et al?eand as was recently 0bserved.5~ 

The images are Fourier analyzed, and the amplitudes 
corresponding to the fundamental mode are extracted. 
For an experimental demonstration of the effects of 
dimensionality on perturbation growth, we conducted 
shots for three targets (2-D h = 50 pm, 3-D k, = k and 
k, = 3k 1. The total laser energy for these shots was 
similar, and the timing and filtering of the diagnostic 
were identical. Figure 34(a) shows the results for the 
evolution of the fundamental mode. The k, = ky square 
3-D mode grows the most, the h = 50 pm 2-D mode 

Y 
Y 

(a) Rough foil (b) Smooth foil 

FIGURE 35. Typical 2-D images from surface-finish experiments 
using CH(Br) foils with two surface finishes, (a) rough (cirmS = 1.7 pm) 
and (b) smooth (qmS = 10 nm). The diagnostic was a gated x-ray 
framing camera filtered with 381 pm Be; foil was back-illuminated 
with x rays generated by a -500-pm-diam random phase plate 
(RPP)-smoothed laser beam incident on a Sc backlighter disk. 
(20-03-1293-4408pb01) 
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grows the least, and the k, = 3ky stretched 3-D mode 
falls in between. 

Figure 34(b) shows results from HYDRA simulations 
which were performed to help select parameters for 
the experiments. The foil thicknesses and drive histories 
in the experiments were somewhat different than those 
used in these simulations. The perturbations, in order 
of decreasing peak growth, correspond to kx = k k = 2k Y’ x Y’ 

k, = 3k and 2-D 3L = 50 pm. Our simulations clearly 
show t&t the most symmetric perturbations grow the 
most, as reported by others.23~56r58f59 This agrees 
qualitatively with our experimental observations; 
quantitative comparisons are under way. 

Ultimately we are interested in the fully 3-D evolution 
at the ablation front of a perturbation consisting of a full 
continuum of modes. Recent progress has been made in 
developing 3-D modeling ~ a p a b i l i t y . ~ ~ ~ ~ t ~ ~ / ~ ~ , 5 8 - 6 ~  We 
have therefore begun a series of surface-finish experi- 
ments to compare the perturbation growth from a 
randomly roughened surface with that from a smooth 
surface. We generated the rough surface by sand blast- 
ing a glass mold with 50-pm A1,03 pellets. The typical 
deviation from the average for the smooth foil is 
crms = 10 nm, whereas crms = 1.7 pm for the rough foil. 

Figure 35 shows gated images taken at 2.0,3.2, and 
4.4 ns when such foils were accelerated. Late in time, 
the surface of the rough foil has evolved into large, 
roughly hexagonal bubbles of transverse size -100 pm. 
Figure 36(a) shows this more quantitatively in 
AlnE = -AOD profiles. These horizontal lineouts repre- 
sent the central region of each image shown in Fig. 35; 

bubble at 4.4 ns. Figure 36(b) shows similar profiles for 

growth into bubbles and spikes. Figure 37 shows the 
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FIGURE 36. Corresponding AlnE lineouts from Fig. 35 for (a) rough 
foil, (b) smooth foil. (20-03-0293-0379pbOl) 
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FIGURE 37. Absolute 
value of the real com- 
ponent of the Fourier 
transform of the AlnE 
profiles shown in Fig. 36. 
Harmonic n and wave- 
length h, are related by 
h, = (450 &/M, as 
indicated for a few cases 
by arrows. 
(20-03-1293-4409pbOl) 
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corresponding Fourier transforms. The smooth foil again 
shows no significant growth. For the rough foil, the 
growth late in time is dominated by harmonics n = 3-8, 
corresponding to h = 150-56 pm. This is reasonable, 
because perturbations with h > 150 pm grow too slowly, 
and perturbations with h < 56 pm are more strongly 
ablatively stabilized [see Fig. 21(d)]. 

Late in time, the Fourier spectrum for the rough 
surface is dominated by the fourth harmonic, with 
peak amplitude q = 0.28. This fourth harmonic results 
from the prominent 112-pm-diam bubble shown in the 
center of the image at 4.4 ns in Figs. 35(a) and 36(a). We 
use this amplitude to make a crude estimate of growth 
factor in optical depth, Go,, for the dominant mode. 
From the surface profile of a similar rough foil, we esti- 
mate q,(h = 100 pm) = 0.3 pm. The initial contrast for a 
CH(Br) foil with a 3L = 100 pm, qo = 5 pm pure sinusoidal 
initial perturbation was measured on a separate shot 
(using the same diagnostic, backlighter, and filtering) 
to be AOD, = 0.14. We therefore estimate the growth 
factor for the dominant mode in Fig. 37(a) to be 
Go, = q/qO = 0.28/[(0.14)(0.3 pm)/(5.0 pm)] = 33. This 
is considerably less than expected in a typical implosion, 
but it represents a first step towards experimentally 
addressing the question of 3-D growth from a random 
initial surface finish. An analysis based on 2-D LASNEX 
simulations and Haan's 3-D saturation theory 32 has 
been done for this rough surface experiment. The 
results, shown in Fig. 38, suggest that the multimode 
RT evolution was just entering the saturation regime, 
according to Haan's criterion. We are therefore designing 
a drive to produce a higher growth factor and having a 
longer acceleration interval, to allow a more discrimi- 
nating test of multimode saturation physics. 

The RT Instability in Cylindrical 
Implosions 

The RT growth during ablative acceleration has been 
measured in many direct- and indirect-drive experi- 
ments. These measurements have verified the predicted 
stabilizing effect of mass ablation and density gradients. 
But few of these experiments have examined the role 
of feedthrough or of the deceleration phase, during 
which the growing perturbations may enhance thermal 
losses from the "hot spot" or reduce the efficiency of 
compressional work done by the shell on the fuel. 
Qualitatively, RT growth on the inner surface during 
deceleration differs from growth on the outer surface 
during acceleration by the lack of ablative stabilization. 
The RT growth at the inner surface is moderated, how- 
ever, by the density gradient. In addition, convergent 
effects are important during these three phases. During 
ablative acceleration, convergence introduces a different 
threshold for nonlinear effects because of a decrease of 
perturbation wavelength in thin-shell eff 
and a change in perturbation amplitude arising from 
the combination of convergence and cornpre~sibility.~~ 
Feedthrough is decreased because the pusher shell 
thickens during convergence. Convergence effects are 
magnified during d e ~ e l e r a t i o n . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

Current designs for indirectly driven ignition cap- 
s u l e ~ ~ ~  operate near the edge of present capabilities to 
fabricate smooth surfaces. It is important to assess the 
magnitude of feedthrough in ICF implosions if we are 
to correctly model the relative roles of perturbations on 
the outer and inner surfaces of capsules for these cap- 
sule designs. The effect of convergence on feedthrough 
is an integral part of the problem, so experiments in 

25 FIGURE 38. Saturation 
analysis based on 2-D 
LASNEX simulations 
and the Haan 3-D satu- 
ration theo$2 for the 
rough surface foils, 
shown in terms of 
(a) oms vs time and 6 15 
(b) Fourier spectrum at - 
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convergent geometry are desirable. Few experiments to 
study convergent RT instability have been performed64 
because of the difficulty of diagnosis. Perturbations and 
mixing-layer widths are difficult to measure in spheri- 
cal geometry because of the lack of a direct line of sight 
and because of errors associated with Abel inversions in 
spherical geometry near peak convergence. Although 
perturbation growth can be indirectly inferred from 
time-dependent x-ray spectral line ratios in spherical 
 implosion^,^^^^^^^^ the results depend on the details of 
difficult atomic physics and radiative transport calcula- 
tions. We have used an indirectly driven cylindrical 
configuration to allow diagnostic access and superior 
control of the shell's inner surface during target fabrica- 
tion, although questions arise concerning edge effects 
and implosion symmetry. We chose a feedthrough 
experiment to demonstrate that quantitative RT experi- 
ments can be performed in cylindrical geometry and to 
measure feedthrough in a radiation-driven target for 
the first time. 

Figure 39 shows the experiment geometry. The cylin- 
drical polystyrene shell was mounted orthogonal to the 
hohlraum axis, to allow a direct line of sight to the 
diagnostics, to avoid interference with laser beams, and 
to avoid radiation flow into the ends of the cylinder (as 
may occur in a coaxial configuration). Eight 351-nm, 
2.5-kJ, 2.2-ns Nova drive beams are pointed symmetri- 
cally about the cylinder. A low-adiabat drive was used, 
consisting of a low-power foot followed by a ramp to 
higher power, with a peak-to-foot ratio of about 3. A 
separate 528-nm, 2-ns beam was used to irradiate a 
2-mm-diam Ag disk to create an x-ray backlighter of 
photon energy -3-3.6 keV. An 
smooth the beam intensity onto the Ag disk, and the 

was used to 

resultant laser spot was -750 pm in diameter. The disk 
was located -3.5 mm away from the center of the cylin- 
der and was oriented so that the disk normal bisected 
the angle between the cylinder axis and the backlighter 
laser direction. A 1-mil Be foil was placed between the 
backlighter and cylinder to filter out soft x rays and to 
keep reflected 2w light from the backlighter from strik- 
ing the inside of the cylinder. There should be no 20 
unconverted light from the eight Nova drive beams 
with a line of sight to the cylinder, so a Be shield on the 
other side of the cylinder is unnecessary. 

Figure 40 shows the polystyrene cylinder in detail. 
The cylinder has an outer diameter of 630 pm, an inner 
diameter of 430 pm, and length of 1800 pm. The outer 
diameter is tapered toward the center of the cylinder, 
allowing the central region of the cylinder to implode 
before the ends and minimizing edge effects. 
Perturbations were machined onto the outer surface of 
the central 400-pm-long region of the cylinder in a 
dodecagon shape (fundamental mode number rn = 12). 
(A sine wave perturbation would be preferable, because 
it contains no harmonics, but a sine wave is much more 
difficult to fabricate than a dodecagon.) A 4-pm-thick, 
160-pm-long dichlorostyrene (C,H,C12) belt was placed 
around the center of the cylindrical shell, flush with 
the shell's inner surface. The belt served as a marker 
layer, because it is opaque to the x-ray backlighter, 
whereas the polystyrene cylinder is relatively transpar- 
ent. The time-resolved pinhole camera diagnostic 
images the marker layer; late in time, it also images 
some of the surrounding compressed material. The 
marker layer is on the inner surface of the cylinder and 
has no initial perturbations, so any perturbations 
observed indicate feedthrough of the initial outer-sur- 
face perturbations to the inner surface. The marker 

400-pm- 
diam P 1 Beam footprints 

Time-resolved apertures 
x-ray pinhole 

camera 

FIGURE 39. Side and transverse views of experimental geometry for 
the cylindrical implosion Rayleigh-Taylor experiment. 
(20-03-0895-2048pb01) 
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with machined ~ ~ ,/ cylinder 
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FIGURE 40. Side and end views of target of Fig. 39. 
(20-03-0895-2049pbOl) 
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layer has a density close to that of the unchlorinated 
polystyrene (1.4 g/cm3 vs 1.0 g/cm3); calculations 
show that this slight density mismatch does not cause 
significant RT growth. A 60-mg/cm3 microcellular tri- 
acrylate foam (Cl5H2,O6) is placed inside the shell to 
provide a back-pressure as the cylinder implodes. The 
foam has a cell size -1-3 pm. The foam is shorter than 
the cylinder to minimize opacity to the backlighter. 
The cylinder is fabricated by coating the marker layer 
on a mandrel, machining the marker layer to size, coat- 
ing the other polymer layers onto the mandrel and 
marker layer, machining the coatings, leaching the 
mandrel out, inserting the cylinder inside the hohlraum, 
and inserting the foam inside the cylinder. On each 
end of the cylinder, a 400-pm-diam circular aperture 
made of 25-pm-thick gold was placed concentric with 
the cylinder axis. These apertures prevented any x rays 
emitted by the walls of the cylinder from entering the 
pinhole camera diagnostic, provided an alignment and 
parallax diagnostic on the shot, and provided a center- 
ing fiducial for each frame on the pinhole camera. The 
fiducial is crucial for quantitative Fourier analysis of 
the data. 

resolved, gated x-ray pinhole camera (GXI).67 A 4 x 4 
pinhole array with pinhole diameters of -7 pm allowed 
16 images spaced -55 ps apart to be projected onto 
four microchannel-plate strip lines with a magnification 
of 12. The filters used were 12.7-pm Ti and 150-pm Be. 
The Ti was chosen to block x rays with energies above 
4.75 keV and to allow the silver L-shell backlighter 
radiation through. 

To determine the contrast ratio expected between 
the tracer layer and the central foam region, a backlit 
nonimplosion shot was taken with a 40-pm-thick piece 
of chlorinated polystyrene on top of part of the foam. 
The contrast in exposure was measured to be 16:l after 
a density-to-exposure correction of the film. A streaked 
x-ray crystal (KAP) spectrometer viewed the Ag back- 
lighter disk and provided the backlighter spectrum as 
a function of time. Figure 41 shows a measured back- 
lighter spectrum on an implosion shot. The opacity of 
cold chlorinated polystyrene and the gold photocathode 
GXI response are overlaid. The chlorinated polystyrene 
absorbs virtually all the Ag L-shell radiation, and the 
GXI detects most of the backlighter where there is no 
chlorinated polystyrene. The transmission of 3.5-keV 
x rays through 100 pm of cold polystyrene is -0.6. 
Figure 42 shows the total 30 laser power into the 
hohlraum and the spectrally integrated x-ray backlighter 
flux as a function of time. The GXI is timed to measure 
during the peak x-ray backlighter fluence. The hohlraum 
was viewed along its axis with the west axial x-ray 
imager (WAX)68, another time-resolved pinhole cam- 
era with a serpentine microchannel plate strip. This 

The cylinder was viewed along its axis with a time- 

was used to verify that there was no beam clipping on 
the laser entrance holes. 

One purpose of a narrow 160-pm tracer region is to 
minimize the effect of misalignment on the pinhole 
camera measurement of the interface location. For 
example, a 1" tilt in the cylinder with respect to a point 
on the GXI would result in a lateral spread of 2.8 pm in 
an interface. Since the pinhole array also has a lateral 
spread in location, there is parallax between images. 
For a perfectly aligned cylinder, the four center pin- 
holes have a parallax of 0.9", the next eight surround- 
ing pinholes have a parallax of 2", and the four corner 
pinholes have a parallax of 2.7". The alignment of the 
cylinder relative to the GXI, measured on a shot with 
fiducial wires across the front and back faces of the 
cylinder, was 0.4" f 0.6". Thus the lateral spread in an 
image is primarily due to parallax. 
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FIGURE 41. The measured x-ray spectrum of the Ag backlighter 
compared with the gated x-ray imager spectral response and the 
transmission assuming cold opacities of the tracer layer. 160 pm is 
the initial length of the marker layer, and 40 pm represents an 
expansion of the marker layer by a factor of 4. (20-03-l095-2284pbOl) 
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FIGURE 42. The 30 (h = 351 nm) power of eight Nova laser beams 
(left scale) and x-ray backlighter power (right scale). The x-ray 
images are taken between 2 and 3 ns, near the peak of the back- 
lighter emission. (20-03-1095-2285pb01) 
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Figure 43 shows 12 frames from an implosion with 
the initially perturbed surface described above. The 
m = 12 perturbation is clearly visible. The perturbation 
amplitude grows in time, and the wavelength decreases 
as the radius decreases. At t = 2.11 ns (first image), cal- 
culations indicate that the ablation front has not burned 
through to the marker layer, so the observed rn = 12 
feature is the result of feedthrough of the initial pertur- 
bation to the marker layer. The tips of the dodecagon 
have grown into spikes at the ablation front. Figure 44(a), 
an image of an unperturbed cylindrical implosion 
under identical conditions to a perturbed implosion 
[Fig. 44(b)l, shows no rn = 12 perturbations. The absence 
of any rn = 12 feature in this case verifies that the initial 
perturbations caused the observed feedthrough. (We 
attribute the small bump at the upper left of the unper- 
turbed shell to a target defect). 

In the perturbed image [Fig. 44(b)], we identify a 
contour r(0) at the outer edge at about the 50% expo- 
sure level and draw it in [Fig. 45(a)l. The contour can 
then be fitted with a Fourier series according to the 
usual prescription 

M 

U r(e)  = 0 + C (a,cosme + b,sinrne), 

where 
m = l  2 

7[. 

a, = - 1 /r(O)cosrnOdO 
7c 

-n 
and 

b, = 1 r(0) sinrnOd0. 

The results of the fit are shown in Fig. 45(b) and the 
Fourier composition is shown in Fig. 46, where the modal 
amplitude (a$ + b$)1’2 is plotted vs mode number rn. 
The term uo represents the average diameter of the con- 
tour, and ul and b, represent the offsets of the center of 
the contour from the axes of symmetry. The coefficients 
depend on the choice of the center of the contour. We 
examined several methods to choose the center of the 
contour: a least-squares fit to a circle, a minimization of 
ul and b,, and a center based on the measurement of 
the center of the defining aperture. Of these methods, 

7[. 

7c 
-n 

FIGLRE 43. A 
sequence of gated 
x-ray images of the 
cylindrical backlit 
implosion from one 
experiment (t  = 0 corre- 
sponds to the start o f  
the laser pulse). Shock 
emission appears on 
center at 2.30 ns. The 

t = 2.11 ns t = 2.16 ns t = 2.22 ns backlighter spatial 
extent is limited bv the 

t = 2.30 ns 

circular apertures at 
each end of the cylin- 
der, and the deviation 
from circularity is a 
measure of the effect 
of parallax. 
(20-03-0895-2050pb01) 
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only the latter proved reliable and resulted in mode 
number conservation during the implosion. Figure 47 
shows images of the perturbed implosion later in time. 
One side of the target has imploded closer to the center 
than the other side. This is probably due to a slight 
manufacturing imperfection in the target, as if the 
marker layer were thinner on one side than on the 
other. The apertures also indicate, on each image, the 
parallax due to the offset of each pinhole from the axis 
of the cylindrical shell; the images can be corrected for 
this effect. 

At 2.11 ns, there are significant components at m = 1,4, 
8, and 12. Mode 1 exists because one side of the cylinder 
implodes faster than the other. Mode 4 is expected 
because of the discrete number of beams illuminating 
the hohlraum. Mode 2 was minimized by the proper 
choice of beam pointing. Mode 12 has an amplitude of 
q = 10 pm. Since the instrumental resolution is insuffi- 
cient to distinguish between mode 12 and modes 11 

and 13, it is reasonable to expect that the effective 
amplitude of the perturbation at mode 12 is the 
quadrature sum of modes 11,12 and 13, resulting in an 
amplitude of 12 pm. Other methods of analysis, 
including curve fits to the functional form 

U ( O )  = 0 + C (a,cos~nx + bnsin12nx) 

and variations in the choice of a center, result in a mode- 
12 amplitude of 9-11 pm; we assign the value 10 f 2 pm 
as the amplitude of mode 12. A Fourier analysis of a 
dodecagon inscribed in a 260-pm-radius circle gives 
amplitudes of 3.5,0.85, and 0.34 pm for modes 12,24, 
and 36 respectively. Thus at t = 2.11 ns, the fundamen- 
tal has grown by a factor of 2.9 * 0.6 with respect to its 
initial value. 

To test the sensitivity of the analysis to the choice of 
50% isodensity contour, we analyzed several images 
with isodensity contours ranging from 40% to 60%. 

4 a 
2 n=l 

FIGURE 44. (a) Gated 
x-ray image of an 
implosion taken with a 
target with no initial 
perturbations and (b) 
an otherwise identical 
implosion taken with a 
dodecagon initial per- 
turbation. Images 
taken f = 2.16 ns. 
(20-03-0895-2053pbOl) 

FIGURE 45. (a) An 
outer contour taken at 
50% peak exposure, 
superposed over the 
initial x-ray image taken 
at 2.11 ns. (b) Results of 
a Fourier series fitted 
to the contour shown 
in (a). The horizontal 
and vertical axes are 
equal, each covering a 
range of 300 pm. 
(20-03-0895-2053pb02) 
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The results were insensitive to choice of isodensity 
contour. For isodensity values outside this range, the 
background noise from the microchannel plate occa- 
sionally affected the contour, with unphysical contours 
appearing because of noise spikes. 

For each image, we Fourier analyzed the contours 
for the inner edge of the marker layer (the interface 
between the marker layer and the TPX foam) and the 
outer edge (the interface between the marker layer and 
surrounding polystyrene cylinder). Figure 48 shows 
the time dependence of ao/2, which represents the 
average radius. The implosion trajectory is consistent 
with a 195-eV peak drive temperature in a calculation 
with the 1-D radiation-hydrodynamic code HYADES.69 

The perturbation was initialized in its linear 
regime. At t = 0, the wavelength of mode m = 12 is 
h = 2nXjm = 136 pm, where R = 260 pm. The ampli- 
tude of mode m = 12 is yo = 3.50 pm initially, so that 
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FIGURE 46. Fourier amplitudes vs mode number m for a 50% outer 
contour of the gated x-ray image at t = 2.11 ns. The largest physically 
significant amplitude corresponds to m = 12. (20-03-1095-2286pbOl) 
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q / h  = 0.026. At 2.11 ns, the radius of the shell is 
R = 122 pm, so that h = 2nR/rn = 64 pm. The amplitude 
of mode rn = 12 is q = 10 pm, so q / h  = 0.16. The pertur- 
bation at the marker layer has exceeded the nominal 
threshold for nonlinearity y / h  = 0.1 at 2.11 ns. 

Growth of perturbations on the marker layer result 
both from shock imprinting and from feedthrough 
from RT growth at the ablation front. Simple estimates 
suggest that the latter dominates. To illustrate this, we 
estimate the marker layer amplitude that would result 
from shock imprinting alone. The shock is launched 
from a rippled surface at the ablation front, and hence 
is itself rippled. A rough estimate of the amplitude of 
the ripple imparted to the marker layer upon passage 
of the rippled shock is given by 

qm = r \ o ( l - a o / h o ) ~ p  / u s  . 

Here qm is the amplitude of the imprinted ripple on 
the marker layer, qo is the ablation front surface 
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FIGURE 48. Measured outer and inner diameters of the tracer layer 
vs time, and corresponding trajectories from a HYADES calculation. 
(20-03-0895-2052pb01) 
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FIGURE 47. Gated 
x-ray images at (a) 2.36 
and (b) 2.61 ns, with a 
mode 12 uniform in 
angle grid superposed. 
Outermost circular 
contour is a fit to the 
400ym-diam Au defin- 
ing aperture in both 
images. One side of the 
target has imploded 
faster than the other, 
yet the mode number is 
preserved using a center 
corresponding to the 
original cylinder axis. 
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perturbation initial amplitude, AR, is the initial dis- 
tance from the ablation front to the marker layer, Lo is 
the initial perturbation wavelength, u the particle 
velocity behind the shock front, and os the shock veloc- 
ity. The factor q&l-ARO/LO~ is an estimate, based on 
the shock oscillation data of Endo et a1.,22 of the ampli- 
tude of the shock-front ripple, assuming that it 
reverses phase after having traveled a distance of 1,. 
Since AR, = 40 pm and h, = 100 pm, the rippled shock 
has not reversed phase by the time it reaches the 
marker layer, but its amplitude is -40% lower than yo. 
Assuming that this marker layer perturbation then 
grows linearly in time via the Richtmyer-Meshkov 
instability, we write 

P 

where q12(t)  is the amplitude of the fundamental mode 
at time t, A" is the post-shock Atwood number, and 
At = t - t,, where t, = 0.4 ns is the time when the first 
shock reaches the marker layer. Using reasonable esti- 
mates for the various parameters in this equation, we 
estimate that y12 (2.11 ns) = 2.5 pm. Allowing for some 
additional growth due to the higher up after the sec- 
ond shock reaches the marker layer at 1.6 ns, we get 
q12 (2.11 ns) = 3 pm. The measured amplitude of 10 pm 
at 2.11 ns is considerably larger, suggesting that feed- 
through from RT growth at the ablation front is the 
dominant source of the observed growth. 

unstable and perturbations fed through to the inside 
surface grow without ablative stabilization. At 2.72 
and 2.80 ns (Fig. 431, visible spikes protrude into the 
core. The spikes on the inner edge of the marker layer 
correspond radially to bubbles on the outer surface, 
such as can be seen in Fig. 43 at 2.30 ns and 2.47 ns. 
This suggests that ablation-front bubble growth is the 
dominant feed-through mechanism. 

During deceleration, the inner surface becomes RT 

Summary 
We have conducted an extensive series of experiments 

and simulations to examine the growth of single modes 
over a range of wavelengths and to examine the effect 
of multiple modes on perturbation growth. For single 
modes, the perturbation evolves before shock breakout 
because of the rippled shock dynamics. After shock 
breakout, the perturbations grow rapidly in the linear 
regime and saturate in the nonlinear regime, with the 
appearance of higher harmonics. In multimode foils, 
the individual modes grow independently in the linear 
regime. In the nonlinear regime, the modes become 
coupled and kj * ki terms are clearly observed, in agree- 
ment with simulations and second-order perturbation 
theory. Mode coupling redistributes the perturbation 
in Fourier space, which in physical space corresponds 
to a change in perturbation shape. The bubbles become 

broader and flatter and the spikes narrower. In terms 
of a continuum model, the individual modes of the 
2-D perturbation saturate when they exceed 
S, = v2D/k3/2L1/2 in amplitude. The simulations sys- 
tematically predict slightly more growth than is 
observed. This could be caused by greater than 
expected preheat in the foot of the drive, a stiffer EOS 
for CH(Br), or a degraded instrumental MTF. 

Single-mode experiments very clearly indicate the 
differences between 2-D and 3-D perturbation shape. 
Axisymmetric 3-D bubbles grow the largest in the non- 
linear regime, consistent with a simple buoyancy-vs-drag 
argument, third-order perturbation theory, and with 
full 3-D radiation-hydrodynamics simulations. The 
obvious next step is to measure the full multimode 3-D 
perturbation evolution and to compare the results with 
3-D simulations and with the predictions of Haan's 
saturation theory. 

In radiation-driven cylindrical implosions, we have 
observed the RT instability seeded by feedthrough from 
the outer surface to the inner surface. The mode number 
was conserved during the implosion. This proof-of- 
principle cylindrical experiment shows the potential 
for new studies of RT instability in convergent geometry. 
Ablation-front growth and feedthrough were measured. 
With higher resolution, studies of the stagnation phase 
and inner surface breakup may be possible. 

Appendix: Amplitude of 
Coupled Modes 

Following Ref. 26, a solution to a second-order per- 
turbation expansion of the 3-D hydrodynamic equations 
for inviscid, incompressible fluids can be written as 

where k; = k - k2 and where superscript L designates 
results in the linear regime. The time-independent part 
of the kernel G(k, k2) is given by 

where k = (kx, k ) is the perturbation wave vector, 
k = k / k is the unit vector, and y(k), y2, and y2 are the 
linear growth rates for perturbations with wave vec- 
tors k, k2, and k; , respectively. This weakly nonlinear 
theory is valid only so long as the dominant modes are 
not being changed significantly by the nonlinear terms. 
The full expression for H(k,k2,t) is complicated, but for 
the regime considered here we have H = 1. 

Considerable simplification occurs for 2-D cosine per- 
turbations with Atwood number A = (pl - p,)/(p, + p2) = 1. 
If we assume that 

Y 

k1/2, then Eq. (Al) reduces to 
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/ \ 

(A31 

where k, k' > 0, and the time dependence has been 
dropped from the notation for simplicity. For example, 
Eq. (5b) for the qecond harmonic of a single-mode per- 
turbation, 'l2 = 7 kiqL , comes from the second term in 
the summation in Eq. (A3), where k = 2k1 and k' = k,. 

Another simple case of general interest arises for 
k = k3 k k2. Here, Eq. (A31 reduces to 

2 

L L  
qk,+k, = T  (k3 k2)qk,qk, (A41 

where qkn represents the spatial amplitude attained by 
mode kn had the growth been entirely in the linear regime. 
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Introduction 
A key issue for inertial confinement fusion (ICF) is 

the hydrodynamic stability of the imploding capsule. 
Imperfections on the capsule surface can grow into 
large perturbations that degrade capsule performance. 
Understanding this process is crucial if we are to suc- 
cessfully predict requirements for future high-gain ICF 
capsules. Experiments on the Nova laser at Lawrence 
Livermore National Laboratory have directly measured 
perturbation growth on planar foils,l and three experi- 
mental groups have investigated backlit perturbation 
growth using imploding spheres.24 In addition to 
these efforts, which concentrate on indirectly driven 
implosions, is work investigating the hydrodynamic 
stability of directly driven ICF capsules5f6 In these 
direct-drive experiments the laser light shines directly 
on the capsuIes, causing the implosion and providing 
the seed for perturbation growth. 

This article reports measurement, via emission from 
spectroscopic tracers? of the full process of perturbation 
growth leading to pusher-fuel mix in spherical implo- 
sions, and shows perturbation growth dependence on 
initial perturbation amplitude and wavelength. In con- 
trast to the cited direct-drive work, we have in this 
experiment separated the drive from the perturbation 
seed. (For a review of x-ray spectroscopy of ICF plas- 
mas see Refs. 8 and 9.) 

The purpose of the experiments described here was 
to study, in a controlled manner, the effects of the 
Rayleigh-Taylor (RT) instability on capsule implosion 
performance. The mechanism by which RT growth 
degrades capsule performance can be summarized as 
follows: As the ablation phase of the implosion pro- 
ceeds, surface imperfections grow via the RT instabil- 
ity as low-density ablated material pushes on the 
high-density shell. This growth causes the imploding 
shock to deviate from spherical, carrying the perturba- 
tion information through the shell and rippling the 
interface between pusher and fuel. When the fuel is 

compressed later in time, the pusher-fuel interface 
becomes RT unstable, which causes this rippling to 
grow and produce a region of mixed pusher and fuel 
material. Increasing the initial outer surface perturba- 
tion increases the degree of pusher-fuel mixing. 

Experiment 
These Nova experiments use plastic-shelled cap- 

sules filled with deuterium (D2). A typical capsule 
shell in the experiment had a 420-pm inside diameter 
and a 55-pm-thick wall, and consisted of three layers. 
The inner layer, the pusher, was -3 pm of polystyrene 
doped with 1.0% (atomic) C1. The middle layer was a 
3-pm-thick permeation barrier made of polyvinylalco- 
hol (PVA), which sealed in the fuel gas. An outer layer 
of plasma pol 

filled with 50 atm D, gas and 0.1 atm Ar. 

these capsules. A square pulse of laser light with a 
duration of 1 ns heated a cylindrical gold case, or 
hohluaum, with (typically) 17 kJ of laser energy. The 
hohlraum, reaching a peak radiation temperature of 
230 eV, then emitted x rays that ablated the plastic and 
caused the implosion. 

had considerably less sensitivity to growth of surface 
perturbations compared to that predicted for current 
high-gain ICF capsule designs. We chose capsule 
implosions with low convergence so that asymmetries in 
the x-ray drive would have little effect on the implosions 
and would, therefore, not complicate the perturbation 
growth effects. 

To make capsules with various degrees of surface 
roughness, many polystyrene beads, ranging in diame- 
ter from 0.6 to 7 pm, were embedded in the PVA layer. 
When the ablator layer was deposited onto this rough 
PVA surface, the perturbations were imprinted on the 

er (CHI,,) was deposited over the 
inner layers,l OY" forming the ablator. The capsules were 

The Nova laser indirectly drove the implosion of 

The capsules had relatively low convergence (-8) and 
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outer surface. This method of using a capsule with a 
controllably rough outer surface as seed for RT growth 
during implosion contrasts with the method used in 
Refs. 5 and 6, where direct-drive laser illumination 

of initial amplitude seeds to the RT instability and to be 
representable by a semi-empirical analytic expression. 

After shooting these capsules, we developed the 
capability of characterizing shell surfaces using an 

Using this AFM, we took equatorial traces of capsules 
from the same production runs as capsules that were 
shot. (To verify surface similarity, we compared scanning 

crystal spectrometer coupled to an x-ray streak camera, 
which had temporal resolution of -30 ps and a spectral 
resolving power (A/&) -700.13 

nonuniformity was assumed to be the dominant source lo6 

equatorially tracing atomic force microscope (AFM). 1 o4 
Medium rough surface 

ms 
3 

electron microscope images of these traced capsules 
with images of the shot capsules.) We converted the 

lo2 

equatorial traces to power spectra and combined them to 
form ensemble averages. By assuming that the surface 
bumpiness is isotropic, we transformed these one- 
dimensional (1-D) average power spectra into 2-D 
(spherical surface) power spectra:ll 

P2D(1) = ( ++) 

loo 

[PID(n) - PID(n-t 2)]  
n = 1,1+2 

1 oo 10' 1 o2 1 o3 
Mode 

X (n+lj!!(n--l-l)!! (1 1 
(n - l)!! (n  + 1 t l)!! FIGURE 1. The 2-D (spherical surface) power spectra characterizing 

the outer surface of three representative capsules with rms = 0.03, 
0.31, and 1.70 pm. (20-03-0795-1848pbO1) where 1 is the perturbation mode number, P,, is the 1-D 

power spectrum and P,, is the 2-D power spectrum. 

of capsules with rms = 0.03,0.31, and 1.75 pm. 
We diagnosed enhanced pusher-fuel mix due to 

these surface perturbations in two ways. First, we 
monitored the variation in capsule DD neutron yield 
with roughness; this we expected to decrease with 
increasing surface roughness as cold dense pusher 
material increasingly poisoned the fuel. Second, we 
monitored the variation in the x-ray self-emission of 
included trace elements, or with rough- 
ness. We expected the x-ray emission of the pusher 

the fuel dopant, Ar, as the surface roughness was 
increased. In the temperature and density regime 
accessed in these experiments, the variation of x-ray 
line radiation from these dopants depends strongly on 
temperature. During the implosion, PdV work heated 
the fuel and the Ar, but conduction and convection, 

imploded capsule had steep gradients through the mix 
region in both temperature and density as a 
function Of radius. This made a simp1e Onemtempera- 
ture, 1-D understanding of this process difficult. We 
therefore observed the x-ray emission by means of a 

Figure 1 shows 2-D (spherical surface) power spectra 10 

E 
3 
G O  5 

.u 

dopant, C1, to increase relative to the x-ray emission of 3 

0 50 100 
Mode 

due to mix, heated the C1. At peak x-ray emission the -1 0 

FIGURE 2. Growth factor at pusher-fuel interface vs mode number 
for perturbations initially on the capsule outer surface. This is a 
snapshot at time of peak neutron production. Negative values indi- 
cate phase change of the perturbation. 

~ 

(20-03-0795-1849pb01) 
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Analysis Method 
Simulating the implosion of these capsules was a 

multistep process. First, we estimated the capsule’s 
sensitivity to surface perturbations. Second, we combined 
the surface roughness with the perturbation growth fac- 
tors. Third, we ran implosion simulations to generate 
emission spectra. This section describes the three steps. 

First, we estimated the capsule’s sensitivity to surface 
perturbations using several 2-D LASNEXI4 simulations, 
from which we estimated linear growth for several 
single modes. The initial perturbations in these simula- 
tions were small to ensure that only linear growth would 
occur. This perturbation growth included the effects of 
stabilization at the ablation surface, feed-through 
between the interfaces, and RT/Richtmyer-Meshkov 
instability growth at the pusher-fuel interface. Figure 2 
plots these linear growth factors at the pusher-fuel 
interface vs perturbation mode number. This growth 
factor is the amplification of a perturbation initially on 
the outer surface as it imprints on the inner capsule 
surface. It is typically quoted at peak neutron emission. 
Negative growth factor values indicate phase change of 
the perturbation. This linear perturbation growth is small 
relative to high-gain ICF capsules because of favorable 
stabilization mechanisms at the ablation surface. 

Next, we combined the surface roughness, P&, 
with the linear perturbation growth factors per stan- 
dard linear analysis. We estimated nonlinear saturation 
with Haan’s criterion,15 which states that saturation 
occurs on a spherical surface of radius X when ampli- 
tudes become larger than 4X/ l2 .  These saturated 
amplitudes then grow at a constant rate, rather than 
exponentially. This procedure predicted the pusher-fuel 
mixing vs time, estimated from the calculated rms 
deviation, 0, of the pusher-fuel surface from spherical. 
The limit of the bubble tips outward was taken to be 
fro, and the extent of spike tips inward to be (1 + A)&G, 

TABLE 1. Nova shots in the Ar/C1 implosion series. 

Imbedded Surface Observed Observed yield/ 
Shot beaddiameter rrns yield clean (no mix) 

(pm) (pm) (109 neutrons) yield 

1 None 
2 None 
3 None 
4 None 
5 0.6 
6 2.0 
7 2.0 
8 3.9-7.0 
9 3.9-7.0 

0.031 
0.031 
0.064 
0.065 
0.307 
0.308 
0.308 
1.70 
1.70 

1.21 
1.26 
0.53 
1.01 
0.60 
1.22 
0.65 
0.66 
0.70 

0.72 
0.83 
0.33 
0.60 
0.35 
0.49 
0.44 
0.20 
0.20 
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where A is the Atwood number. This mix-region size 
estimate also included contributions from both initial 
pusher-fuel surface imperfections and effects of 
embedding microspheres in the PVA layer of some of 
the capsules. Atomic mixing of the pusher and fuel 
was assumed throughout the mixed region. This mod- 
eling distributed the materials within this region so as 
to maintain a constant concentration while conserving 
individual material amounts. 

Finally, LASNEX implosion simulations used this 
time-dependent mix region in a self-consistent manner 
(i.e., the mixing affected the hydrodynamic evolution) 
and generated emission spectra by means of Detailed 
Configuration Accounting (DCA).l6/l7 These 1-D simu- 
lations used detailed atomic models for both Ar and C1. 
The DCA simulated spectra were calculated using 69- 
and 70-level atomic models for C1 and Ar, respectively. 
We produced the models with the DSP1* code, which 
contains atomic physics identical to that used in the 
RATION code.19 

Data Analysis 
Table 1 lists capsule surface conditions and observed 

and simulated yields for the nine Nova shots that 
comprise this experimental series. We have chosen 
three of these shots to illustrate the variation in x-ray 
spectral output during implosion with initial capsule 
surface roughness. 

Figure 3 shows spectra at peak x-ray emission for the 
implosion of a smooth (0.03-pm-rms) capsule. Figure 3(a) 
shows the spectrum observed with the spectrometer and 
Fig. 307) shows the analogous DCA simulated spectrum. 
Very little C1 Ly-a emission, relative to Ar Ly-a, is evident 
in either of these spectra. The simulations indicate that 
6% of the total C1 mass has reached at least 600 eV. The 
simulated Ly-a satellite line strengths, on the low-energy 
side of the Ly-a lines, differ from those observed; the large 
absorption feature evident in Fig. 3(b) at 2.75-2.80 keV is 
probably due to errors in calculating the opacity of the C1 
He-a line in the colder plastic away from the pusher-fuel 
interface. Figure 4 shows the spectra from an intermedi- 
ately rough (0.31-pm-rms) capsule. In this case the Ly-a 
emissions from both the C1 and Ar are comparable in 
strength, and 10% of the total C1 mass (according to sim- 
ulation) has reached at least 600 eV. Figure 5 shows the 
spectra from a very rough (1.75-pm-rms) capsule. In this 
case the C1 Ly-a emission is stronger than the Ar Ly-a 
emission, and 15% of the total C1 mass (according to sim- 
ulation) has reached at least 600 eV. The simulations 
show that from smooth to rough capsules the C1 Ly-a 
emission increased by 350% but the Ar Ly-a emission 
decreased by 30%. 
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FIGURE 3. Spectra at 
peak x-ray emission 
from the implosion of 
a smooth surface (rms 
= 0.03 pm) capsule. (a) 
is as observed by the .$ streaked crystal spec- 3 
trometer. (b) is the 1-D -$ 
DCA simulation of this 2 
shot. Relevant emission % 
lines of C1 and Ar are 5 
labeled. 3 

G 

(20-03-0795-lS5OpbO2) 

FIGURE 4. Same as 
Fig. 3, for an interme- 
diate roughness 
(rms = 0.3 pm) capsule. 
(20-03-0795-1 851pb02) 

FIGURE 5. Same as 
Fig. 3, for a very rough 
(rms = 1.7 pm) capsule. 
(20-03-0795-1 852pb02) 
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FIGURE 6. Comparison of simulated and observed emission spectra 
from the nine shots in the series. The ratio of time-integrated C1 and 
Ar Ly-a emission is plotted vs surface finish. X marks experimental 
points; 0 marks simulation points. The black and gray lines are the 
results of averaging the experimental and simulation values, respec- 
tively, at each distinct rms value. (20-03-0795-1853pb01) 
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FIGURE 7. Observed and simulated mixed neutron yield over clean 
yield, vs surface finish for the same nine-shot data set. The black and 
gray lines are the results of averaging the experimental and simulation 
values, respectively, at each distinct rms value. (20-03-0795-l854pbOl) 
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To quantitatively compare the observed and simulated 
spectra, we ratio the time-integrated Ly-a emission from 
the two dopants. (At each time we estimated this line 
emission by subtracting the continuum and background 
and deconvolving the result into distinct Gaussian- 
shaped peaks. In this manner we eliminated contributions 
from the strong satellite lines of the Ly-a transitions 
and the C1 He-p line at 3.27 keV.) The Ar Ly-a strength 
effectively normalizes the C1 Ly-a strength to the 
specifics of capsule performance such as capsule size, 
laser drive, and diagnostic calibration. 

Figure 6 shows this comparison of observed and 
simulated emission spectra by means of the ratio of 
time-integrated Ly-a lines for all nine shots. The ratio of 
emission strength smoothly changed a factor of -9 for 
a surface rms change of -50. Figure 7 shows observed 
and simulated mixed neutron yield over clean yield vs 
rms surface finish for the same nine-shot data set. 

To test the importance of the saturation modeling, we 
also estimated the perturbation growth with unmodified 
linear analysis. The modification due to saturation is 
quite small, and given the large spread in experimental 
results, no conclusion can be made regarding the cor- 
rectness of the saturation modeling procedure. 

Conclusion 
Both the observed x-ray emission and neutron yield 

from the 1-ns-drive Nova implosions show significant 
variation as a function of initial capsule surface finish. 
Furthermore, we can successfully interpret this variation 
as a dependence of pusher-fuel mix on initial surface 
roughness. This interpretation derives from modeling 
based on linear analysis using multiple 2-D LASNEX 
simulations and 1-D mixed implosion modeling using 
LASNEX and DCA to simulate neutron output and 
x-ray emission of included dopants. 
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Introduction 
In inertial confinement fusion (ICF),IJ~ the kinetic 

energy of an ablating, inward-driven, solid spherical 
shell is used to compressionally heat the low-density 
fuel inside. For a given drive, the maximum achievable 
compressed fuel density and temperature-and hence 
the maximum neutron production rate-depend on 
the degree of shell isentropy2r3 and integrity maintained 
during the compression. Shell integrity will be degraded 
by hydrodynamic instability growth2rp7 of areal density 
imperfections in the capsule. Surface imperfections on 
the shell grow as a result of the Richtmyer-Meshkov8 
and Rayleigh-Tayl~r~ (RT) instabilities when the shell 
is accelerated by the ablating lower-density plasma. 
Perturbations at the outer capsule surface are trans- 
ferred hydrodynamically to the inner surface, where 

Implosion Design 
In the HEP3 implosion campaign: the unsaturated 

to weakly nonlinear low-growth regime was studied. 
See the previous article, "Diagnosis of Pusher-Fuel 
Mix in Indirectly Driven Nova Implosions (HEP3)," 
p. 265 for a discussion. Unshaped drive pulses and low- 
opacity plastic capsules were used, which allowed strong 
shock and hard x-ray preheating. This led to shallower 
ablation-front gradients and lower shell densities during 
the implosion phase. The goal of the HEP4 campaign 
was to increase susceptibility to RT growth in a more 
isentropic implosion. HEP4 designsll have used shaped 
drive, and x-ray preheat shielding,12 by adding mid-Z 
dopants in the capsule ablator for reducing preheat. 

Role of Doped Ablators deceleration oi the shell-by the lower-density fuel gives 
rise to further RT growth at the pusher-fuel interface. " 
A widely used dispersion relati;n5rl0 for the RT 
growth rate y in the presence of a density scalelength L 
and a mass ablation rate dm/dt is 

Use of a mid-Z dopant in the ablator has three 
principal effects. First, these dopants are chosen to 
preferentially absorb the 1-3-keV x rays (arising from 
the Au hohlraum laser plasmas) that volumetrically 
preheat Nova-scale plastic shells most efficiently. A 
cooler shell will expand less quickly, thereby maintain- 
ing a higher shell density p and steeper interface density 
gradients for a longer time.13 Second, doping reduces 
the ablation scalelength by reducing the distance over 
which the soft drive x rays14 are absorbed. Third, the 
increase in shell density leads to a thinner shell during 
compression and thus gives rise to more efficient 
feedthrough of surface perturbations with skin depths 
= 1 / k .  These effects combine to increase predicted max- 
imum linear growth factors GF (ratios of final pusher- 
fuel to initial outside surface perturbation amplitudes) 
from 10 to 110 as the doping is increased from 0 with no 
pulse shaping (HEP3 conditions)6 to 2 at.% Ge or Br 

pk dm (1) 
y=[&] -pF' 
where k is the wave number of the seeding perturbation, 
g is the acceleration or deceleration, p is a constant 
between 1 and 3 determined empirically, and p is the 
peak shell density. Equation (1) indicates that y increases 
as interfaces become sharper (smaller L), as peak shell 
densities increase, and as mass ablation rates decrease. 

* Los Alamos National Laboratory, Los Alamos, New Mexico 
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with a two-step pulse (HEP4 conditions).13 Mid-Z 
dopants, in particular Br, were used extensively to 
increase growth factors15 in planar RT experiments16 
conducted in the HEP2 campaign. 

A linear GF of 100, for example means that, in the 
absence of saturation, an initial perturbation amplitude 
of 0.1 pm with mode number 1 = kr(t) on the surface of 
a capsule of radius Y would lead to a 10-prn perturbation 
of the same mode number at the pusher-fuel interface 
at peak neutron production time. In general, a full 
spectrum of randomly phased modes will initially be 
present. Each mode number will have a different pre- 
dicted GF through the dependence on wave number k 
in Eq. (1). Growth of high-mode-number perturbations 
(large k) is reduced by ablation, density gradients, inef- 
ficient feedthrough, and (when amplitudes become 
comparable to the wavelength) by the onset of satura- 
tion. Long wavelengths (small k )  have low growth 
rates from the outset. One can therefore expect a bell- 
shaped growth factor spectrum that peaks near some 
intermediate mode number.13 

Instability Growth Modeling 
Until recently, three-dimensional (3-D) codes han- 

dling multimode growth up to and beyond saturation 
have not been available or practicable. In their place, a 
multimode mix m ~ d e l ~ . ~  has been used extensively, as 
described more fully in "Diagnosis of Pusher-Fuel Mix 
in Indirectly Driven Nova Implosions (HEP3)" on p. 265 
of this Quarterly. Briefly, a series of linear single-mode 
growth-rate simulations is used to calculate the ampli- 
tude evolution of each mode initially present on the 
capsule surface, starting with amplitudes small enough 
to ensure that the growth remains linear throughout 
the implosion. The time dependence of the linear mode 
amplitudes are then obtained by multiplying these 
growth factors by the initial amplitude spectrum. If the 
individual amplitudes grow large enough (22r/Z2), they 
are corrected for saturation in the presence of a full 
spectrum of modes.4 The quadrature sum of the per- 
turbation amplitudes fed through to the pusher-fuel 
interface is then used to set the annular width for a 
one-dimensional (1-D) model of atomically mixed shell 
and fuel located at the shell-fuel interface. A 1-D 
implosion simulation incorporating this evolving mix 
layer is then used to predict observables such as neu- 
tron yield. The yield drops as the calculated mix width 
becomes a larger fraction of the converged fuel radius, 
principally because of enhanced conduction cooling by 
shell material penetrating closer to the central, hottest 
fuel region, which provides most of the fusion reactions. 

Figure 1 shows the calculated mix amplitudes (nor- 
malized to converged fuel radius at peak neutron 
emission time and defined as approximately one-third 
the mix width) vs initial outside surface roughness for 
the low-growth HEP3 implosions, the present HEP4 

272 

implosions, and the proposed National Ignition 
Facility (NIF) ~0nditions.l~ The gray lines with unit 
slope correspond to assuming no growth saturation. 
The departure from unit slope for each black curve 
signifies the predicted onset of growth saturation. A 
typical intrinsic surface roughness power spectrum 
was assumed for these calculations. The large fractional 
mix widths calculated for the NIF implosions are a 
consequence of the more elaborate pulse shaping used 
to keep NIF implosions nearly isentropic. Ignition for 
NIF will require that the final mix amplitude not exceed 
about one-fifth of the converged capsule radius.17 This 
criterion is equivalent to a factor of -2 yield reduction 
for nonigniting target designs such as those used in 
HEP3 and HEP4. The present HEP4 experiments were 
designed to span both sides of this threshold by vary- 
ing initial surface roughnesses from 0.01 pm rms 
upward, while approaching the growth factors expected 
of the NIF targets. 

Figure 1 shows that a necessary condition for ignition 
sets the upper limit on initial capsule outside surface 
finish at a currently achievable roughness of 0.03 pm 
rms. If there were no growth saturation, NIF capsules 
would need to be considerably smoother (by a factor 
of 2), which is at the limit of current technology. A 
specific goal of the HEP4 campaign was therefore to 
test the validity of the growth saturation model. 

I NIF I 
F; .* 0 1  
m 

0.01 
0.01 0.1 1 

Initial rms roughness (pm) 

FIGURE 1. Calculated mix amplitude (normalized to fuel radius at 
peak neutron emission time) vs initial surface roughness. Starting 
from the right, the three curves correspond to the low-growth HEP3 
design, the present higher-growth HEP4 design, and the NIF design. 
Black and gray curves correspond to calculations with and without 
growth saturation, respectively. The section of the NIF curve above a 
normalized mix amplitude of 0.2 corresponds to loss of ignition. 
(20-03-0995-2096pb01) 
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Capsule Design 
Figure 2 shows the cross section of a typical capsule. 

The ablator, a 1.1-1.3 g/cm3 plasma-polymerized plas- 
tic (CH,.3), typically 39 pm thick, is doped18 with up to 
3 at.% Br or Ge. The early experiments used Br doping; 
the later experiments switched to Ge, which was more 
robust and easier to fabricate. A 3-pm polyvinyl alcohol 
(PVA) intermediate layer serves to confine the fuel. In 
early experiments, the inner polystyrene shell (-440 pm 
i.d. and 3 pm thick) was doped with 0.07 at.% Ti. The 
fuel consists of 25 atm each of D2 and H,, doped with 

265 

0 / 
FIGURE 2. Cross section of a typical deuterated-fuel capsule design. 
(20-03-0995-21 07pb03) 

1 2 
Energy (keV) 

FIGURE 3. Initial capsule ablator opacity vs photon energy for 
58-pm-thick undoped plastic ablators and for 45-pm-thick 1.3 at.% 
Ge and 1.9 at.% Br-doped plastic ablators. (20-03-0Y95-20YYpbOl) 
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0.05 at.% Ar. The dilution of the D with H was necessary 
to avoid saturation in the secondary-neutron detector. 
The Ar and Ti serve as noninvasive emission diagnos- 
tics of electron temperature and electron density and of 
the spatial profile of the fuel and shell during the burn 
phase. Figure 3 shows the initial shell optical depth vs 
photon energy and shows, for example, that 1.3 at.% 
Ge doubles the initial capsule optical depth above the 
Ge (n = 2) bound-free absorption edge at 1.2 keV. 
Simulations using the measured photon flux above 
1.2 keV indicate that such shielding reduces the entropy 
of the inner shell surface relative to the undoped case 
by 20% before the first shock arrives at 1 ns. 

The RT seeding is provided by pre-roughening the 
capsule surface by ultraviolet (W) laser ablation19 of 
200 randomly distributed 75-pm-diam pits of equal 
depths, which yields a continuous distribution of per- 
turbation wave numbers. The surface roughness is 
quantified by averaging a series of circumferential 
depth profiles obtained by atomic force microscopy.20 
The profiles are Fourier-transformed to yield 1-D power 
spectra, which are found to be in excellent agreement 
with spectra predicted by a model assuming randomly 
located pits of the measured shape. By assuming 
isotropy, 1-D spectra can be converted21 to 2-D power 
spectra, which serve as input to simulations. A simple 
measure of the surface roughness is taken to be the 
square root of the summed power spectra, expressed 
as a rms roughness. For the purposes of defining 
roughness, the lowest order modes (I < lo>, which 
grow the least according to Eq. (11, are not included. 
By varying the pit depths, rms roughnesses so defined 
covered the range between 0.01 and 2 pm. 

Hohlraum Drive 
The capsules are mounted in the center of a 2400-pm- 

long, 1600-pm-diam Au hohlraum with 1200-pm-diam 
laser entrance holes on each end. A hohlraum of pen- 
tagonal cross section was used to avoid line focusing 
of reflected laser light onto the capsule surface, as is 
observed with cylindrical hohlraums. X-ray and opti- 
cal measurements indicate that such line foci reach 
irradiances of 1014 W/cm2 over the first 200 ps, which 
could seed RT-unstable perturbations of similar magni- 
tude to some of the smaller amplitude ablated pits. 

The soft x-ray drive was generated by irradiating the 
inner hohlraum walls with ten accurately synchronized 
(10 ps rms fluctuation), precision-pointed (30 pm rms 
fluctuation), power-balanced (<1 0% rms fluctuation)?2 
0.35-pml 2.2-ns-long 3-kJ Nova pulses. Figure 4(a) shows 
the absorbed power from a ramped pulse shape, called 
PS26, chosen to provide reduced shock preheating23 
and to more closely approximate ignition-scale drive. 
The average x-ray flux at the capsule, plotted in Fig. 4(a) 
as a blackbody flux temperature, was inferred from 
filtered, time-resolved, multichannel (Dante) 
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 measurement^^^ of x-ray re-emission from the hohlraum 
walls. Measurements were performed on both laser- 
irradiated and unirradiated walls.25 The drive was 
independently inferred from simultaneous UV shock 
breakout measurements26 using AI wedges [Fig. 4(b)]; 
the results are in good agreement with simulations based 
on the measured drive shown in Fig. 4(a). The peak drive 
temperature was 237 k 7 eV; the uncertainty corresponds 
to a factor of 2 uncertainty in calculated neutron yield. 

Harder x rays emanating from the high-temperature, 
low-density Au laser plasmas (principally Au n = 4 to 
n = 3 and n = 5 to n = 3 transitions between 2 and 4 keV) 
are also present. Figure 3 shows that the ablator optical 
depth is only 1 to 2 for these x rays, making them an 
important source of preheating of the inner shell. Their 
fractional contribution to the total drive at the capsule 
(shown in Fig. 5) was determined from a solid-angle 
average formed by combining the Dante localized abso- 
lute flux measurements with 2-D spatially resolved x-ray 
images of the hohlraum wall. We attribute the initial 
spike in the hard x-ray fraction to reflected laser light 
efficiently illuminating much of the hohlraum walls; 
0.1 ns later, plasma expansion has greatly diminished the 
reflectivity and localized the hard x-ray production at 
the first-hit locations of the laser. The error bars represent 
only Dante uncertainties; the assumption of an optically 
thick Lambertian source for the harder x rays may result 
in an additional 2x underestimate of their fraction. 
However, simulations show that admitting a total factor 
of 3 underestimate in hard x-ray fraction will decrease 
yields for 1.3 at.% Ge-doped capsules by only 30%. 

Deuterated Fuel Capsules 
The implosions are diagnosed by primary and sec- 

ondary neutron yields?7 neutron production 
time-resolved x-ray and time-resolved x-ray 
spectroscopy of tracer dopants in the shell and 
fue1.13~23~30~31 The results of an early campaign with Br- 
doped capsules have been published e l ~ e w h e r e . ~ ~  The 
newer Ge-doped capsule implosion results described 
here have been more thoroughly characterized and 
modeled. Results are compared with predictions 
made using the 2-D radiation hydrodynamics code 
LASNEX.32 A new 3-D radiation hydrodynamics code, 
HYDRA,33 is also being used to simulate these high- 
growth-factor implosions. 

Performance vs Preheat Shielding 
The first HEP4 implosions served to test our under- 

standing of the behavior of the smoothest available 
plastic capsules as ablator doping was increased. In the 
limit of negligible RT growth, one would expect that 
the increase in in-flight shell density p due to preheat 
shielding provided by the mid-Z dopant would improve 
capsule performance. Specifically, for a fixed implosion 

velocity v, the compressional p r e ~ s u r e ~ ~ ~ ~ ' ~  pv2 that 
determines the final fuel areal density and yield achiev- 
able should increase with p. 

Figure 6 shows that the measured yield does indeed 
increase with Ge doping, with a slope consistent with 
that of the corresponding 1-D simulations. Peak neutron 
production times (2.2 f 0.1 ns) and hence implosion 
velocities were kept fixed by varying the initial ablator 
thicknesses (from 44 pm at 2 at.% Ge to 58 pm for 
undoped ablators) to compensate for changes in initial 
shell density and opacity when incorporating Ge in the 
ablator. Capsules were selected for best surface finish 

(a) 

Flux at capsule 

J' E 2 6  drive I J 
i 
e 

0.2 

0 

b) 

Measured shock trajectory 

based on 
drive show 

0 1 2 3 
t (ns) 

FIGURE 4. (a) Measured absorbed laser power and measured soft 
x-ray flux (plotted as a blackbody flux temperature) from absolutely 
calibrated filtered diode array (Dante). (b) Measured shock trajectory 
in AI wedge and corresponding predicted trajectory based on the 
x-ray drive in (a). (20-03-0995-21OOpbO1) 
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(<0.03 pm rms roughness). The simulations used the 
measured drive flux and spectrum at each time as 
baseline input, with slight modifications for (<lo%) 
shot-to-shot variations in laser energy and capsule 
dimensions. The systematic factor of 3-4 discrepancy 
between simulated and measured yields for smooth 
capsules is not completely understood, but 3-D calcu- 
lations which include long wavelength shell thickness 
variations significantly reduce this discrepancy. These 
calculations are described in the section "Recent 
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FIGURE 5. Measured 24-keV hohlraum power as a fraction of total 
x-ray power. Error bars represent uncertainty in Dante calibration 
and unfold only. (20-03-0995-21OlpbOl) 
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FIGURE 6. Measured and calculated primary (DD) neutron yields vs 
doping for smooth capsules. Solid lines are linear fits to data and 
simulations. (20-03-0995-2103pbOl) 

Modeling Advances." Nevertheless, the increase in 
yield as preheat shielding is increased for best surface 
finish capsules is encouraging for NIF, because it 
demonstrates a hydrodynamically similar implosion 
for which the beneficial effects of a more isentropic 
compression outweigh the detrimental effects of 
increased susceptibility to RT growth. 

reduction in imploded core image size as the ablator 
doping is increased from zero to 1.3 to 2.7 at.% Ge. The 
core images, captured with 7-pm and 80-ps resolution 
by gated pinhole cameras, are dominated by Ar 
bound-free emission from the doped fuel. Figure 7(d) 
shows the azimuthally averaged 50% contour diame- 
ters extracted from such images. The average measured 
x-ray radii decrease monotonically with increasing Ge 
doping, with a slope consistent with post-processed 
2-D integrated hohlraum and capsule simulations of 
image size, but with an overall 30% size reduction. 

Figure 7 displays 4-keV x-ray snapshots showing a 

(a) Undoped (b) 1.3% Ge (c) 2.7% Ge 

i 
' I  

- 7 5 p m - 4  
(d) FWHM vs Ge atomic fraction 

0 1 2 
Ge atomic fraction (%) 

3 

FIGURE 7. X-ray images at 4 keV of imploded cores from smooth 
capsules at peak emission time for (a) no doping, (b) 1.3 at.% Ge, and 
(c) 2.7 at.% Ge. (d) Measured (solid circles) and calculated (open cir- 
cles) azimuthally averaged diameters of 50% x-ray emission contours 
vs Ge doping. Solid lines are linear fits to data and simulations. 
(20-03-0995-2102pbOl) 
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Fuel areal densities and (by invoking particle conser- 
vation) fuel convergences were also inferred from the 
fraction of secondary DT reactions and the resultant 
secondary-neutron energy measured by a 
large neutron scintillator array (LaNSA). This diagnostic 
technique, used extensively in the HEPl 
works on the principle that the triton produced in the 
primary DD reaction undergoes secondary DT reac- 
tions with a probability that depends on the areal den- 
sity of deuterons seen by the escaping triton. At all Ge 
dopings, the inferred fuel convergences are within 10% 
of the values obtained from simulations. To reconcile 
the x-ray size discrepancy with the agreement in con- 
vergence, we note that emissivities for kilovolt x-ray 
photons are sensitive to sub-kilovolt variations in 
plasma temperature, while the secondary reaction 
between MeV tritons and deuterons is not. Hence the 
30% overprediction in x-ray core image size shown in 
Fig. 7(d) may be evidence that the simulations, while 
correctly predicting the final fuel radius, overpredict 
the plasma temperature in the outer regions of the 
compressed fuel. Such increased cooling is seen in 3-D 
calculations which include long wavelength variations 
in capsule wall thickness. 

Spatially integrated, time-resolved spectra of Ar and 
Ti line and continuum emission were also recorded 
during the fusion phase.30 The emission lines of inter- 
est are those of He-like Ti (ls2p-ls2) and of optically 
thin He-like Ar (ls3p-ls2) and H-like Ar (3p-1s). The 
measured Ar and Ti line durations for 1.9 at.% Br-doped 
capsules were 150 and 80 ps FWHM, respectively, half 
the corresponding durations for undoped capsules and 
in good agreement with simulations. Predicted H-like 
emission from the Ti dopant in the inner portion of the 
shell was not observed, again suggesting that the vol- 
ume comprising the outer regions of the fuel and the 
inside of the shell is cooler than expected. 

The agreement between measured and predicted 
trends in capsule performance as preheat shielding is 
increased indicates that the goal of mimicking more 
isentropic NIF-like implosion conditions has been 
attained. Specifically, smaller cores, shorter burn phases, 
and higher neutron production rates are observed as 
preheat shielding is increased. 

Performance vs Surf ace Roughness 
Figure 8 shows primary neutron yield for undoped 

and doped capsules vs initial surface roughness. Between 
best surface finish (<0.03 pm rms) and 1 pm rms rough- 
ness, the yields of undoped capsules drop by a factor of 
only 1.5, while those of 1.3 at.% Ge-doped capsules drop 
by a factor of 6. This finding is qualitatively consistent 
with the transition from low- (GF -10) to high-growth- 
factor (GF = 110) behavior expected with doping. 
Moreover, we observe a statistically significant factor-of-2 
yield degradation between doped capsules with best 

surface finish and doped capsules with 0.1-pm rms 
roughness; from Fig. 1, the latter correspond closely to 
the 20% mix fraction growth that determines the NIF 
ignition threshold. 

yields vs surface finish with various simulation results. 
The lowest curve, which represents the atomic mix 
model with no saturation, severely overestimates the 
yield degradation for large initial surface roughnesses. 
The other curves represent the same model corrected 
for the different saturation behavior predicted for 3-D 
or 2-D multimode growth.34 The atomic mix models 
are in fairly good agreement with data at the rough 
end. As discussed in the section on 3-D modeling 
advances, the factor of 3-4 yield discrepancy, which 
remains at the smooth capsule end can be largely 
accounted for by long wavelength capsule wall thick- 
ness variations. The larger yield degradation calculated 
for the 3-D saturation model is a consequence of the 
later onset of saturation4 and of the higher terminal 
velocity of low-density 3-D fuel bubbles rising into the 
shell. The atomic mix model with the 2-D saturation 
prescription, although not strictly comparable with the 
3-D nature of perturbation growth in the experiment, 
is included to show good agreement with 2-D finely 
zoned multimode simulations (shown as triangles). 

tion growth past saturation and do not need to combine 
modes into a 1-D mix description, were made possible 
by using only a few photon groups.33 This method is 

Figure 9 compares the averaged doped capsule 

These multimode simulations, which follow perturba- 
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FIGURE 8. Measured primary neutron yields for 1.3 at.% Ge-doped 
(solid circles) and undoped (open circles) capsules vs initial rms sur- 
face roughness. (20-03-0995-2104pbOl) 
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only applicable when diffusive radiation transport is 
used, speeding up computer simulations. The 3-D 
nature of the perturbations is accounted for by adjusting 

- 
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FIGURE 9. Measured and calculated primary neutron yields for 
1.3 at.% Ge-doped capsules vs initial surface roughness. Solid circles 
are averaged data points from Fig. 8. Solid curves are predictions 
from the atomic mix model with no saturation, with a 2-D saturation, 
and with a 3-D saturation prescription. The square and the triangles 
are predictions from 2-D multimode simulations with and without 
flux nonuniformities. The vertical line at the upper left represents the 
range of yields calculated by the 3-D HYDRA code for a smooth cap- 
sule by varying the relative orientation between low-order capsule 
and radiation flux nonuniformities. (20-03-0995-2105pbOl) 
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FIGURE 10. Relative capsule convergence (inferred from secondary 
neutron yields and spectra) vs initial surface roughness for undoped 
and 1.3 at.% Ge-doped capsules. The curve is a prediction for 1.3 at.% 
Ge doping, using the atomic mix model with 3-D saturation. 
Convergences are normalized to calculated convergence for smooth, 
doped capsules. (20-03-0995-2106pbOl) 

the 2-D surface power spectra so that each mode 
makes the same relative contribution to the total rms 
roughness as in three dimensions. As 2-D simulations 
are carried out on a 90" quadrant, power in odd modes 
is "aliased into the adjacent even modes. At peak neu- 
tron emission time, the 2-D simulations show classic 
"bubble and spike" saturated RT growth for the domi- 
nant modes at the pusher-fuel interface for initial surface 
roughnesses greater than 0.1 p. The effects of low-mode 
drive nonuniformities, which distort the pusher-fuel 
interface, were included in some 2-D multimode 
calculations. For example, the predicted extra yield 
degradation due to flux nonuniformities for a smooth, 
doped capsule is -30%, as shown by the square in 
Fig. 9. More appropriate 3-D multimode simulations 
treating such flux asymmetries in their exact 3-D orien- 
tations are described under Recent Modeling Advances, 
below. In particular, the effects of synergism between 
growth of low-order surface perturbations and flux 
asymmetry-seeded perturbations are quantified there. 

Figure 10 shows relative capsule convergences 
inferred from secondary-neutron yields and spectra 
from doped and undoped capsules vs initial surface 
roughness. The data points are averaged over capsules 
of similar roughness, and standard errors are shown. 
As expected, only the convergence of the high-growth, 
doped capsule drops significantly as capsule surface 
roughness is increased to 1 pm rms. The solid line is in 
fair agreement with the data. It represents post-processed 
predictions of the inferred convergence for 1.3 at.% Ge 
doping based on following the triton trajectory through 
both the pure fuel and the 1-D atomically mixed layer. 

Figures 9 and 10 show that the primary and secondary 
gas yields are best suited to inferring large mix fractions. 
This is because the gas yield for nonigniting capsules is 
dominated by the hottest (central) region, which is far- 
thest from the pusher-fuel interface and least affected 
by conduction cooling. By contrast, shell conditions 
can be most sensitive to small amounts of mix as pene- 
trating spikes of shell material enter a region of steeply 
rising t e m p e r a t ~ r e . ~ . ~ ~  For the lower-convergence 
HEP3 targets, moderate shell-gas mix was inferred 
from ratios of shell to gas dopant x-ray line emissivi- 
ties.6 Analogous m e a s u r e m e n t ~ ~ ~ ! ~ ~  attempted for 
HEP4 are sensitive to the significant x-ray reabsorption 
by the more converged and compressed shells. For 
example, for the Ar 3-1 lines, the shell optical depth at 
peak neutron production time is -5.13 

Deuterated-Shell Implosions 
One technique for circumventing the problem of 

high shell x-ray opacity in inferring shell mix is to 
measure the neutron yields from capsules with deuter- 
ated shells.35 Figure 11 shows a cross section of the 
capsule design. The only differences with respect to 
the usual capsule (Fig. 2) are a 75-atm H fill (to provide 
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an inert fill with the same convergence as the 50-atm 
fill shown in Fig. 2) and a 4-pm-thick deuterated 
polystyrene inner shell. Peak growth factors are a fac- 
tor of 2 higher, principally because the shell yield 
(which depends on thermal conduction) is delayed 
with respect to the fuel yield, allowing more time for 
perturbation growth. Small amounts of mix should 
now act to increase the yield by introducing D into the 
hotter central gas region. For example, the fusion rate 
at the -1-keV temperature of interest and for an ion 
density n scales as n2T7, and hence as T5 for a profile 
with constant pressure nT. For larger mix fractions, 
compression is reduced (see Fig. lo), reducing temper- 
atures throughout the capsule. Therefore, after an initial 
rise in yield with increasing mix fraction, a drop in 
shell yield might be expected. 

primary yield on surface roughness. The implosion 
conditions were identical to those in the deuterated- 
fuel implosions except for a 7% lower drive designed 
to reduce ultra-hard x-ray contamination of the neu- 
tron diagnostics measuring the low yields. The yield 
remains nearly constant with increasing surface rough- 
ness up to 0.5 pm and finally falls for rougher surfaces. 
The standard atomic mix model with 3-D saturation, 
shown as the middle curve in Fig. 12, predicts only a 
slight increase in yield with surface roughness, in fair 
agreement with the data. The explanation for this 
behavior is that the shell yields are sensitive to an 
additional ingredient in the model that does not affect 
gas yields: an enhanced heat diffusivity term scaling as 
a L ( d L / d t )  over the 1-D mix layer of width L, where a 
is a heat diffusivity m~ltiplier. '~ This extra heat flow is 
used to mimic the heat dilution that occurs as the sur- 
face area of a more realistic RT-modulated interface 
grows. The middle curve in Fig. 12 uses a = 1, but the 
result changes little for a between 0.5 and 2. If a is set 
to 0, the top curve results, in significant disagreement 
with the data. The reduction in yield with enhanced 
heat diffusivity is a consequence of reducing tempera- 
ture gradients in the mix region, thereby dropping 
peak temperatures in the innermost shell region, which 
dominates the yield. For NIF 1-D capsule designs, such 
a heat flux term is essential in the 1-D atomic mix 
model to correctly account for heat transfer from the 
inner hot DT gas to the outer cold DT pusher. The 
absence of H-like Ti shell emission in earlier experi- 
ments is also more consistent with a reduction in shell 
temperature gradients. By contrast, gas yields are factors 
of 5 less sensitive than shell yields to the heat diffusiv- 
ity term; in the atomic mix predictions of gas yields 
shown in Fig. 9, we used a = 1. 

Figure 12 also shows predictions of 2-D multimode 
(1 = 2,4, 6,. . . ,481 and single-mode (1 = 24) calculations, 
which are in good agreement with the data and with the 
atomic mix model, including enhanced heat diffusion. 

Figure 12 shows the observed dependence of shell 

The simpler single-mode simulations assume that all 
the roughness is concentrated in a dominant mode. 
The predicted yields fall rapidly at about 0.4 pm rms 
roughness, for which the increased heat losses to the 
deuterated layer are insufficient to raise or even maintain 
the D temperature because of the reduced compressional 
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0 / 
FIGURE 11. Cross section of a typical deuterated-shell capsule 
design. (20-03-0995-2107pbO2) 
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FIGURE 12. Measured and calculated primary yields for 1.3 at.% 
Ge-doped deuterated-shell capsules vs initial surface roughness. 
Solid circles are the data with experimental uncertainties. The top 
and middle curves are predictions from the atomic mix model with- 
out (a = 0) and with (a = 1) enhanced heat diffusion. The lower 
curve and squares are predictions from 2-D single-mode ( l  = 24) and 
multimode (2 = 2,4,6, ... ,48) simulations. (20-03-0995-2107pb01) 

UCRL-LR-105821-95-4 278 



HIGH-GRO WTH-FACTOR IMPLOSIONS (HEPU 

heating of the gas. For example, the peak compressional 
heating power in the implosion of a capsule with 1 pm 
rms roughness is only 72% of the unperturbed value. 
The simulations indicate shell breakup for capsules 
above 0.4 pm rms roughness. 

Recent Modeling Advances 
In current HEP4 work, we have advanced to 3-D 

modeling using the new HYDRA code.33 Simulations 
in progress include modeling of both multimode and 
single-mode perturbation growth; additional distortion 
from radiation flux asymmetries can be included. The 
code uses multigroup radiation diffusion. 

Figure 13 shows a snapshot of the ablation front and 
pusher-fuel interface for a typical single-mode growth 
simulation ( l  = 18) of a 0.25-pm rms perturbation. The 
interfaces shown represent an isodensity surface at 
17.2 g/cm3, 40 ps before peak neutron production time. 
The white contour lines show the 90" x 36" repeating 
sector used in the simulation. The 92 pits on the out- 
side surface (modeled as hyperGaussians) have fed 
through to form bubbles of fuel rising into the shell 
and parabolic ridges of shell material penetrating the 
fuel. A Kelvin-Helmholz instability at the fuel-pusher 
interface causes significant roll-up in the bubble tips. 
The calculated yield was 82% of the yield for a per- 
fectly smooth capsule surface. 

Recently, the measured lowest-order capsule 
imperfections have been added to the input of a 3-D 

FIGURE 13. Three-dimensional Simulation of isodensity (17.2 g/cm3) 
surface contour of imploded capsule, 40 ps before peak neutron 
emission time. Outside surface (70 pm diam) shows ablation front 
growth. Initial perturbation was a 0.25-pm rms single-mode pattern 
( I  = 18) created by 92 pits on 1.3 at.% Ge-doped capsules. White con- 
tour lines define the 90" x 36" repeating sector used in the simulation. 
(08-00-0695-1495pb01) 
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multimode simulation, which included radiation flux 
asymmetries. In particular, the importance of a worst- 
case 5-pm variation in capsule shell thickness from 
pole to equator has been studied. By aligning the cap- 
sule so that the thinnest part of the shell faces the 
hohlraum midplane, where a combination of P, and 
rn = 5 radiation flux asymmetries already act coher- 
ently, 3-D HYDRA simulations predict a 60% drop in 
yield, from 1.44 x lo9 to 6 x lo8 (see Fig. 9). The yield 
drops sharply because the thinner sections of the shell 
converge faster and allow spikes of shell material from 
RT growth of rn = 5 seeded perturbations to meet at 
peak neutron emission time. Hence, the scatter in the 
smooth capsule yields may be due to the arbitrary cap- 
sule-to-hohlraum orientation inherent during target 
assembly and the variable amplitude of lowest-order 
fluctuations in capsule shell thickness. 

Conclusion 
Low-entropy Nova implosions using x-ray preheat 

shielded, doped plastic capsules with reproducible, 
well-characterized pre-roughened surface finishes have 
demonstrated large hydrodynamic instability growth 
similar to that expected in ignition-scale targets. The 
expected transition to lower entropy and higher insta- 
bility growth, and hence to ignition-scalable behavior, 
was experimentally demonstrated by comparing the 
performance of doped and undoped capsules inferred 
from x-ray and neutron measurements. To avoid diffi- 
culties with high shell x-ray opacities, pusher-fuel mix 
was inferred from neutron yields rather than from the 
dopant x-ray line ratios described in HEP3. The large 
scatter in the yields of the smoothest capsules may be 
related to the arbitrary orientation of low-order cap- 
sule-shell-thickness nonuniformities with respect to 
radiation-seeded asymmetries, which could lead to 
large differences in imploded capsule shape. Average 
neutron yields for the smoothest capsules remain 
lower than expected for both undoped and doped cap- 
sules, although 3-D calculations which include the low 
order capsule, wall thickness variations are expected to 
significantly reduce this discrepancy. Neutron yields 
from roughened capsules suggest that there is similar 
or less growth than predicted by models including 
growth saturation, thereby validating current capsule 
surface finish requirements for ignition designs. Yields 
from complementary deuterated-shell experiments 
agreed with the models and clearly show that enhanced 
heat diffusion must be included in the traditional 
atomic mix model. 
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Introduction 
Indirect-drive inertial confinement fusion (ICF) uses 

high-Z cavities, or hohlraums, to confine x rays for 
compressing and igniting deuterium-tritium fuel con- 
tained in spherical capsules.lT2 For laser-driven ICF, the 
intense laser beams enter the hohlraum through small 
laser entrance holes (LEHs), heating the high-Z 
hohlraum walls. The laser-produced radiation heats 
the unirradiated high-Z walls producing a nearly 
isotropic radiation environment for spherically com- 
pressing the ICF capsule.2 The radiation flux on the 
capsule is not completely isotropic, however, because 
the laser-irradiated area is generally brighter than the 
surrounding x-ray heated walls and the LEHs do not 
radiate. Furthermore, the angular distribution of flux 
on the capsule is time dependent because the unillumi- 
nated walls become hotter and more emissive as a 
function of time, and plasma dynamics cause the laser- 
irradiated area to move. Symmetric implosions are 
obtained by dynamically balancing the effects of the 
LEHs, wall heating, and laser-spot m ~ t i o n . ~  

depend on the dynamics of the hohlraum plasma. For 
long pulses, such as those required for ignition targets 
on the proposed National Ignition Facility (NIF), a 
large volume of the hohlraum can fill to plasma elec- 
tron densities of ne = 1021 c m 3  or greater, which can 
cause significant movement of the absorption region. 
In NIF hohlraum designs, a low-Z plasma replaces the 
low-density, high-Z blowoff to better control the laser- 
spot motion. 

Inverse bremsstrahlung is lower in the low-Z plasma 
compared with a high-Z plasma at the same density, 
allowing the laser to deposit its energy in higher-density, 
high-Z plasma nearer the initial wall p o ~ i t i o n . ~ ~ ~  
Calculations indicate that the low-Z plasma reduces 

The laser absorption and thus radiation symmetry 

the movement of the laser deposition region, making 
symmetry more easily obtainable. For initial NIF target 
designs, the low-Z underdense plasma was produced 
by initially coating the high-Z wall with low-Z material. 
The laser and radiation ablate the thin low-Z coating 
from the wall, filling the hohlraum with low-Z plasma. 
For more recent designs, the hohlraum is initially filled 
with low-Z gas which, when ionized, produces the 
underdense low-Z plasma. Gas-filled hohlraums avoid 
problems with plasma stagnation and jetting, which 
computationally degrade capsule symmetry in the 
lined-hohlraum designs. 

NIF designs using low-Z plasma to control spot 
motion had not previously been tested. Many of the 
Hohlraum and Laser Physics (HLP) tasks for the Nova 
Technical Contract (NTC) were developed to experi- 
mentally test the physics for low-Z lined hohlraums. 
Specifically, HLPl and HLP2 are tasks to test the ener- 
getics of lined hohlraums and to understand the scaling 
to NIF hohlraums within the energy and power con- 
straints of Nova. HLPl experiments investigate drive 
using shaped pulses where the underdense plasma 
evolution better approximates the NIF plasma but at 
lower powers than attainable on the NIF. The goal of 
HLPl is to demonstrate acceptable laser coupling in 
hohlraums with a shaped drive pulse producing radia- 
tion temperatures TR in the range of -100 to -210 eV. 
HLP2 experiments investigate drive in lined hohlraums 
at high powers to understand radiation drive scaling 
to NIF peak drive regimes. HLP2 goals are to demon- 
strate acceptable coupling in hohlraums with TR of 
2270 eV. For both tasks, acceptable coupling is defined 
as absorption fraction jabs > 90%; stimulated Brillouin 
scattering (SBS) fraction fsss < 5-10%; hot electron frac- 
tion fhot < 5% at a hot electron temperature, That 2 50 keV, 
and stimulated Raman scattering (SRS) fractionfsRs < 5%. 

* Sandia National Laboratories, Albuquerque, New Mexico 
** Los Alamos National Laboratory, Los Alamos, New Mexico 
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Results from both HLPl and HLP2 experiments suc- 
cessfully attain the drive goals defined in the NTC, 
although the liner does reduce the peak drive com- 
pared with experiments using unlined hohlraums. 
Calculations partly predict this reduction in drive as 
being due to enhanced hydrodynamic losses to the 
underdense plasma. Although the diagnostics were 
not optimal, measurements of SBS using subaperture 
sampling and SRS using x-ray bremsstrahlung from 
fast-electron production suggest that enhanced plasma 
instability production in the lined hohlraums also con- 
tributes to the observed reduced drive. The drive 
experiments performed for HLPl and HLP2 use 
unsmoothed laser beams. Recent experiments demon- 
strate that stimulated scattering levels are reduced to 
about the 1% level using beam-smoothing techniques. 
These experiments are described in "Laser-Plasma 
Interactions in NIF-Scale Plasmas (HLP5 and HLP6)" 
on p. 305 of this Quarterly. For the same laser intensity 
and pulse length, x-ray conversion efficiency inferred 
in hohlraums is significantly higher than that obtained 
from isolated flat foils. The HLP task is focused on 
experiments to understand this difference. 

Experiments 
Experiments on Nova use hohlraums whose shape 

is a right circular cylinder, shown schematically in 
Fig. l(a). Nova scale-1 hohlraums are Au and are 
1.6 mm diam x 2.55-2.75 mm long. Typically, the 
hohlraum wall thickness is 25 pm, and in some experi- 
ments is thinned to -2 pm to image kilo-electron-volt 
x rays through the wall. Different hohlraum lengths 
are sometimes used for symmetry or for satisfying 
other experimental constraints. Different hohlraum 
sizes are scaled from the scale-1 size by the ratio of 
their dimensions to those of a scale-1 size. For exam- 
ple, a 0.75-scale hohlraum is 1.2 mm diam x 2 mm 
long. The LEH is varied, depending on the experiment, 
from 50 to 100% of the hohlraum diameter. For the 
energetics scaling, the results are scaled to 50% LEH for 
the square pulses and 75% for the shaped pulses, unless 
otherwise noted. For all of the energetics studies, the 
hohlraums are empty, not containing a fuel capsule. 

The lined hohlraums are coated with either Ni or 
CH in the form of parylene. The parylene coating is 
done using vacuum deposition and by allowing the 
parylene to enter through the LEHs and randomly col- 
lide with the wall until it sticks. Since parylene has a low 
probability of sticking when colhding with a solid surface, 
it statistically has many collisions with the wall before 
it sticks. This method can produce uniform surfaces 
even on the inside hohlraum wall. Typically, the coating 
thickness is 0.75 pm with a density p = 1.10 g/cm3 unless 
otherwise stated. When fully ionized, this layer would 
fill the initial volume to a density of -loz1 electrons/cm3. 
The coating thickness is characterized by measuring 

the Au x-ray fluorescence from a scanning electron 
microscope (SEMI. The SEM signal is calibrated using 
a series of flat Au targets overcoated with various 
thicknesses of parylene. The coating thicknesses on the 
flat targets are characterized using optical interferometry 
and a stylus profilometer. In this way, coating thick- 
ness for the hohlraums can be measured to an accuracy 
of *20%. Uniformity along the inside hohlraum wall is 
checked using the SEM by cutting open test hohlraums. 
Also, coating thicknesses on a target used for an exper- 
iment could be checked by measuring the thickness on 
the outside wall. 

Ni-coated hohlraums are made using electrodeless 
Ni plating. The coating is 88% Ni by weight with the 
remaining 12% by weight being I? Its average density 
is 8.2 g/cm3, with the nominal coating thickness of 
0.15 pm. Thicknesses on hohlraums are also characterized 

Scale 1 : 

Liners: 
2.7 mm long x 1.6 mm diam 

CH 0.3-1.0 pm 

0 

/ FE3:l 
contrast 

/ FE3:l 
contrast 

I 
1 2 3 4 

t (ns) 

FIGURE 1. Schematic of hohlraum drive experiments. (a) The 
hohlraum and irradiation geometry. (b) Representative pulse shapes 
of the incident laser pulses at 0.35 pm wavelength. PS22 is a 3:l con- 
trast shaped pulse for HLPl and HLPZ, using a 1-ns square pulse 
with a maximum power of 30 TW. (20-05-0995-2111pb01) 
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using the SEM, measuring the relative x-ray fluorescence 
signal of Ni compared with Au. Again, the system is 
calibrated using coated Au flats. Errors in thickness are 
estimated to be +20%. 

Hohlraums are irradiated using the 10 Nova laser 
beams, 5 per side. Figure l(b) shows the laser pulses. 
The pulse shape for HLP1, designated PS22, is a 2.2-11s- 
long pulse with a 3:l contrast between the peak intensity 
and the foot intensity. This is the same pulse shape 
used for the bulk of the pulse-shaped symmetry exper- 
iments described in the next article, “Nova Symmetry: 
Experiments, Modeling, and Interpretation (HLP3 and 
HLP4),” on p. 293. Pulse shapes for HLP2 are 1-ns-long 
approximately square pulses with total powers up to 
30 TW (maximum power available on Nova). The beams 
are pointed through the center of the LEH and defocused 
to reduce the intensity of the laser on the wall, shown 
schematically in Fig. l(a). For a scale-1 target, the defo- 
cusing is -1 mm, in the diverging direction from best 
focus, at the LEH. This allows -100 pm clearance of the 
beam for a 50% LEH, assuming geometrical optics for an 
f / 4  beam. The beam irradiates the wall of the hohlraum 
at an angle of 40” with respect to the normal of the wall 
and has a first bounce intensity of -8 x loT4 W/cm2 for 
2 TW of laser power PL per beam. 

Diagnostics 
X-ray drive is measured using two complementary 

 technique^.^ One technique measures the shock wave 
generated by the absorbed x-ray flux in an A1 witness 
plate. The A1 witness plate is a piece of A1 whose thick- 
ness continuously varies from one end to the other, or 
has discrete steps of known thickness, placed over a 
hole in the hohlraum wall. The shock front is mea- 
sured by observing the optical emission produced by 
the emerging shock at the rear of the A1 plate. The 
optical emission is measured using an ultraviolet (UV) 
Cassegrain telescope coupled to an optical streak cam- 
era. X-ray drive is derived by comparing the measured 
shock velocity with hydrodynamic calculations or 
semi-empirical models as described in the article 
”Planar and Cylindrical Rayleigh-Taylor Experiments 
on Nova (HEP2),” p. 232. The estimated error for mea- 
suring drive is +5 eV, which includes the accuracy of 
the measurement and the uncertainty in the comparison 
with the calculations. The other technique measures the 
x-ray flux irradiated from the hohlraum wall using an 
array of x-ray diodes (XRD).6 A number of broadband 
channels are defined in the range from 0.1 to 1.8 keV 
using thin absorption filters and, for some channels, 
grazing incident x-ray mirrors. The XRD array mea- 
sures the hohlraum drive by measuring the flux from 
an opposite wall in the hohlraum through a hole in the 
hohlraum wall. The hole is lined with Be to prevent 
high-Z plasma from occluding the line of sight into the 
hohlraum. Time-resolved spectra are unfolded from 

the signals using calibrated channel response. The time 
resolution is on the order of 150 ps limited by the 
bandwidth of the detectors and oscilloscopes and the 
correlation of the timing among the detectors. The 
spectrally integrated flux is measured to an accuracy of 
-20% including calibration accuracies and unfolding 
uncertainties resulting in a +5% uncertainty when con- 
verted to an equivalent radiation drive temperature. 

The two measurement techniques are complemen- 
tary since the shock velocity measures the flux incident 
on the wall while the XRD array measures the reradi- 
ated flux. The two are related by the walPalbedo? or 
effective reflectivity. The shock velocity is best suited 
for measuring peak drive and can provide only coarse 
time-dependent measurements. The XRD array pro- 
vides much better time-dependent reradiated flux 
measurements, but the data must be corrected for 
albedo, which is time dependent, to obtain incident 
x-ray flux. For both techniques, the measurement is 
usually made in the midplane of the hohlraum 
between the two sets of beam cones where it is not 
directly irradiated by the laser. The flux on the ICF 
capsule, or other areas of the hohlraum, must be 
derived using detailed radiation hydrodynamic calcu- 
lations or semi-empirical view factor estimates. 

Laser coupling is also studied by measuring the 
scattered light and x-ray bremsstrahlung produced by 
superthermal electrons. SBS light into the lens is mea- 
sured using a subaperture sampling on one of Nova’s 
ten beamlines, beamline six (BL6).7 The light from 
approximately 5% of the beam area is extracted from 
the reflected beam using an uncoated piece of fused 
silica. It is then optically relayed to a diagnostic table 
equipped with an optical calorimeter, a fast-photodi- 
ode coupled to a Tektronix 7912 transient digitizer, and 
a time-resolved optical spectrometer. The calorimeter 
and photodiode are absolutely calibrated by placing a 
partially reflecting retroreflector in front of the 
calorimeter mounted opposite BL6. The retroreflector 
reflects 7.6% of the incident energy, and the data is 
reduced assuming the incident light and backscattered 
light uniformly fill the lens aperture. More recent 
experiments with improved diagnostics developed for 
HLP5 [as discussed in ”Laser-Plasma Interactions in 
NIF-Scale Plasmas (HLP5 and HLP6)” on p. 3051 have 
shown that there can be significant variations in the 
near-field distribution of the backscattered light in the 
lens aperture as well as some light being scattered out- 
side of the lens8 The scattered light data presented 
here have large uncertainties due to the subaperture 
sampling, but the relative trends in the data among 
different target types should be qualitatively valid. 

Fast-electron production from SRS is studied by 
measuring the x-ray bremsstrahlung from the target in 
the 20-200-keV spectral range.9 The x rays are pro- 
duced when the fast electrons deposit their energy in 
the high-Z case. For most of the measurements, 
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hohlraums with thin walls (-2-3 pm) are used to mini- 
mize x-ray absorption in the hohlraum walls. This 
measurement does not include fast electrons that 
escape the target or that lose their energy in the plasma 
before reaching the wall. In addition, time-resolved 
SRS light spectra are measured 28" from an incident 
beamline. Also, a photodiode array measures the 
angular distribution of the SRS light. SRS light was not 
measured inside of the lens cone. Recent experiments 
have shown that a significant amount of SRS light can 
be scattered into the lens cone.8 

Results 
Lined hohlraums reduce the amount of high-Z 

material filling the interior of the hohlraum. The effect 
of liners on plasma filling can be seen qualitatively in 
Fig. 2, which shows time-resolved images of kilovolt 
x rays viewing along the axis of Nova hohlraums.1° 
Figure 2(a) is an image of an unlined hohlraum, and 
Fig. 2(b) shows a hohlraum lined with 0.75 pm of CH. 
Both images are taken at around 1.5 ns after the begin- 
ning of PS22, which is near the peak of the laser intensity. 
Both images show five bright spots placed nearly equally 
inside of the hohlraum. These spots are Au blowoff 
from the laser beams irradiating the hohlraum walls. 
The hohlraum wall itself is masked by the LEH, which 
defines the viewing area. For the unlined hohlraum, 
the figure also shows five spokes and a central bright 
spot. These are produced by stagnation of the high-Z 
plasma from the wall blowoff, indicating that by this 
time the high-Z plasma has filled the laser irradiation 
part of the hohlraum. For the lined hohlraum, the 
bright spokes and central region are replaced by an 
absence of emission. This region is filled by low-Z CH 
plasma, which is a much poorer radiator than high-Z 
plasma. These images indicate that qualitatively, at 
least, low-Z plasma does reduce the filling of the 
hohlraum by high-Z plasma. 

Drive at high power has been investigated using 1-ns 
square pulses for HLP2. Figure 3 shows peak TR mea- 
sured using shock breakout for both CH- and Ni-lined 
hohlraums. Data are included for both scale-1 and 
scale-0.75 hohlraums. Most of the data are taken with 
2.55-mm-long hohlraums. Some of the data are from 
longer hohlraums and have been corrected (<5 eV) to 
account for this. The data is plotted as a function of 
P,/wall area where the wall area is the total area of the 
hohlraum not corrected for LEH or diagnostic holes. 
Drive from unlined hohlraums, reported previously, is 
also plotted for comparison." Drive from lined 
hohlraums is below the measured drive for unlined 
hohlraums. Table 1 summarizes the average reduction 
in drive for lined hohlraums compared with unlined 
hohlraums. The uncertainties listed in Table 1 are the 

standard deviations of the data set. For scale-1 targets, 
the reduction is 16-18 eV, representing -25-30% 
decrease in available x-ray drive for both CH- and 
Ni-lined hohlraums. 

Figure 4 shows drive from lined hohlraums heated 
with shaped pulses. Figure 4(a) shows the time-resolved 
drive derived from the XRD array for both CH- and Ni- 
lined hohlraums compared with drive measured from 

(a) Unlined hohlraum 

(b) Lined hohlraum 

FIGURE 2. X-ray images of the hohlraum heated with PS22 viewing 
along the axis of the cylinder. The time-resolved images are taken at 
approximately 1.5 ns, which is about the peak of the laser pulse. The 
image in (a) is from an unlined hohlraum and (b) is from a hohlraum 
lined with 0.75 pm CH. (20-05-099S-2112pbOl) 
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FIGURE 3.  Peak radiation temperature TR measured in scale-1 and 
scale-0.75 hohlraums heated with 1-ns square pulses of 0.35-pm light. 
Measurements are made using the shock breakout technique in A1 
witness plates. Open circles are from unlined Au hohlraums and 
closed circles and closed squares are from CH- and Ni-lined hohlraums, 
respectively. The HLP2 goal of 270 eV is shown as a dashed line. 
(20-05-1093-3696pbOl) 

TABLE 1. Reduction in drive of lined hohlraums compared with 
unlined hohlraums. 

ATR (eV) ATR (eV) 
Hohlraums experiment LASNEX 

Scale 0.75 
1 ns, 1500A Ni, 25 TW 26 + 9 - 
1 ns, 7500A CH, 25 TW 17+9  - 

Scale 1.0 
1 IIS, 1500A Ni, 12 TW 1 6 + 3  14 
1 ns, 1500A Ni, 25 TW 1 8 + 6  14 
PS22,1500A Ni 1 8 + 5  14 
PS22,4000!L CH 6 ? 3  9 
PS22,7500!L CH 11 + 9  12 
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unlined hohlraums. The main differences in the drive 
between the lined and unlined hohlraums are that the 
beginning of the drive is delayed in the initial foot of 
the pulse and that the peak drive is less for lined 
hohlraums. Figure 4(b) plots the peak drive as measured 
from the shock breakout, which also confirms the 
reduction in peak drive for lined hohlraums. The 
difference in peak drives for Figs. 4(a) and (b) is the 
correction for wall albedo. The delay in the beginning 
of the drive can be understood qualitatively as the 
reduction in x-ray flux initially as the laser burns 
through the liner before heating the Au walls. As sum- 
marized in Table 1, the reduction in peak drive for 
lined hohlraums is -20-30% of the x-ray flux for unlined 
hohlraums. Drive data from unlined hohlraums have 
been empirically fit with a simple power balance 
model.ll This simple model balances the heating sources 
with the heat losses. The heating source is the x-ray 
energy produced by the incident laser drive heating 
the hohlraum walls. The heat losses are the energy 
absorbed by the hohlraum walls and energy radiated 
through the laser entrance and diagnostic  hole^.^^^^^ 
The hohlraum wall loss is modeled using a Marshak 
scaling14 for wall loss. The power balance equation is 

The source term on the left is the incident PL multiplied 
by the effective efficiency for converting laser light to 
drive energy, 7HOHL. The loss terms are on the right. 
u is the Stefan-Boltzman constant, A is the hohlraum 
area, fH is the fraction of the hohlraum area that is holes, 
and a is the wall albedo. All of the parameters in the 
equation can be determined independently by the 
experimental geometry and the measurement except 
for qHoHL and a. a is both time and temperature 
dependent. It can be calculated from LASNEX or simple 
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models of radiation wave scaling and depends on the 
opacity and equation of state for the material. 

Figure 5 shows the data fit with Eq. (1) from the 
scale-1 hohlraums heated with square pulses. The fits 
use power-law scaling of a derived from self-similar 
solutions to Marshaks wave heating of materials with 
power-law dependencies for opacity and equation of 
state.12*13 qHoHL is treated as a fitting parameter. Results 
of the fits are shown Fig. 5. For unlined hohlraums, 
qHoHL = -0.75 while THOHL = 0.53 to 0.64 for the lined 
hohlraum data. This simple model suggests that the 
effective coupling is reduced by 15-30%. The data set 
is much sparser for the scale-0.75 data, but it is consis- 
tent with similar reduction in effective coupling. The 
pulse-shaped data cannot be fit easily with an analytic 
model because of the dependence of a on time and 
temperature, but the decrease in drive is approximately 
similar to the 1-ns square results, and therefore the 
reduction in coupling is expected to be similar. 

The reduced coupling for lined hohlraums can be due 
to several effects. Some reduction is expected, as discussed 
in the next section, because of the energy expended to 
heating the liner and to differences in coupling to 
hydrodynamic motion. Other potential differences are 
decreased absorption due to higher levels of reflected 
light, SBS, and SRS. 

The absorption is studied by measuring both the 
scattered SBS and SRS light and fast electrons pro- 
duced by SRS. Table 2 shows the fraction of SBS light 
scattered into the lens for the various targets for both 
CH- and Ni-lined hohlraums. The data are taken using 
the subaperture sampling, as discussed earlier. The 
quoted errors are the standard deviations of the data 
scatter and are not intended to represent the total error 
in the experiment. The CH- and Ni-lined hohlraum 
experiments were done at different periods on the laser, 
and the unlined data acquired during the two periods 
are listed separately for meaningful comparison. The 
two sets of unlined data show that the measurements 
are reproducible. 

Within the data scatter, no increase in SBS from CH- 
lined hohlraums is observed compared with SBS from 
unlined hohlraums. For Ni-lined hohlraums, higher 
SBS levels are observed for both scale-0.75 hohlraums 
heated with 1-ns square pulses and scale-1 hohlraums 
heated with PS22. The scale-0.75 hohlraum data during 
the Ni-lined experiments consist of only two data 
points for the Ni-lined hohlraums and one data point 
for the unlined hohlraums. This increase is therefore 
based on a sparse data set, but it is apparently real. For 
the CH-lined scale-0.75 data set, there are three data 
points for the unlined hohlraums and five data points 
for the CH-lined hohlraums. There are many shots for 
the PS22 data, and the increase in scattering for the Ni- 
lined hohlraums is apparently real. Some of the large 
scatter in the data may be due to changes in experi- 

mental conditions such as changes in the focusing. 
Some of the data were taken during symmetry studies 
where the crossing point of the beams changed with 
respect to the LEH. Some correlations in the data could 
be observed with the change in fo~us ing .~  When scat- 
tering data from unlined and Ni-lined hohlraums are 
compared with similar targeting geometries, scattering 
levels from Ni-lined hohlraums are consistently higher, 
although quantitative levels differ. 

A significant limitation to these measurements is 
due to the subaperture sampling and the assumption 
that it represents the average over the entire beam 
cone. A full-aperture backscattering station (FABS) as 
well as a near backscatter imaging (NBI) system have 
been implemented on Nova since these experiments 
were done.8 These diagnostics can make near-field 
measurements of the SBS up to angles of 14" from 
direct backscatter around beamline 7 (BL7). They have 
shown that SBS from hohlraums is well collimated but 
can be shifted with respect to direct backscatter for 
some targets.15 Although no experiments have been 
done with lined targets since the FABS and NBI have 
been fielded, results from the FABS and NBI can be 
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FIGURE 5. Drive scaling for scale-1 hohlraums heated with 1-ns 
pulses. The data is the same as presented in Fig. 1. The curved lines 
are fits to the power balance model with different coupling efficien- 
cies. Results of 2-D LASNEX modeling for unlined hohlraums are 
also shown. (20-05-1093-3697pbOl) 

TABLE 2. SBS reflectivity from lined hohlraums. 

CH data Ni data 
Unlined CH-lined Unlined Ni-lined 

1 ns scale 1 1.5 k 1% 2.8 f 0.6% 1.6 f 1% 1.7 f 1.2% 
1 ns scale 0.75 4.6 f 1.3% 4.5 f 1.6% 3.5*% 8.7 f 0.3% 
PS22 scale 1 5.8 k 2.9% 4.5 f 2.9% 7.3 f 4.7% 15.1 * 5.3% 

Value represents only one experiment. 
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compared with the subaperture results for unlined 
hohlraums. In all cases, the SBS into the lens measured 
by FABS alone is about half of the results listed in 
Table 2 for unlined hohlraums. Generally, SBS levels 
measured with NBI are comparable to those measured 
by FABS so that the total SBS from unlined hohlraums 
is comparable to the levels listed in Table 2. This may 
be purely coincidental, and there is no guarantee that it 
applies to the lined hohlraum results. 

Time-resolved SBS spectra are measured using a 
grating spectrometer coupled to an optical streak cam- 
era. Figure 6 shows an example of the data, displaying 
isointensity contours of the two-dimensional (2-D) 
image. The spectral and time resolution are of 3 A and 
30-ps, respectively. Spectra from Ni-lined hohlraums 
for both 1-ns square and PS22 pulses are red-shifted by 
7-8 A relative to the incident light wavelength. 
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FIGURE 6. Spectrum vs time contour plot of SBS light from a Ni- 
lined hohlraum. The spectral shift is measured from the incident 
0.35-pm wavelength light. (20-05-1095-2364pbO1) 

Typically, the spectra from unlined hohlraums show 
little or no shift. This is qualitatively similar to disk tar- 
gets where the SBS spectrum is shifted more to the 
blue for high-Z targets compared with low-Z targets. 
SBS spectra from hohlraums are more red shifted than 
SBS spectra from disks at similar irradiances. This is 
presumably due to less Doppler shift, because the 
plasma flow in the backscatter direction is reduced by 
the hohlraum, confining the plasma. 

As shown in Fig. 7, the spectral data can be inte- 
grated over wavelength to obtain the time history of 
SBS. The time history has been normalized to the 
calorimeter data for this shot to obtain time-resolved 
reflectivity. Figure 7 also shows the incident laser 
pulse. For PS22, the intense part of the SBS signal 
begins around 1.3 ns, when the incident laser pulse 
power begins to increase and lasts during the entire 
high-intensity part of the pulse. A small signal is seen 
at the beginning of the pulse, but it is a factor of 100 
lower. Time history of SBS from 1-ns pulses heating 
scale-1 hohlraums are qualitatively similar. A signal is 
seen during the first 300 ps and then it goes away. A 
second feature turns on at around 700 ps, lasting the 
rest of the pulse. The intensity of the initial feature is 
higher because the incident beam intensity is higher 
for 1-ns pulses compared with PS22. 

Fast-electron production is studied by measuring 
the x-ray bremsstrahlung from electrons depositing 
their energy in the hohlraum walls. Figure 8 shows 
spectra from experiments using both PS22 and 1-ns 
pulses. For PS22, the superthermal electron production 
is quite low. Using the expression derived from thick 
target bremsstrahlung for converting x rays to electron 
flux,16 the superthermal electron levels for PS22 are 
less than 0.1 % for all of the targets. For comparison, the 
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FIGURE 7. Time history of the backscattered light into the BL6 lens. 
The time history is derived from integrating in wavelength the time- 
resolved spectrum shown in Fig. 6 and normalizing the time history 
to the total backscattered light. (20-05-lO95-2366pbOl) 
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black line in Fig. 8 is the x-ray spectrum calculated 
assuming 1 % of the incident laser energy is converted 
to a 50 keV superthermal electron tail. The calculated 
spectrum does not include self absorption in the target. 
The data for both lined and unlined hohlraums are an 
order of magnitude lower. The hot-electron temperatures 
for the Ni-lined and unlined hohlraums are -50 keV 
while the CH-lined hohlraums have slightly lower hot- 
electron temperatures (-40 keV). A limited amount of 
data was taken measuring the SRS light levels using 
diodes positioned around the chamber. The integrated 
SRS is -0.2-0.4%, which is slightly higher than levels 
that would be inferred from fast-electron levels. 

The superthermal electron production is higher for 
both CH-lined and unlined hohlraums heated with 1-ns 
pulses at high powers. Figure 8(b) shows experiments 
using 30-TW pulses. For comparison, the black line 
denotes a fast-electron fraction of 5% with a 50-keV 
hot-electron temperature. For the scale-1 hohlraums, 
fast-electron fractions are 0.4 and 1.8% for unlined and 
CH-lined hohlraums, respectively. For scale-0.75 
hohlraums, the fast-electron fractions are 3% and 3.8%, 
for unlined and CH-lined hohlraums, respectively. The 
fast-electron production levels in unlined hohlraums 
qualitatively agree with levels measured in disk 
experiments for similar laser irradiances on the 
hohlraum wall.17 Irradiances on the hohlraum wall are 
-1.3 x 1015 W/cm2 and -2.3 x 1015 W/cm2 for scale-1 
and scale-0.75 hohlraums, respectively. Fast-electron 
production in disk experiments are -14% with irradi- 
ances above 1015 W/cm2. The higher levels inferred in 
hohlraums may be due to less loss of fast-electron energy 
to hydrodynamic expansion and the hohlraum walls 
absorbing a greater fraction of the electrons. The under- 
dense profiles in hohlraums may also be altered with 

FIGURE 8. The x-ray 
bremsstrahlung spectra 
from hohlraums heated 
with (a) PS22 and (b) 
1-ns square pulses. The 
data and fit from unlined 
(lined) hohlraums are 
the open (closed) sym- 
bols and dark gray 
(light gray) lines, 
respectively. The black 
lines are calculated 
spectra for fhot of 1% 
(5%) for PS22 (I-ns 
square) laser pulse 
with a That of 50 keV. 
(20-05-1093-3874pb01) 

increasing scalelengths at, or below, quarter critical den- 
sity due to plasma confinement, which also could 
enhance SRS production. Levels for CH-lined hohlraums 
are slightly above unlined hohlraums but are still only a 
small part of the overall energy budget. The increase in 
fast-electron levels may be due to less collisional damping 
in the low-Z underdense plasma for the CH-lined 
hohlraums. Simulations, as discussed below, suggest 
that SRS is produced in the underdense plasma near the 
transition region between the Au and CH. The observa- 
tions are consistent with these results. SRS light 
measurements were not made in these experiments. 

Recent experiments using the FABS and NBI indi- 
cate that SRS light is highly collimated in the backward 
direction and that total levels can be much higher than 
inferred from the scattered light diodes or from hard 
x-ray bremsstrahlung measurements.* SRS levels of 
13% have been observed for one shot in a scale-0.75 
unlined hohlraum heated with -25 kJ in a 1-ns square 
pulse, which is significantly higher than the 3% 
inferred from x-ray bremsstrahlung. For PS22, SRS lev- 
els from FABS and NBI are -2-3% compared with 
-0.1 % levels inferred from x-ray bremsstrahlung. 
Conversely, SRS levels are -1 % for a scale-1 unlined 
hohlraum heated with a 1-ns square pulse, which is 
comparable to levels inferred from x-ray bremsstrahlung. 
No FABS and NBI data have been taken for lined 
hohlraums, so the SRS levels scattered into the lens are 
not known. 

Despite the uncertainties in scattered light measure- 
ments, lined hohlraums do not show significantly 
larger scattering losses for most targets compared with 
unlined hohlraums. For scale-1 targets heated with 1-ns 
pulses, SBS from CH-lined hohlraums is -2-3% com- 
parable to unlined hohlraums, and fhot from CH-lined 
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hohlraums is -2%, a factor of two higher than unlined 
hohlraums. Even correcting for more recent scattering 
data, the targets still havefabs > 90%. For scale-0.75 
hohlraums with 1 -ns pulses, recent measurements 
from unlined hohlraums show higher levels of fsRs 
than set by the HLP goals consistent with the lower 
qHoHL. Beam smoothing techniques have not been 
applied to lined hohlraums. The lined hohlraums 
show slightly increased levels of fhot but not enough to 
explain the decreased drive. For shaped pulses, fsss is 
-15% for Ni-lined hohlraums compared with 5-7% for 
unlined or CH-lined hohlraums. A 10% reduction in 
coupling for PS22 would result in about a 5-eV-lower 
TR consistent with the difference in drive between CH- 
and Ni-lined hohlraums. Although scattering losses can 
explain some of the differences in observed coupling, 
much of the reduction in drive for lined hohlraums is 
probably due to the difference in energy partition, as 
discussed in the ”LASNEX Modeling” section of this 
article. All these results are for unsmoothed laser 
beams. Beam smoothing has been effective in reducing 
stimulated scattering levels in recent gas-filled 
hohlraum  experiment^.^^'^ 

Semi-Empirical Modeling 
The power balance model described in Eq. (1) pro- 

vides a reasonable fit to the data for unlined hohlraums. 
Although the data set is not as extensive for lined 
hohlraums, the model also can explain the data, but 
with a reduced coupling efficiency. The model depends 
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FIGURE 9. Conversion efficiency of converting laser energy into x rays 
from 0.14 keV vs laser intensity IL. The solid circles are data from 
single-beam irradiation of Au disks with I-ns pulses of 0.35-pm 
light. The open circles are data from Au spheres uniformly irradi- 
ated. The bracket denotes the range of intensities on the wall of a 
scale-1 Nova hohlraum whose data is shown in Fig. 5. The shaded 
bar shows the division between the regions where the underdense 
plasma expansion is quasi-1-D vs 2-D. (2045-1292-3811pbO1) 

- 

- Au disks-1 ns 
0 Au suheres-600 PS 

on two parameters: a and qHoHL. The other parame- 
ters depend on hohlraum geometry and are usually 
assumed to be defined by the target geometry although, 
in principle, they could vary during the experiment 
due to plasma motion. Parts of NTC tasks are to study 
the wall albedo and laser coupling efficiency. The wall 
albedo experiments use burn-through patches measuring 
the time for the radiation wave to heat a known thickness 
of Au. These experiments show that present opacity 
and radiation wave models correctly predict burn- 
through times for x-ray drive above 200 eV. Details of 
these experiments have been reported elsewhere? 

Two sets of experiments have investigated the effec- 
tive efficiency for converting laser light to drive energy. 
In one set of experiments defined in HLP7, the conver- 
sion efficiency of laser light to x rays using planar disk 
targets qDIsK is studied. The other experiment investi- 
gates the difference in x-ray production between disk 
targets and hohlraums. 

Scaling of x-ray conversion efficiency, q,,,,, has been 
studied as a function of laser intensity IL, using 1-ns 
square laser pulses of 0.35-pm light. Figure 9 shows the 
results. The laser energy for most of the shots is -1.5 kJ 
using a single beam of Nova. Intensity is varied by 
changing the spot size on the target. The x-ray intensity 
includes the spectrum from 0.1 to -4 keV. The intensity 
from 0.1 to 1.5 keV is measured using the XRD array 
and the intensity in the 2 4  keV range is measured 
using absolutely calibrated x-ray spectrographs. For 
disk experiments shown in Fig. 9, qDIsK varies from 0.6 
to 0.4 for intensities in the range of -4 x W/cm2 
to 1.3 x lOI5 W/cm2. This is the intensity range of the 
initial wall irradiances for scale-1 hohlraums in Fig. 5 
where qHoHL is - 0.75. For scale-0.75 hohlraums, the 
initial wall irradiance is - 2.3 x lOI5 W/cm2 and qHoHL 
is -0.65 while qDIsK is -0.25 at that intensity. Some of 
the lower conversion efficiency for a disk may be due 
to 2-D effects, especially at the higher intensity where 
the spot size is smaller than the expanding plasma. 
This transition is noted by the shaded line in Fig. 9 that 
denotes the estimated transition region between 1-D 
and 2-D corona expansion. For comparison, conversion 
efficiency from Au spheres, which are more uniformly 
irradiated, indicate a higher conversion efficiency (as 
shown in Fig. 9). Higher efficiencies are also obtained 
using longer pulses. Instantaneous conversion efficien- 
cies increase from 50% after 1 ns to -70% at 3 ns for an 
intensity of -4 x 1014 ~/cm2.19 

As discussed below, the hydrodynamic losses are 
reduced in a hohlraum as the hohlraum walls confine 
the underdense plasma expansion and more energy 
couples into x-ray heating. To test this modeling, 
experiments compared the brightness of the laser irra- 
diated spot inside of the hohlraum with the brightness 
of the spot on a laser-irradiated disk. The results show 
that the peak brightness for both the hohlraum and the 
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disk is similar, but the extent of the bright spot in the 
hohlraum is greater and consistent with the enhanced 
conversion efficiency in the hohlraum. The increase in 
size of the hot spot in a hohlraum, as a function of time, 
is shown in Fig. 10 for a 1-ns square pulse experiment. 
The increase in width of the emission spot is plotted for 
three shots as a function of time for emission at 450 eV 
in Fig. 10(a) and 1200 eV in Fig. lo@), defined by broad- 
band filters and grazing incident x-ray mirrors.20 The 
initial width is consistent with the size of the laser beam 
on the hohlraum wall. The increase in spot size is con- 
sistent with LASNEX predictions of the spot width, 
which are also shown in Fig. 10 (see the shaded circles). 

Limited theoretical and experimental work has been 
done on extending the power balance model to lined 
hohlraums. The effect of the liner should be minimal 
on the dynamics of x-ray heating on the wall. The liner 
thicknesses used are typically optically thin to the radi- 
ation. Assuming cold opacities?l the 7500-A CH and 
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FIGURE 10. The full width at half maximum (FWHM) of the hot 
spot in a hohlraum produced by the laser spot vs time. The data is 
taken from three shots for x rays at (a) 450 eV and (b) 1200 eV. 
(20-05-1292-3806pb01) 

1500-A Ni liners are -1.5 and 1 Planck mean-free paths 
thick, respectively, to a 200-eV blackbody radiator. 
These decrease significantly to much less than one 
optical depth when the plasma is heated to 100 eVZ2 
The low-Z plasma therefore should not significantly 
modify the radiation heating dynamics of the wall 
(verified by LASNEX calculations). 

To test the effects of the thin overcoat on laser 
hohlraum coupling, x-ray production from Ni-coated 
Au disks has been measured in a limited number of 
disk experiments. No experiments have been done on 
CH-coated disks. Figure 11 compares the conversion 
efficiency from the overcoated disks with that of pure 
Au disks as a function of time. Two experiments are 
done at -4 x W/cm2 with 2-ns square pulses and 
one experiment is done at -1 x l O I 5  W/cm2 with a 1-ns 
pulse. The data show a slight delay in x-ray production 
(-200 ps) for a Ni overcoat compared with a Au disk. 
The time required to burn through the Ni overcoat is 
estimated to be -100-300 ps depending on the model 
and laser intensity.23 After the initial burn-through of 
the Ni, x-ray production is nearly equal to that of Au 
for 4 x lOI4 W/cm2 but is only 50% of the pure Au con- 
version efficiency for 1 x 1015 W/cm2. The effect of the 
overcoat on x-ray production at high intensity is not 
presently understood. At high intensity the laser spot is 
smaller than corona expansion scales and is in the 2-D 
regime. Possible effects of lateral transport and con- 
duction could be affecting the conversion efficiency. 

0 0.5 1 .o 1.5 2.0 2.5 
t (ns) 

FIGURE 11. The ratio of x-ray conversion efficiency from a 1500-A 
Ni coated Au disk to an uncoated Au disk vs time. Data are from a 
0.35pm laser irradiation of 4 x 
and 1 x lOI5 W/cm2 in a 1-ns square pulse. 

W/cm2 in a 2-ns square pulse 
(20-05-1095-2365pb01) 
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LASNEX Modeling 
Using LASNEX, extensive work has been done 

modeling the h ~ h l r a u m s . ~ ~  Calculations are fully 
"integrated and 2-D. The laser deposition is modeled 
by using a 2-D representation of the 3-D Nova laser 
irradiation geometry in a statistical ray generation 
method. To extract radiation drive from the simulation, 
a small "virtual" sphere is placed at the center of the 
hohlraum simulation, and incident flux on the sphere 
is calculated. The simulations reproduce the x-ray drive 
measured in unlined hohlraums quite well. Figure 5, 
shown earlier, compares the peak drive calculated for 
1-ns laser pulses with shock velocity measurements. 
The simulations assume 100% absorption consistent 
with experiments for scale-1 unlined hohlraums where 
absorption is greater than 95%. Simulations also repro- 
duce drive in shaped-pulse experiments. LASNEX 
calculates a peak drive of 215 eV for PS22 when time- 
dependent SRS and SBS scattering and diagnostic hole 
losses are included. 

Simulations have also been done for several of the 
lined hohlraum experiments. Generally, the peak drive 
is calculated to be lower for lined hohlraums compared 
with unlined hohlraums. Table 1 lists the decrease in 
calculated peak drive and compares it with experimen- 
tal decrements. The lower peak drive agrees with the 
measurements within the statistical uncertainty of the 
data. The one data set that has the largest difference is 
the PS22 Ni-lined data. The calculations assume no 
change in absorption between lined and unlined tar- 
gets. When the Ni-lined data is reduced by -10% for 
the increased fsss of -lo%, the calculations and data 
show even better correlation. 

Lined hohlraums are calculated to be cooler because 
more energy couples into plasma blowoff compared 
with unlined hohlraums. Figure 12 shows calculations 

of the energy partitioning in an unlined Au hohlraum 
and a 2150-A Ni-lined hohlraum. The energy in wall 
blowoff, defined as the energy contained in the under- 
dense plasma filling the hohlraum, increases by -1.5 kJ 
for the lined hohlraum. This produces a lower TR because 
it leaves less energy to heat the walls and, self-consis- 
tently, to reradiate out the holes. The cause of the 
increased blowoff energy is due to the higher specific 
heat for the low-Z blowoff compared with the high-Z 
blowoff. The specific heat scales 

[?]+Eion, 

where Z is the average ion charge and A is the atomic 
number. For Au irradiated by the laser, Z is -55 while 
CH and Ni are nearly fully ionized. The specific heat 
for Ni and CH are factors of 2 to 2.5 times as high as 
Au from similar plasma conditions. 

Summary 
The drive goals for HLPl and HLP2 are met with 

over 200 eV obtained for PS22 and 270 eV obtained for 
a scale-0.75 hohlraum with 30 TW in a 1-ns pulse. The 
drive is lower for lined hohlraums compared with 
unlined hohlraums and is generally explained by 
higher coupling to plasma blowoff in the hohlraums. 
Although the diagnostics were not optimal for the 
experiments, the HLPl coupling goals for fabs, fsBs, fhot! 
and fsRs appear to have been met for the PS22 CH- 
lined experiments, although for Ni-lined hohlraums 
fsss = 15%. To verify this, more experiments need to be 
done with the improved Nova diagnostics. The higher 
levels in Ni-lined hohlraums, compared with CH-lined 
hohlraums, are consistent with SBS in CH-lined 
hohlraums being Landau damped by the H and C 
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FIGURE 12. Partition 
of energy E as a func- 
tion of time from a 
LASNEX simulation 
for (a) a pure Au 
hohlraum and (b) a 
hohlraum lined with 
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hohlraums are heated 
with 0.35-pm light 
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mixed species plasma.25 By producing a Ni and H 
mixed liner, Landau damping could also be effective 
for reducing SBS in the Ni-lined plasmas. For HLP2, 
the scale-1 hohlraums appear to meet the coupling 
goals, but fsRs for scale-0.75 hohlraums appear to be 
higher than 5%. The most recent measurements for 
unlined scale-0.75 hohlraums is -13%. SRS from lined 
hohlraums have not been measured, but x-ray 
bremsstrahlung measurements suggest that fsRs for 
lined hohlraums may be only slightly higher. The lower 
qHoHL for scale-0.75 unlined hohlraums is consistent 
with the measured fsRs and with hohlraum modeling, 
which includes the scattering models. Future experi- 
ments can explore reducing SRS by the use of beam 
conditioning, as demonstrated in gas-filled h0h1raums.l~ 
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Introduction 
Understanding and controlling capsule implosion 

symmetry is a key requirement for inertial confinement 
fusion (ICF). Symmetry was specifically called out in 
the Nova Technical Contract (NTC) as the HLP4 task. 
Later, elements of HLP3 were expanded to include 
symmetry work. For nearly a decade and a half it has 
been recognized that the fundamental asymmetry in a 
laser-heated hohlraum is a long-wavelength pole-waist 
radiation flux variation1 that vanes like the P, Legendre 
polynomial.2 It has also been recognized that we can 
control this asymmetry and achieve nearly symmetric 
implosions by appropriately pointing the laser beams3 

Review of Symmetry in 
Hohlraums 

To understand symmetry in hohlraums, consider a 
cylindrically shaped, Nova-like hohlraum with beams 
aimed as shown in Fig. l(a). An observer at the capsule 
location would see a collimated source flux vs angle 
approximately as shown in the flux vs polar angle plot. 
The laser-produced hot spot causes a peak in this source 
at -60° polar angle. The cold, nonemitting laser entrance 
hole (LEH) provides zero flux at low polar angle. If we 
resolve this source flux vs angle into its Legendre poly- 
nomial coefficients, we find a Po and P, component of 
order unity and a substantial, negative P2 component. 
However, because each point on the capsule's ablation 
surface integrates radiation flux over its 2.n sky, the 
absorbed flux vs angle will be different from the source. 
For a small capsule, Green2 showed that this integra- 
tion causes the P, component to be attenuated by -4, 
the P, component by 24, and higher modes by even 
more. Consequently, the major asymmetry in the 
absorbed flux is the P,  asymmetry. For the capsule in 
the hohlraum of Fig. l(a), that asymmetry has a 

negative P, component which, ultimately, produces a 
prolate implosion. 

We can control the P, asymmetry by changing the 
pointing/aiming of the laser beams3 Figure l(b) illus- 
trates a situation where the beams are aimed to form 
hot spots much farther apart. Then, the collimated 
source flux has a substantial, positive P2 component as 
well as Po and P, components of order unity. The 2.n 
integration at the ablation surface causes the capsule 
absorbed flux to be dominated by a Po and positive P, 
component only, which ultimately produces an oblate 
implosion. Somewhere in between the situations 
shown in Figs. l(a) and l(b) is a beam pointing where 
the P,  component of the source asymmetry vanishes 
[(Fig. l(c)l. There, the ablation flux is dominated by the 
Po component and small, higher-order modes to pro- 
duce an implosion that is substantially spherical. 

Green's work on the attenuation of the P,, P, and 
higher components was done for a small capsule 
inside a spherical hohlraum. Finite-size capsules and 
cylindrical hohlraums cause quantitative changesPb 
but no significant qualitative changes. 

Summary of Symmetry 
Experiments 

Between 1987 and 1993, we performed a number of 
scaling experiments to examine our ability to under- 
stand the time-integrated P2 asymmetry and to control 
it with beam pointing. In the most mature method of 
assessing the asymmetry, a pure-plastic capsule7 filled 
with D2 and a trace of Ar gas is placed in the center of 
a Nova hohlraum and is imploded by x-ray drive. 
Following the implosion is a bright flash of x rays pro- 
duced by the hot, compressed fuel. At that time, we 
take pictures of the images formed by x rays viewed 
90' off the polar axis through a hole in the side of the 

* Los Alamos National Laboratory, Los Alamos, New Mexico 
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hohlraum. The resulting images show emission that is 
round, oblate, or prolate, depending on the beam 
pointing. (We discuss beam pointing later; also see Fig. 4 
for an illustration.) Figure 2 shows some of our earliest 
images, from pure Au hohlraums irradiated by 1-ns 
flat-top pulses. 

These first experiments demonstrated our ability to 
produce round, relatively symmetric implosions and 
confirmed that the long-wavelength mode dominated 
the hohlraum asymmetry. They also showed that we 
could control implosion asymmetry with beam point- 
ing.* These experiments were done in early versions of 
our scale 1 .O hohlraums (1600-pm-i.d., -2700-pm-long, 
800-pm LEH diam) and used what has become our 
standard symmetry capsule-nominal dimensions of 
440-pm-i.d., 55-pm-thick CH ablator/pusher, filled 
with 50 atm D, and 0.1% (at.%) Ar. 

We have produced x-ray images of implosions using 
a number of gated and time-integrated diagnostics that 
have evolved over the Numerical simulations 
of our standard symmetry capsule show good sensitiv- 
ity to asymmetry. For pulse-shaped, convergence-1 0 
implosions, we estimate that a 7%, fixed-in-time, pole- 
to-waist flux asymmetry will produce a 2:l distortion 
of the x-ray image. We can measure distortions much 
closer to 1:l; therefore, we believe that the accuracy of 
our diagnostic technique is about 1 %. That is, we can 
resolve equivalent, fixed-in-time asymmetries of -1 % 
pole-to-waist flux variation. A large body of evidence13 
indicates that these capsules, which operate at a pusher 
convergence of 7 to 10 depending on the pulse shape, 
do perform approximately as our model. There is good 
agreement between simulated and experimental cap- 
sule neutron yields, time-of-neutron production, and 

Collimated Flux capsule 
source ablation 
flux surface 

Collimated source 
flux vs angle 

Hohlraum 

u - - - A  - > - - - , - 4  

FIGURE 1. The collimated source flux vs angle viewed by a capsule in a laser-heated hohlraum has a substantial P,, P,, etc., component in 
addition to the Po component. Since each point on the ablation surface integrates over its 2a sky, the P,, etc., components of drive asymmetry 
are heavily damped, leaving only the long-wavelength P, component as an asymmetry. This asymmetry can be controlled by beam pointing 
(see variations in a, b, and c for comparison). (20-03-0995-2123pb01) 
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image sizes. Spectroscopy confirms theoretical predic- 
tions that the x rays are principally produced by the Ar 
and that we are, in fact, imaging the fuel volume. 
Analysis of spectroscopy data and neutron data confirms 
calculated convergences. Reference 14 provides a 
comprehensive review of current drive asymmetry 
measurement techniques. Reference 15 provides a 
review of symmetry analysis. 

The earliest experiments confirmed that the long- 
wavelength mode dominated and that it could be varied 
from shot to shot by changing the beam pointing in 
our out, as demonstrated in Fig. 2.16 These results were 
largely qualitative. In 1990, we began producing sys- 
tematic, quantitative symmetry studies.14 The basic 

region to move almost to the LEH, producing an unac- 
ceptably large radiation flux asymmetry on the capsule. 
Liners are one way to mitigate this effect by replacing 
the high-Z blowoff with low- or mid-Z blowoff. 

With 1-ns flat-tops, we shot both pure Au and Ni- 
lined (1500-A) Au hohlraums fixed in length at 2700 pm. 
We have also shot pure Au hohlraums where we varied 
the length of the hohlraum with the pointing so that 
the beams always cross in the plane of the LEH. We 
have done five scalings with PS22: fixed-length Au, Ni- 
lined Au, variable-length pure Au, Ni-lined Au, and 
CH-lined (0.75-pm) Au hohlraums. Our PS23 series 
used pure Au hohlraums that were open cylinders. As 
mentioned in the Introduction and in "Ignition Target 

procedure of these experiments has been the same- 
for a given pulse shape and hohlraum type, we produce 
a symmetry scaling by varying the beam pointing 
while observing the resulting shapes of the capsules in 
self emission. Moving the beam pointing in tends to 
make a more prolate implosion; moving it out makes a 
more oblate implosion. 

Between 1990 and 1993, we produced nine different 

30 

symmetry scaling databases with the Nova laser using 20 
the three pulse shapes illustrated in Fig. 3. We have 
done three scalings with 1-ns flat-top pulses, five scal- 
ings with our 26-kJ, 2.2-ns, 3:l contrast ratio pulse 
shape, called PS22, and one scaling with an 8:l contrast 

used these pulse shapes to irradiate both pure Au 
hohlraums and lined hohlraums as specified in the 
NTC. Lined hohlraums are Au hohlraums lined on the 
inside with a thin layer of either low-Z material (e.g., 

E 
d 

ratio, 3.2-ns, 27-kJ pulse shape, called PS23. We have 10 

CH) or mid-Z material (e.g., Ni). We investigated lined 
hohlraums because we believe something like a liner 0 1 2 3 4 0 

to be necessary at larger, ignition ~ca1es.l~ For ignition 
hohlraums, we calculate that pure Au designs will fill 
with high-Z plasma. This causes the laser absorption 

t (ns) 
FIGURE 3. Symmetry scaling experiments using three different 
pulse shapes. (20-03-0995-2124pbOl) 
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.. . self-emission x-rav 
- images from 1-ns 
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(2043-0995-2125pb01) 
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Design for the National Ignition Facility” on p. 215, the 
NIF baseline target now uses an initial gas fill to displace 
the Au blowoff. Nova experiments with gas-filled 
hohlraums have also demonstrated control of symme- 
try. However, these experiments are still in progress 
and therefore will be reported at a later time. 

Modeling the Experiments 
We use our 2-D LASNEX computer codels to per- 

form detailed modeling of these experiments. Figure 4 
is a cut-away, at f = 0, from a simulation of a hohlraum 
containing a pure-plastic capsule that is irradiated by a 
“realistic” 2-D representation of a three-dimensional 
(3-D) Nova laser beam.19 The wall materials, laser power 
vs time, etc., of a given simulation are our best estimate 
of what was used in the experiments we are trying to 
model. To model a given symmetry scaling, we per- 
formed a number of simulations with different beam 
pointings. At stagnation, our simulated capsules, like 
real capsules, produce a burst of x rays that can be 
imaged. A post-processor simulates the actual x-ray 
diagnostics, producing synthetic images that vary with 
pointing from oblate or prolate (like the experiment). 
The ratio of the image’s full-width at half maximum 
(FWHM), perpendicular to the polar axis to the FWHM 
along the polar axis is the ”distortion,” the quantity we 
vary with pointing and compare with experiment. 

Our calculations start off fully Lagrangian (matter is 
fixed in the zones of a moving mesh). Later in time, 
after a considerable amount of blowoff has filled the 
hohlraum, we perform a major rezone and change our 
numerical scheme. The main part of the hohlraum 
becomes Eulerian (matter flows through a fixed mesh), 
allowing the calculation to run in spite of the large 
sheer flows. Most of the capsule, however, remains 
Lagrangian-the accepted procedure for modeling 
nearly spherical implosions. We interface the Eulerian 
and Lagrangian regions with a stretching region that 
maintains equal-ratio zoning-a hybrid mesh that has 
matter flowing through it while moving slowly. Using 
three numerical schemes in the same calculation allows 
us to simulate both the main hohlraum and the capsule 
with the most appropriate numerical technique. 

To provide an example of how we model a given 
scaling, consider a series of shots with Au hohlraums 
(1600-pm-diam with 1200-pm-diam LEHs lined with 
1500-w Ni). In this series, to keep LEH effects approxi- 
mately the same for all pointings we varied the 
hohlraum length with pointing so that the beams 
always crossed in the plane of the LEH. We used the 
nominal capsules, defined earlier, and irradiated these 
targets with PS22. The self-emission x-ray images from 
the imploded capsule were the key observations made 
on this (and all other) scaling series. Our x-ray diag- 
nostics were time-resolved (-100-ps frame time) and 

~ 

time-integrated cameras filtered to measure emission 
>3 keV from the Ar fuel dopant. 

experimental scaling and compares it with our model. 
The solid circles are distortions from our experiments 
as a function of beam pointing. The horizontal error 
bar shows an estimated +50-pm systematic uncertainty 
in the absolute pointing of the beams (the relative shot- 
to-shot pointing jitter is believed to be considerably 
smaller than this). The open circles are modeling dis- 
tortions. Both experiment and modeling agree that we 
can control Nova symmetry by varying the beam 
pointing. Also, they both produce about the same 

Figure 5 displays the results of the PS22 series 

Midplane f 54.7” 

H 

1- Pointing (pn) -1 
FIGURE 4. Cutaway at t = 0 from a 2-D simulation of a hohlraum 
containing a pure-plastic capsule with a realistic representation of 
Nova’s beams. The calculation is cylindrically symmetric around the 
horizontal axis and left-right symmetric across the midplane. The 
beams enter through LEHs at the ends of the hohlraum. Pointing is 
the distance between the midplane and where the beams cross 
(i.e., the reflection off the horizontal, rotational axis of symmetry). 
The ”X” and ”+” show the center of emissivity early in time at 1.4 ns, 
respectively. (20-03-0995-2126pb01) 
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900 1100 1300 1500 

Beam pointing 

FIGURE 5. Capsule image distortion vs pointing from a series using 
Ni-lined hohlraums irradiated by PS22. (Inset: Relative laser power 
vs time for PS22.). Experimental uncertainty is k50 pm. 
(20-03-0995-2127pb01) 
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pointing of best symmetry (-1200 t 50 pm in experiment 
and -1150 pm in modeling). 

The pointing of best symmetry changes as we vary 
the pulse shape. For example, another scaling series 
used fixed length (2700-pm), Ni-lined Au hohlraums 
irradiated with 1-ns flat-top pulses. In this series, both 
modeling and experiment also verified that we can 
control Nova symmetry by varying the beam pointing. 
However, for this pulse shape, the pointing of best 
symmetry is about 100 pm outward from the best 
pointing found in the PS22 series. For this 1-ns experi- 
ment, the pointing of best symmetry is -1320 t 50 pm 
in experiment and -1250 pm in modeling. 

Scaling of the Pointing of Best 
Symmetry 

Figure 6 summarizes our ability to estimate the 
pointing of best symmetry over our nine symmetry 
scaling databases. It plots the pointing of best symmetry 
inferred from experiment against that of our integrated 
LASNEX simulations. Overall, we find the agreement 
to be very satisfactory. The vertical error bars in this 
plot indicate only the uncertainty in the pointing of best 
symmetry extracted from each experimental dataset, 
using the nominal pointing. The error bars do not include 
the systematic uncertainty in Nova’s absolute pointing 
(-50 pm), which would allow all the points to be moved 
as a group, either up (toward poorer agreement) or 

1500 

PS23 

.E 
/ 

0 Pure Au 
0 Ni 

CH 
A Length scan 
A Simple model 

I 
900 

900 1100 1300 1500 
Beam pointing from modeling (wm) 

FIGURE 6. Pointing of best symmetry in om experiment vs pointing 
of best symmetry from our modeling. The longer the pulse shape, 
the farther in the beams need to be moved to get good symmetry. 
The solid triangles plot the pointing to compare with Eq. (2). 
(20-03-0995-2128pb01) 
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down (better agreement). Regardless of systematic dif- 
ferences, the most significant and apparent feature of 
the plot is this: the longer the puke shape, the farther in we 
must point the beams to get good symmetry. 

The reason for this is found in the basic principles of 
symmetry scaling in Nova-type hohlraums. First, there 
are hot, laser-produced emission rings that migrate 
toward a smaller polar angle (when viewed from the 
capsule position) because of bulk plasma evolution. 
We refer to this migration as “spot motion.” Second, 
there is also an ”optimal” polar angle for the rings 
where time-integrated pole-flux equals equator flux 
(-48’ for these hohlraums). Third, to get good symme- 
try we must point the beams so the emission rings pass 
through 48’ when we deliver -50% of a shape’s useful 
energy. Since spot velocity is weakly dependent on 
laser intensity, we move the beams farther inward with 
longer pulses. 

In our simulations, there are three components to 
spot motion. First, dense plasma evolution from the 
cylindrical walls causes the laser deposition region to 
move inward and, because of the beam geometry, 
toward the LEH. Second, there is a refractive compo- 
nent off plasma that accumulates on axis. Third, there 
can be a low-intensity volume emission when Au 
blowoff fills the hohlraum, pulling the average center 
of emissivity farther down from the walls. In our simu- 
lations, which use a nonLTE, average-atom atomic 
physics modelFO the Au blowoff is optically thin to 
thermal radiation. Consequently, volume absorption 
does not play a significant role in determining the cap- 
sule flux. 

To see how spot motion can cause the scaling shown 
in Fig. 6, first recall that the fundamental asymmetry in 
a left-right symmetric, Nova-like hohlraum is a long- 
wavelength, pole-to-waist flux variation that varies 
like the P, Legendre polynomial.2 Whether the asym- 
metry is pole high or equator high depends on the 
polar angle to the center of the laser-produced, x-ray 
emission ring. In an idealized hohlraum without LEHs 
and with otherwise uniform walls, the drive asymme- 
try will clearly be pole high when the emission ring is 
at a very small polar angle and equator high when the 
emission ring is near the midplane of the hohlraum. 
Somewhere in between, the pole and equator fluxes 
will be equal. In a spherical hohlraum, the P, compo- 
nent of capsule flux vanishes when the P, component 
of the source flux is zero.2 This occurs when the ”cen- 
ter of emissivity” of the emission ring is at the polar 
angle where P, is zero, 54.7’. For larger angles, the flux 
onto the capsule will be equator high, and for smaller 
angles, pole high. 

not qualitatively. To compensate for the lack of wall 
radiation from the LEH, the angle to the center of 
emissivity in a spherical hohlraum must be smaller 

An LEH modifies this description quantitatively, but 
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than 54.7' for the net P2 component to vanish. Exactly 
how much smaller than 54.7' is a function of both the 
emission-ring to background-wall intensity ratio and 
the LEH size. For example, the angle where the P,  
component of the source vanishes is about 44" in an 
idealized spherical hohlraum with wall and LEH areas 
the same as ours and a wall albedo (which determines 
the emission-ring to background-wall intensity ratio) 
of -0.7. This albedo is typical of a rising, nanosecond- 
scale pulse shape. In our more detailed LASNEX 
simulations, we find the po1e:waist fluxes are balanced 
when the center of emissivity is at -48'. These simula- 
tions include higher I-mode components, volume 
emission, and mode-coupling due to having a sphere 
inside a cylinder. 

With this background, we can simply interpret fea- 
tures found in our LASNEX modeling. Figure 7 plots 
ratios of capsule ablation pressure at the pole to that at 
the equator vs time in pure Au hohlraums near the 
pointing of best symmetry for each pulse shape. Early 
in time, the ablation pressure is equator high. Later in 
time, the pressure is pole high. Analysis of our simula- 
tions indicates that this time-dependent asymmetry is 
produced mainly by spot motion. As shown in Fig. 4, 
the angle to the center of the beam at t = 0 for PS22 is 
~54.7'. Quantitative analysis shows the center of emis- 
sivity to be located at the "X" in Fig. 4 at -57'. The 
simple symmetry arguments lead us to expect the 
drive to be equator high, as Fig. 7 shows in the early 
PS22 curve. By 1.4 ns, spot motion has caused the cen- 
ter of emissivity to move to the "c" in Fig. 4 to -44'. 

There, the ablation pressure ratio has become about 
10% pole high. 

Spot motion, the migration of the radiation produc- 
tion region to smaller polar angles, causes a simulated 
Nova-type hohlraum to have the characteristic equator- 
high to pole-high asymmetry swing shown in Fig. 7. 
For all three pulse shapes, we find that near the pointing 
of best symmetry the center of emissivity sweeps through 
the "optimal angle" (where pole pressure = equator 
pressure, -48O for these hohlraums) when -50% of a 
shape's useful energy has been delivered. This 50% 
value makes sense. If the pressures were equal when a 
very different fraction of energy was delivered, the 
implosion would be dominated by either pole-high or 
equator-high flux and would be obviously distorted. 
Therefore, since spot velocity depends weakly on laser 
power P,, longer pulses need more inward pointing for 
best symmetry because ts0%, the time to deliver -50% 
of the energy, is longer, leading to more spot motion. 

be very weakly dependent on P,. Figure 8 is a plot of 
the angle to the center of emissivity vs time for our 
three pulse shapes (refer to Fig. 3) .  Over the period 
when the first 50% of the laser energy is delivered, the 
angular velocity de /&  of the center of emissivity in 
our simulations increases only as the logarithm of PL 
(measured in TW) closely following 

LASNEX simulations show spot-angular velocity to 
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FIGURE 7. Ratio of capsule ablation pressure at the pole to the abla- 
tion pressure at the equator vs time for our three pulse shapes. 
(20-03-0995-21 29pb01) 

We can couple this expression for spot motion with 
the need to have the center of emissivity at -48' when 
-50% of the laser energy has been delivered to produce 
a simple expression for the pointing of best symmetry 

\ 
1-ns flat-top 

0 1 2 3 4 
t (ns) 

FIGURE 8. Angle to the center of emissivity vs time in our LASNEX 
simulations of the three pulse shapes. The angular velocity during 
the period when the first half of a pulse shape's energy is delivered 
varies slowly with laser intensity. (20-03-0995-2130pb01) 
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time. This causes the variation in the pole-to-equator 
ablation pressure ratio shown in Fig. 7. Time-dependent 
asymmetry results both from changing hot spot to 
background-wall ratio and from spot motion. 

Experiments provide persuasive evidence that the 
time-dependent asymmetry in Nova hohlraums is 
about as we expect. The hot spot to background-wall 
ratio is largely determined by the albedo of the Au 
wall. Separate measurements of Au wall lossesz3 indi- 
cate that LASNEX accurately estimates Au albedo at 
standard Nova temperatures (-220 eV). The spot-motion 
experiments described earlier are qualitatively and 
quantitatively close to what we expect. Finally, the 
changes in the pointing of best symmetry (Fig. 6 )  with 
pulse shape indicate that the variation in flux at the 
capsule is qualitatively what we expect-the asymme- 
try goes from waist high early in time to pole high 
later in time. 

To understand this final point, consider PS22 at its 
experimental pointing of best symmetry, 1200 pm. 
According to Fig. 7, the first 1 ns of PS22 should pro- 
vide a waist-high radiation flux that drives a prolate 
implosion. However, our 1-ns implosions at 1200 pm 
are prolate, showing that at -20 TW the first 1 ns of 
drive at this pointing is predominantly waist high. 
Because the first nanosecond of E 2 2  is actually at much 
lower power, -6 TW, we expect it to also be predomi- 
nantly waist high since there is (slightly) less spot motion 
at lower power, and spot motion is needed to get into 
the pole-high regime. Moreover, we argue that the 
entire first nanosecond should be waist high. If the 
PS22 flux did change to pole high before 1 ns, so much 

0 0.5 1.0 1.5 2.0 2.5 
t (ns) 

FIGURE 10. Distance from the hohlraum midplane to the center of 
emission at h v  = 450 eV, vs time in a pure Au hohlraum irradiated by 
PS22. We observe spots that migrate about as expected from simula- 
tions. (20-03-0995-2132pbOl) 

of the PS22 energy would be generating pole-high flux 
that 1200 pm would not be PS22’s pointing of best sym- 
metry. Continuing the argument, since the early part of 
PS22 is waist high, some latter part of PS22 must be 
pole-high to compensate for this early-time asymmetry. 
Consequently, the scaling of the pointing of best sym- 
metry with pulse length (shown in Fig. 6) is evidence 
that the time-dependent asymmetry goes from waist- 
high early in time to pole-high later in time, therefore 
corroborating the qualitative behavior of Fig. 7. 

Other experiments are ongoing to more directly mea- 
sure the time-dependent asymmetry in Nova hohlraums. 
One approach, proposed by Wilson?4 uses the full 
pulse with a series of capsules designed to implode at 
different times during the pulse. This is accomplished 

PS22 unlined Au hohlraum 

- 0 Experiment 
- 0 Calculation 

1200 1300 
Hohlraum half length (pm) 

FIGURE 11. Precision Nova implosions have shown excellent repro- 
ducibility of symmetry. (OS-00-1293-4416pbOl) 
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FIGURE 12. Data from PS22 using the variation in implosion time of 
capsules with different wall thickness: (a) initial capsule configuration; 
(b) shaded portion of the drive represents the effective sampling 
interval for the implosion for the two cases; (c) implosion image data 
taken orthogonal to the hoh!.raum axis; (d) comparison of the measured 
capsule eccentricity with the calculated value. (02-08-10943596pb03) 

UCRL-LR-105821-95-4 300 



NOVA SYMMETRY: EXPERIMENTS, MODELING, AND INTERPRETATION (HLP3 AND HLP4) 

by keeping the capsule’s i.d. approximately fixed and 
thinning the ablator to significantly less than its standard 
55-pm thickness. The thinnest capsules view only the 
early-time asymmetry, and a record of the evolution of 
asymmetry can be obtained. Figure 12 shows results of 
this technique for PS22 and Au h~hlraums.,~ Another 
technique replaces the capsule with a uniform sphere 
of material. The x-ray flux in the hohlraum will drive a 
shock into this material, which can be imaged by x-ray 
backlighting (see Fig. 13). Distortion of the shock front 
is approximately related to the drive pressure nonuni- 
formity by 

For PS22, Fig. 13 shows the calculated ratio of 
Ppole/Pequator, which can then be compared with the 
measurement. The average pressure 
from the shock velocity. Figure 14 shows the results 
from a Nova experiment.26 In this figure, A, is the sec- 
ond Legendre coefficient of the position of the shock 
trajectory, and A, is the average distance moved by the 
shock. The numerical calculation and the data are in 
agreement for this experiment.  calculation^^^ show 
that, with the current resolution of about 2 pm in the 
shock position, time variations in NIF target fluxes can 
be obtained to about 2%. 

can be obtained 

Backlighter beams: 
8.0 kJ, 2 ns pulse at / 2w delayed -0.5 ns 

Ti backlighter disk 
producing 4.7-keV 
K-shell emission SiO, (p = 0.3 g/cm3) 

Solid foam ball 

Laser beams: 
23-kJ 3 0  in 8 beams 
(symmetrically placed) 
3:l contrast pulse (PS22 
shown in Fig. 3) 
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FIGURE 13. X-ray 
radiography can be 
used to infer time- 
dependent asymmetry 
from imaged shock 
distortion. 
(50-04-10933882Apb03) 
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The Role of the LEH 
Figure 15 summarizes the main effect an LEH can 

have on simulated beam propagation. It shows rays 
and electron density contours 2 ns into PS22. For nomi- 
nal pointing shown in Fig. 15(a), when Nova’s beams 
initially cross in the plane of the LEH, all rays are far 
from the blowoff that expands kom the lip. Consequently, 
they are unaffected by LEH blowoff. However, Fig. 1503) 
shows what can happen if we move the beams farther 
inward, close to the LEH. The part of the beam closest 
to the LEH intersects blowoff dense enough to refract 
those rays downward. Since these rays otherwise 
strike closest to the midplane of the hohlraum, the 
effect of the refraction is to shift the center of deposition 
toward the LEH. This shifts the asymmetry back in the 
pole-high direction. Note, however, that even when 
there is considerable interaction between the rays and 
the lip blowoff, the density distributions shown in Fig. 15 
are very similar. This implies that there is no significant 
amount of additional blowoff produced by the interac- 
tion. These LEH results basically reproduce earlier 
findings of Lasinski,28 who modelled an isolated LEH 
as a thin bracelet of material subjected to both a radia- 
tion source and a laser source. Her modeling agrees 
quite well with available data on radiation-driven 
LEH  hydrodynamic^?^^^^ 

Modeling and experiment show that bringing the 
beam too close to the LEH can cause different symme- 
try behavior, as shown in Fig. 15(b). Consider a case 
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FIGURE 14. The foam witness ball technique can measure pressure 
asymmetries with nearly 10% accuracy on Nova. A, is the second 
Legendre coefficient of the shock trajectory. A, is the average shock 
position. (50-04-1093-3891Apb02) 

where the LEH should have no effect-the distortion 
vs pointing scaling shown earlier in Fig. 5. This is the 
Ni-lined, PS22 scaling where the hohlraum length 
changed with pointing. In the experiments of Fig. 5, 
we expect the laser-LEH interaction to always be the 
nominal situation shown in Fig. 15(a). The straight-line 
scaling of Fig. 5 indicates there is no obviously ”differ- 
ent” symmetry regime at inner pointing. 

(b) Beam farther inward (a) Nominal pointing 

FIGURE 15. Simulated laser rays and density contours 2 ns into 
PS22 in a Ni-lined hohlraum. (a) With nominal pointing the laser is 
sufficiently far from the cylindrically expanding blowoff from the 
LEH lip that there is no significant interaction. (b) If the beam is 
moved too far inward, it can intercept relatively dense plasma and 
be partially refracted. (20-03-0995-2133pbOl)) 
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FIGURE 16. Symmetry scaling experiments (solid circles) in fixed 
length hohlraums show a ”different” behavior at inner pointing than 
experiments where we vary the length with the pointing (see Fig. 5). 
This trend is reproduced in our simulations where we see it is due to 
refraction such as shown in Fig. ll(b). (20-03-0995-2134pbOl)) 
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effect with simulations of three different realizations of 
Nova’s beams, all of them using the 3-D geometric optics 
raytrace algorithm devised by Friedman.19 The nominal 
beam representation has, at best focus, a 60-pm-diam, 
1-sigma circle of confusion. This produces the rays 
shown in Figs. 4 and 15 and is a best-guess lower 
bound on the wings of Nova’s beams. This beam rep- 
resentation produces the open squares of Fig. 16. 

ulated beams with 120-pm-diam circles of confusion 
(upper bound to Nova) and 0-pm-diam circles of con- 
fusion (better than diffraction limited). The 0-pm circle 
of confusion beams (open circles of Fig. 16) cause no 
break in the distortion vs pointing scaling until the 
beam is so far in that it strikes the LEH. The 120-pm 
circle of confusion (open triangles of Fig. 16) represen- 
tation shows somewhat more of an inner pointing 
refractive effect than the nominal beam representation. 

The scalings of Fig. 16, together with those of Fig. 5, 
are evidence that the LEH can have an effect on sym- 
metry. They also indicate that LASNEX can estimate 
when, and roughly how much, an LEH will have a 
major effect on hohlraum symmetry. 

In addition to the 60-pm circle of confusion, we sim- 

Figure 16 plots simulations and experiments where Notes and References 
the symmetry at inner pointing is different, showing a 
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Introduction 
The understanding of laser-plasma interactions in 

ignition-scale inertial confinement fusion (ICF) 
hohlraum targets is important for the success of the pro- 
posed National Ignition Facility (NIF). The success of an 
indirect-drive ICF ignition experiment depends on the 
ability to predict and control the history and spatial dis- 
tribution of the x-radiation produced by the laser beams 
that are absorbed by the inside of the hohlraum wall. 
Only by controlling the symmetry of this x-ray drive is it 
possible to obtain the implosion symmetry in the fusion 
pellet necessary for igniti0n.l The larger hohlraums and 
longer time scales required for ignition-scale targets 
result in the presence of several millimeters of plasma 
(electron density ne = O.lnc = lo2* cmP3), through which 
the 3w (351-nm) laser beams must propagate before they 
are absorbed at the hohlraum wall. Hydrodynamic 
simulations show this plasma to be very uniform [den- 
sity-gradient scalelength L, = ne(dne/dx)-l= 2 mml and 
to exhibit low velocity gradients [velocity-gradient scale- 
length L, = cS(dv/dx>-' > 6 

The propagation of the beams to the hohlraum wall 
can be affected by various scattering and laser self- 
focusing (filamentation) processes within the low-density 
plasma inside the hohlraum. For example, while 
traversing such a plasma, the incoming light wave can 
resonantly decay into a backscattered light wave and 
either an ion sound wave or an electron plasma wave. 
The backscattered light wave can beat with the inci- 
dent light wave at a frequency that pumps the plasma 
wave; this process can increase the amplitude of the 
plasma wave, increasing its scattering efficiency. Hence 

* Centre IYEtudes de Limeil-Valenton, France 
*+ Los Alamos National Laboratory, Los Alamos, New Mexico 

an unstable feedback loop is formed that can cause the 
amplitudes of the plasma and scattered light waves to 
grow exponentially on time scales of 0.1 to 10 ps. For 
scattering from ion sound waves, these parametric 
scattering instabilities are called stimulated Brillouin 
scattering (SBS); for scattering from electron plasma 
waves, they are called stimulated Raman scattering 
(SRS).3 Both of these instabilities can lead to undesir- 
able effects, including significant amounts of light 
reflecting from the plasma or shining directly onto the 
capsule, spoiling the illumination symmetry. 

Another instability that can affect laser beam propa- 
gation is beam filamentation: which occurs when 
individual speckles ("hot spots") within the beam self- 
focus as a result of refractive index changes caused by 
changes in the local plasma density produced by the 
laser field through transverse ponderomotive pressure. 
This effect can result in a local increase in intensity and 
eventual beam breakup. Filamentation is of particular 
concern for M F  hohlraums, because the intensity 
threshold for filamentation is affected by the length 
and transverse scale of the hot spot. For a beam 
smoothed with a random phase plate (RPP), these 
scales are determined by the beam f/number. The f / 8  
focusing geometry planned for the NIF will have 
speckles 180 pm long for 351-nm light, contrasting 
with 50-pm speckles for the f/4.3 optics used at the 
LLNL Nova laser. Calculations indicate that at the 
expected 2 x 1015 W cm-2 irradiance planned for the 
NIF, a significant fraction of an f / S  beam would be 
above the intensity threshold for filamentation, in the 
absence of any beam smoothing beyond use of a RPP? 

In most laser-produced plasmas, SBS and SRS are 
limited by plasma inhomogeneity; in the plasmas 
expected in the N E  hohlraums, however, wave damping, 
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pump depletion, or some other nonlinear saturation 
mechanism would be the only limitations on instability 
growth. Some of our interaction experiments in homo- 
geneous low-density plasmas have shown as much as 
35% of the incident laser energy backscattered as SBS; 
in other experiments, SRS reflected fractions as high as 
25% have been observed. Although these are extreme 
cases that represent scattering from plasmas that have 
less damping of instabilities than we expect in the NIF 
plasma, they illustrate the potential of parametric insta- 
bilities to cause problems. This amount of backscattering 
would obviously reduce coupIing to the hohlraum 
wall, reducing the x-ray drive and increasing the inci- 
dent laser energy required to drive a target to ignition. 
(SRS could cause additional problems, because the 
process not only transfers energy into backscattered 
light and electron plasma waves but also produces 
suprathermal electrons with tens of keV energy. These 
"hot" electrons can preheat the DT fuel in the capsule, 
reducing the efficiency of the subsequent implosion.) 
Significant energy scattering due to instabilities such as 
SBS and SRS would also make it more difficult to meet 
the NIF power-balance specification of 4% variation 
in power between beams, which is needed to meet the 

symmetry requirements for a high-convergence implo- 
 ion.^ SRS and SBS exacerbated by beam filamentation 
are therefore a concern for indirect-drive ICE especially 
in the larger and more uniform plasmas expected in an 
ignition-scale hohlraum. 

The basic design for the NIF hohlraum [Fig. l(a)l is 
an Au cylinder about 9 mm long containing a low-Z 
gas (a mixture of He and H2). The low-Z gas slows the 
expansion of the Au hohlraum wall and provides a 
medium (other than low-density Au ablated from the 
wall) through which the beams can propagate without 
significant loss of energy from inverse bremsstrahlung 
absorption. The current NIF design has two cones of 
beams (called the inner and outer cones) on each side 
of the hohlraum. Figure l(b) shows the history of the 
NIF laser pulse; Fig. l(c) shows the density and beam 
intensity along the beam path for the time of peak cal- 
culated SRS and SBS gain (also the time of peak power, 
13.5 ns). Figure 1 (d) shows the calculated temperature 
profiles at the same time. The profiles in Figs. l(c) and 
(d) represent the beam intensity, electron density, and 
electron temperature encountered along the inner and 
outer cone beam paths. 

FIGURE 1. (a) NIF base- 
line hohlraum, showing 
inner and outer beam 

(a) NIF baseline hohlraum 

7 Innerbeam i Outer beam 

cones; (b) power history 
for one NIF beam; 
(c) electron densie (a> a 
fraction of critical den- 
sity iii = 9 x 102' m1-3) 
and laser beam inten- 
sity vs position in NIF 
hohlraum at time of 
peak laser power. 
Laser beam incident 
from left. Dashed and 
solid curves represent 
parameters for outer 
and inner beam cones, 
respectively. Lighter 
portions of each curve 
indicate where the laser 
is interacting with Au 
plasma; other regions 
correspond to low-Z (a 
He/H mix) fill gas 
plasma. (d) Electron 
temperature for inner 
and outer beams. 
(20-07-1095-2434pbO1) 
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The output from the 2-D hydrodynamics simulations 
of the NIF target can be post-processed with the Laser 
Interactions Post-processor (LIP)6 to obtain the total 
gain exponent for SBS and SRS as a function of time 
and scattered-light wavelength. The calculated peak 
gain exponents along the path of a 2 x 1015 W cm-2 
NIF beam are 25 for SRS and 30 for SBS. Figure 2 
shows the post-processed linear gain exponents for 
SBS and SRS, as functions of scattered-light wave- 
length and of time throughout the NIF pulse, for the 
inner and outer beam cones. The plots show gray-scale 
contours of equal calculated gain exponent; darker 

spectral features of the SBS gain calculations and differ- 
ences between the inner-beam and outer-beam cases 
can be understood in terms of the plasma conditions 
under which the scattering would occur. For instance, 
Fig. l(c) indicates that the inner beams traverse a longer 
length of low-density fill plasma than the outer beams. 
The SBS gain peaks at a wavelength of A I  = 14 A for 
the inner-beam case; for the outer beam, which has less 
path length in the low-Z plasma, the main spectral fea- 
ture is a narrow gain spike at A?L = 7 A. 

To understand these observations, consider that the 
wave-number-matching condition for SBS requires that 

regions correspond to higher gain exponent. 

the inner and outer beams, respectively. Some of the 
Figures 2(a) and (b) show the history of the SBS for ko = k, + kia, 

(a) SBS, inner cone (b) SBS, outer cone 
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FIGURE 2. Post-pro- 
cessed (LIP) gain expo- 
nents along laser beam 
paths using plasma 
parameters from 2-D 
LASNEX hydrodynam- 
ics calculations of NIF. 
(a) SBS for inner cone; 
(b) SBS for outer cone; 
(c) SRS for inner cone; 
(d) SRS for outer cone. 
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where k, and k, are the incident and scattered light 
wave vectors in the plasma. The wave number of the 
ion-acoustic wave k, has a magnitude equal to 2k0 for 
direct backscattering (since k, = -ko ), where k, is 
related to the vacuum wave number k,,, of the light by 

(2) 1/2. ko =kvnc(l-ne /nc )  

this is a minor correction for densities near 0 . 1 ~ ~ .  
Although most of the incident photon energy goes 

into the backscattered photon, the ion-acoustic wave 
takes away some energy according to 

the frequency shift Am in the scattered light wave is 
therefore approximately 

resulting in a wavelength shift 

Ah=2hv,c(l-ne/lz,)1’2c,/c, (5) 

where cs is the sound speed. For a plasma flowing towards 
the observer with Mach number M = v/c,, we have 

large, low-Z plasma SBS problem, which can be 
addressed in gas-filled hohlraums or with open-geom- 
etry gas targets. 

The SRS gain exponents calculated by LIP are 
shown in Fig. 2(c) and (d) for the inner and outer 
beams, respectively. Figure 1 (c) indicates that when the 
beams reach the Au they are absorbed in a short dis- 
tance (-300 to 500 pm) in a region with steep density 
gradients. Since SRS gain is higher in large, homoge- 
neous regions with shallow density gradients, most of 
the calculated SRS gain is in the low-density, low-Z 
plasma. Beams in the inner cone have higher expected 
SRS gain [with a maximum of 26, shown in Fig. 2(c)], 
because the beams have longer paths in the low-Z 
plasma, and the total exponentiation is a product of the 
spatial gain rate with the length over which that expo- 
nentiation can occur. The outer beams traverse less 
low-Z fill plasma and so have a lower calculated gain 
exponent for SRS [with a maximum of 11, shown 
in Fig. 2(d)]. 

SRS as a function of the wavelength of the scattered 
photon. The wavelength of the scattered optical light 
carries information about the density and temperature 
of the plasma from which it scattered, because the elec- 
tron plasma wave from which it scatters must satisfy 

The SRS plots show the calculated gain exponent for 

Ah=2hvac(l-ne/~c)1/2(1-M)cs /c. (6) CO; = + v$t;, 
The strongest dependence here is on the sound speed 
and Mach number of the plasma in which the scattering 
is occurring. The sound speeds in Au and He/H are 
very different, because the sound speed scales as 
[(ZeffTe + 3Ti)/A11/2 and Au is a heavy atom (Z < A/2) 
that is not completely ionized &e., Zeff < Z )  while the 
low-Z plasma is fully ionized and has Z 2 A/2. Typical 
sound speeds are 3 to 4 x lo7 cm s-l for Au and 6 to 
7 x lo7 cm s-l for He/H for the temperatures expected 
in the NIF plasma. The shifts in wavelength for SBS 
backscattering from Au and He/H are then 7 and 14 A, 
respectively, for stationary plasmas. Note that flows in 
the plasma will also shift the scattered light wavelength 
according to the [l -MI term. 

The feature at 7 A appearing at 15 ns for the outer- 
beam SBS calculation [Fig. 2(b)] corresponds to SBS 
gain in the Au, with a peak gain exponent of 30. The 
broad gain peak at 14 A in the inner-beam case [Fig. 2(a)l 
represents gain in the low-Z plasma with a peak gain 
exponent of 20. Although there is a small amount of gain 
at 6 A in the inner-beam case, the observation can be 
made that the main SBS threat is from the wall material 
in the outer-beam case and from the low-Z fill gas in 
the inner-beam case. Hence we can break down the SBS 
problem into a high-Z problem, which is best addressed 
in experiments with Au walls (e.g., hohlraums), and a 

where o, and k are the frequency and wave number 
of the electron pgsma wave, o is the plasma frequency 
(which introduces density dependence), and vT is the 
electron thermal velocity (which introduces temperature 
dependence). The incident and scattered wave numbers 
are related by energy and momentum conservation: 

Pe 

0 0  = 0, +ap, (8) 

ko = k, + k,, (9) 

where ko (0,) and ks (a,) are the incident and scattered 
light wave vectors (frequencies). The wavelength of 
the scattered light that satisfies these conditions is 
strongly dependent on density and less strongly 
dependent on electron temperature. The large gain 
exponent at 590 nm for the inner beam corresponds to 
SRS growing at ne = O.ln, and a Te = 3 to 4 keV. The 
long-scalelength targets described below were designed 
to explore this gain region. The lower-gain parts of the 
plot correspond to different densities within the NIF 
plasma; longer wavelengths correspond to higher den- 
sities. The small region of gain near 690 nm for the 
inner beam represents light scattering from plasma at 
ne =: 0 . 2 ~ ~  and Te = 4 keV. This region of plasma is low-Z 
material that has ablated from the capsule and produces 
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a slightly higher-density region of low-Z plasma where 
it collides with the Au wall. This region is difficult to 
reproduce experimentally and is less significant to the 
NIF problem because the laser energy in the part of the 
beam that reaches this plasma is very low because the 
laser light is being rapidly absorbed by this higher- 
density plasma. 

As can be seen in Fig. 2, calculated gain exponents 
occasionally reach or exceed 20. Amplification of thermal 
fluctuations by 20 e-foldings is sufficient to produce 
both significant backscattering and plasma waves of 
sufficient amplitude that nonlinear saturation mecha- 
nisms begin to be important. The LIP calculations 
include no nonlinear effects, so the LIP results should 
be interpreted as telling us that there might be a signif- 
icant scattering due to SBS and SRS in the NIF plasma 
for the period during which gain exponents exceed 20, 
but that we cannot predict the saturation level of that 
scattering. Hence we were motivated to try to repro- 
duce plasma conditions with such gain exponents on 
Nova (where LIP can be used to compare the gains to 
the NIF case) in order to include saturation and other 
plasma effects that are omitted by the simple linear 
gain analysis. 

The NIF beams will interact with the plasma at inten- 
sities up to 2 x W ern-,, with a variation of intensity 
along the beam path as shown in Fig. l(c). In the trans- 
verse direction, the laser intensity is assumed to be 
averaged over the beam profile, and the LIP calculations 
use this spatially averaged intensity. However, each beam 
is composed of small (-6 pm diam) speckles with a 
distribution of intensities above and below the average. 
The speckles can self-focus as they interact with the 
plasma, increasing the intensity within individual ”hot 
spots,” although beam smoothing such as smoothing 
by spectral dispersion (SSD), which moves the speckle 
pattern around rapidly, can reduce filamentation. This 
nonlinearity in the laser-plasma interaction is also 
omitted from the LIP calculations, so a further require- 
ment of understanding laser-plasma interactions in the 
NIF by means of Nova-scale experiments was to use a 
laser beam with the intensity, smoothing, and f/num- 
ber appropriate to a NIF beam. These experiments 
would address the legitimate concern that some frac- 
tion of each NIF beam will drive saturated levels of 
SBS and SRS and be reflected from the NIF hohlraum 
with the loss of energy and other consequences described 
above. The goals of these experiments were expressed 
in the HLP5/6 part of the 1993 NAS Nova Technical 
Contract as follows: 

HLP5: Demonstrate acceptable levels of scattering in 
large-scale plasmas that match the plasma conditions, 
beam geometry, and beam smoothing of ignition 
hohlraums as closely as possible. The plasmas 

should have density and velocity scalelengths = 2 mm, 
electron temperature >1.5 keV, and ne/nc < 0.15. 

Acceptable levels of scattering were defined as follows: 
- Stimulated Brillouin scattering fraction fsss 

(back, side) < 5 to 10%. 
- Stimulated Raman scattering fraction fsRs 

(back, side) < 5 to 10% and fsRs (forward) < 5%. 
HLPG: Evaluate the impact of laser beam filamenta- 
tion on SBS and SRS and develop control techniques 
to the extent necessary to ensure acceptable levels 
of scattering. 

TargetPlasma Development 
To experimentally evaluate the severity of SRS and 

SBS scattering and filamentation on the propagation of 
an f/8 beam traversing a long-scalelength plasma, we 
reproduced the laser beam conditioning (f/number 
and smoothing) to be used on the NIF. At the same 
time, it was necessary to reproduce the plasma condi- 
tions expected within the NIF using plasmas produced 
by the Nova laser. Late 1993 and early 1994 saw a sig- 
nificant effort to produce plasmas that met the criteria 
expressed in the first part of the HLP5 statement of 
work. It was necessary to both reproduce the density 
( - 0 . 1 ~ ~ ~ )  and temperature (at least 3 keV) of the NIF tar- 
get but also to do so over a volume large enough that 
the total gain exponent of the NIF target for SBS and 
SRS could be approached. 

foams and thin exploding foils. The most promising 
targets were large gas-filled hohlraums (of which two 
types were developed) and ”gasbags.” The plasmas 
were created by irradiating a thin-walled gas balloon 
or a sealed hohlraum7 containing of order 1 atm of a 
low-Z gas (e.g., C,H,,, C5D12, or CO,). All three of 
these targets relied on heating a large volume of a 
heavy gas that, when ionized, produced the appropri- 
ate plasma conditions and was large enough to last for 
a reasonable time and to provide the right amount of 
SRS and SBS amplification. 

tigate laser-plasma interactions in NIF-scale plasmas. 
Figure 3(a) shows the GASBIG hohlraum, which is 
larger than the typical Nova hohlraum. Normal (scale- 
1) Nova hohlraums are the same length (-2.5 mm) but 
have a smaller diameter (1.6 mm), with the laser beams 
pointed so that they hit the wall before they reach the 
midplane of the hohlraum. The GASBIG hohlraums 
maximized the length over which the beams interacted 
with the plasma by pointing them at the opposite end 
of the hohlraum so that they crossed in the hohlraum 
mid plane. The hohlraum was filled with C,H12 gas 
retained with a thin (6500 A) polyimide window. 

Various targets were explored, including low-density 

Figure 3 shows the three targets developed to inves- 
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Figure 3(b) shows the toroidal hohlraum developed by 
LANL. This target produced a large length of plasma 
with which to interact by moving the wall of the stan- 
dard Nova hohlraum radially outward to produce a 
more doughnut-shaped hohlraum. Figure 3(c) shows 
the open-geometry gasbag target, which was essen- 
tially two thin windows on either side of a thin washer. 
The target is inflated to make an almost spherical volume 
of gas. Figures 3(d) and (e) show density and tempera- 
ture plots for the GASBIG and gasbag plasmas after 
they have been heated by the Nova laser beams, at the 
time at which the interaction with the NIF-like probe 
beam was studied (1 ns for the GASBIG, 750 ps for the 
gasbag). Both Figs. 3(d) and (e) show a relatively flat 
region of plasma near O.lnc at a temperature of 3 keV; 
this is the portion of the plasma that is approximating 
the region of high gain for SBS and SRS in the NIF 
inner beam. 

The concept of producing a large, hot plasma by 
irradiating a gas-filled target has been discussed by 
Denavit and Phillion.8 A cold gas volume of a few mil- 
limeters dimension can be heated by pulsed laser beams 
(typical duration 1 ns, intensity of order 
When the laser beams strike the cold gas, a plasma is 
formed by multiphoton ionization. The initial low 

W cm-2). 

temperature of the plasma leads to energy deposition 
through inverse bremsstrahlung at the edge of the 
plasma. As that plasma is heated and becomes more 
transmissive, the laser beams propagate further into 
the gas. Our targets contained a high-molecular-weight 
gas (typically C5H12) that on ionization produced a 
plasma (electron) density ne = loz1 crnp3. The velocity 
of propagation of the laser light into such a gas was 
measured for various laser conditions and is typically 
a few millimeters per nanosecond for 3 0  light. For a 
2.75-mm-diam gasbag plasma, the laser beams propa- 
gate to the center of the plasma by about 400 ps. 
Thereafter the laser beams steadily heat the plasma 
that they traverse; thermal conduction heats parts of 
the gas not directly irradiated by the laser beams. For 
the gasbag targets, the edge of the plasma is free to 
expand into the surrounding vacuum, so an isothermal 
rarefaction wave propagates towards the middle of the 
plasma at the ion sound speed (-0.5 mm/ns). The den- 
sity plateau in the center of the plasma is therefore 
eroded by the converging rarefaction wave at a rate of 
about 1 mm/ns. After the plasma is formed and heated, 
we have a few hundred picoseconds to perform 
laser-plasma interaction experiments on our 2-mm 
size plasma before the rarefaction wave shrinks the 

FIGURE 3. Targets 
developed to study 
laser-plasma interac- 
tions in longscalelength 
plasmas similar to those 
of NIF. (a) GASBIG 
hohlraum; (b) toroidal 
hohlraum; (c) open- 
geometry gasbag target; 
(d) density and temper- 
ature for GASBIG 
hohlraum targets at a 
time (1 ns) at which 
interaction with NIF- 

(a) GASBIG hohlraum (b) Toroidal hohlraum 
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density plateau and so reduces the length available for 
amplification of SBS and SRS. 

For each of the three targets, there was a period dur- 
ing which the plasma was ionized and heated using 
nine of the Nova beams. For the gasbags these "heater" 
beams were on for 1 ns; the interaction beam was 
turned on at t = 500 ps and also lasted for 1 ns. There is 
therefore a 500-ps period during which the heaters and 
interaction beams overlap in time. During this period 
the plasma temperature is still rising. When the heater 
beams turn off there is a 500-ps period during which the 
plasma is cooling but the interaction beam remains on. 

The balloon targets were constructed by placing a 
thin membrane of polyimide (C14H,0,N2) on each 
side of a thin (400 pm) washer. The membranes were 
then inflated to an almost hemispherical shape through 
hypodermic fill tubes that penetrated the washer. 
Figure 3(c) shows the target and the laser-beam focus- 
ing geometry used to heat the plasma. Nine heater 
beams with a total energy of 18 to 22 kJ in a 1-ns pulse 
were used to create the plasma. 

Unlike the more traditional targets for high-density 
laser-plasma interactions (solid or exploding-foil targets) 

(a) Gasbag at 750 ps 

-1 

-7 1 

the gas balloon targets convert most of the incident 
heater laser energy into thermal energy of the electrons 
and less into kinetic energy of bulk plasma motion. 
The energy budget for a typical gas balloon simulation 
is 22 kJ incident, 12.5 kJ absorbed, 8.8 kJ in electron 
thermal energy (57, = 3.2 keV) and only 2.6 kJ (21% of 
absorbed energy) in kinetic energy. These numbers 
should be compared with those for typical exploding- 
foil plasmas, for which similar calculations (to produce 
a O.lnc plasma) show 22 kJ incident, 8 kJ absorbed, 
3.1 kJ in electron thermal energy (57, = 2.4 keV) and 
4.5 kJ in kinetic energy (56% of absorbed energy). The 
heating of atstationary low-density target is therefore a 
much more efficient way of producing a high-tempera- 
ture plasma, and it has the added benefit that density 
and velocity gradients are much less severe and there- 
fore more suitable for interaction experiments that 
mimic laser-plasma interactions within indirect-drive 
ICF hohlraums. Exploding-foil targets are excellent for 
producing the kind of flowing plasmas found in the 
corona around direct-drive ICF pellets. 

plasma. The image is one of a series of gated images, 
Figure 4(a) shows a gated x-ray pinhole image of the 

(b) LASNEX calculation at 750 ps 
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FIGURE 4. (a) Gated x-ray pinhole image of gasbag at 750 ps; large stripe across image is the shadow of a shield that is well away from the 
plane of the plasma. Support washer (shown in Fig 3c) is only 400 pm wide. (b) Simulated x-ray image from a LASNEX calculation at 750 ps. 
In both images, the gray scale indicates x-ray intensity integrated along the pinhole camera line of sight. Note the bright edge in this simu- 
lated image that is not seen in the data (a). The bright vertical stripe in the middle of the simulated image corresponds to a density peak that 
is propagating radially inwards in the plane of the washer. (20-07-1095-2437pb02) 

UCRL-LR-105821-95-4 311 



LASER-PLASMA INTERACTIONS IN NIF-SCALE PLASMAS (HLP5 AND HLPG) 

with 100 ps time resolution, and was recorded 750 ps 
after the start of the heater pulses. The large vertical 
stripe across the image is not the support washer 
(shown in Fig. 3c) which is only 400 pm wide, but is 
the shadow of a shield that is well away from the plane 
of the plasma. The x-ray emission looks uniform 
within the limits of the microchannel plate noise; the 
camera was filtered to view x rays at photon energies 
above 1.5 keV, where the target was optically thin. The 
image represents the integration of x-ray emissivity 
along a chord through the plasma and could average 
changes in the emissivity caused by density fluctua- 
tions. Abel inversion of images such as this can show 
us if the plasma has a cold (less emissive) center, as is 
the case before the heater beams propagate to the 
center of the target. Some kind of 3-D tomographic 
imaging would be preferable, and we might eventually 
develop such a capability. Another alternative for bet- 
ter quantifying the uniformity of our plasmas is to do 
space-resolved thermal Thomson scattering using a 4 0  
(264 nm) probe beam. Again, this capability may be 
developed for future experiments. 

The membrane that represents the initial bag wall 
perturbs the situation somewhat. The membrane is 
-2000 to 3000 A thick after the bag has been inflated 
and the material has stretched. The lasers heat the 
membrane, causing it to expand and rarefy, much like 
an exploding 
into the bag, which propagates into the center of the 
target at about the sound speed. The peak density in 
this shock is calculated to be 2 x loz1 cm-3 for a C,H!, 
gas fill [Fig. 3(e)]; the density scales with the fill density 
of the gas. Figure 4(b) shows a simulated image taken 
from a post-processed LASNEX calculation. A bright- 
ening due to this density peak is visible at the edge of 
the plasma. Although such a feature is seen at early 
times in our experiments, we do not see such a feature 
after the plasma has achieved its full size (at -500 ps). 
The area in front of the shock wave is the region that 
has a flat density profile with no significant velocity 
gradients. The structure visible near the middle of the 
profile in Fig. 3(e) is produced by the symmetry of the 
calculation and has not been observed in experiments 
(with framing cameras viewing down the washer axis). 
The bright vertical stripe in the middle of the simulated 
image corresponds to a density peak that is propagat- 
ing radially inwards in the plane of the washer. This 
peak has been seen in axial images, but it is never in 
the path of the interaction beam, which enters the 
plasma shown in Fig. 4(b) from 50" below the horizon- 
tal, crossing the image almost diagonally. 

spectroscopy using K-shell line spectra from mid-Z 
elements (such as 2000 A of cosputtered Ti and Cr or 
2500 A of KC1) placed in different locations inside the 
gas-filled targets. Analysis of the line intensity ratios 
uses a time-dependent collisional-radiative model of 
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That process launches a weak shock 

Electron temperatures were measuredlor" by x-ray 

the plasma.12 Isoelectronic ratios of the He-like emission 
were used because they are less affected by time- 
dependent ionization effects. Density variations are 
not expected to introduce large effects in the analysis 
and are included in the error estimates of the results. 

was measured with TiCr dopants and with Ar/C1 gas 
dopants. These spectroscopic measurements, using 
three different line ratios, consistently indicate that 
peak temperatures of 2.8 to 3.2 keV are achieved in the 
gasbags. Recent measurements of Ar and C1 satellite 
and resonance lines over several shots have enabled us 
to obtain a history of the temperature rise; these mea- 
surements show a peak temperature of 2.8 f 0.5 keV, 
slightly below the LASNEX predictions. The measured 
temperature lags behind the temperature rise indicated 
by the simulation. Gasbags attain their peak electron 
temperature at 1 ns, when the heater beams turn off, 
but they are homogeneous after 400 ps when they are 
heated with 30 heater beams. 

The quoted electron temperature was measured in 
the gasbag plasmas with 30 heater beams. Early exper- 
iments using 20 (527 nm) heater beams (which would 
give higher temperatures because of increased collisional 
absorption) showed poor coupling of the laser energy 
into the initially cold plasma, which then stayed cold. 
Since ne = cm-3 is 0 . 2 5 ~ ~ ~  for 2 0  light, it was suspected 
that 20 decay and/or SRS at the quarter-critical den- Pe sity was converting much of the incident energy to fast 
 electron^,^^!^^ which then deposited their energy in the 
target superstructure without heating the plasma effec- 
tively. Hence most of the experiments described here 
used 30  heater beams and a 30 interaction beam. 

The electron temperature of the large gas-filled 
hohlraums ("GASBIGS") was determined using dopants 
deposited on 150-pm-wide, 800-A-thick CH substrates. 
The gas volume of the hohlraums is not uniformly 
heated by the laser beams as in the gasbags, so the 
measurements were performed in and out of the beam 
path. Peak electron temperatures in the beam path of 
3.6 keV were measured by the isoelectronic line intensity 
ratios of the He-like emission. Figure 5 shows the 
temperature history calculated by LASNEX and the 
corresponding measured temperatures. Measurements 
earlier than 1 ns are not included because accounting for 
the transient effects of the ablation and equilibration of 
the foil with the surrounding plasma introduces large 
uncertainties in the measurements. The temperature in 
the GASBIG is also observed to lag at early times. This 
discrepancy may be related to the heat capacity of the 
gas, because volumes not heated by the laser light must 
be heated by lateral heat flow; alternatively, it may imply 
that beam propagation is not as fast as the LASNEX cal- 
culation predicts. The out-of-beam measurements (not 
shown) show a temporal lag, but still achieve peak tem- 
peratures of 3 keV. Similar measurements using Ti/Cr 
spectroscopy made to characterize the toroidal hohlraum 

The electron temperature in the C5HI2-filled gasbag 
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plasmas15 yielded temperatures of 3 rt 0.5 keV for the time 
at which the interaction beam would probe the plasma. 

For all three of the targets shown in Fig. 3, we found 
temperatures of about 3 keV for plasmas of order 2 mm 
in size at O.lnc. Since this approximates the region of 
the NIF plasma producing the highest calculated gain 
for SBS and SRS on the inner beam, we then turned to 
using these targets to perform interaction experiments. 
Note that the problem of producing a target with a gain 
similar to that seen on the outer beam in the Au [Fig. 2cb)l 
is not solved with these targets. None of them has suf- 
ficient radiation temperature to drive off a significant 
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FIGURE 5. GASBIG hohlraum electron temperature history calculated 
by LASNEX, and corresponding measured temperatures. Top and 
bottom curves represent i l 0% temperature variation. 
(20-07-1095-2438pb01) 

I Scatter plate 

FIGURE 6. Nova target chamber, showing placement of scattered- 
light diagnostics. Beam shown is the interaction beam (beamline 7), 
on which the NIF beam smoothing and flnumber were replicated. 
The other nine beams (used to heat the plasma) are not shown. 
(20-07-1095-2439pbOl) 
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plateau of low-density Au plasma to mimic that region 
for the NIF outer beam. In fact, the scale-1 Nova 
hohlraums, when gas-filled, actually produce SBS gain 
exponents in the Au similar to that in the NIF outer beam. 
This occurs because inverse bremsstrahlung absorption 
in the Au, and not the hohlraum size, determines the 
scalelength in the Au. For gas-filled Nova scale-1 and 
NIF hohlraums, this absorption length is a few hundred 
micrometers. This issue is discussed towards the end 
of this article. 

Diagnostic Development 
The development of diagnostics for the long-scale- 

length plasma experiments was motivated by the desire 
to better account for the scattered light and at the same 
time to quantify the light transmitted by the plasma. 
Figure 6 shows the placement of the various diagnostics 
in the Nova target chamber. The beam shown is the 
interaction beam (beamline 7), on which the NIF beam 
smoothing and f/number were replicated. The other 
nine beams (used to heat the plasma) are not shown. 

Before 1993, measurements of SBS were made by 
taking a subaperture sample using a Fresnel reflector 
(uncoated beam splitter) within one of the ten Nova 
beams, and it was assumed that the backscatter was 
uniform within the beam aperture. The gain for both 
SBS and SRS peaks in the direct backscatter direction, so 
the scattered light should be collinear with the incident 
beam. In setting up for the long-scalelength plasma 
experiments, it was decided to move this diagnostic 
capability to the beam that we would use to mimic the 
NIF smoothing and focusing geometry, while making 
the system integrate backscatter over the full beam 
aperture. Figure 7 shows the new system, called the 
FABS (full-aperture backscatter diagnostic). The FABS 
views the scattered light that propagates back down 
the beamline and is transmitted by the lw (1054 nm) 
turning mirror closest to the chamber [which of course 
has high reflectivity (-95%) for the incident 10 light 
but transmits -30% of backscattered 30 light]. A large 
hole was cut in the back of the mirror mounting box, 
allowing access to the scattered light transmitted by the 
mirror. Since light scattered from the target passes back 
through the Nova focusing lens, it is recollimated and 
is 70 cm in diameter when it emerges from the back of 
the mirror box. A second f/4.3 Nova lens was then used 
to focus the beam into the various diagnostic packages 
to allow analysis of the scattered light. A time-resolved 
SBS spectrometer, normalized with a time-integrating 
calorimeter, allowed the power history for SBS to be 
recorded; the time-resolved SBS spectrometer provided 
additional information on the spectral features of the SBS. 
A CCD camera also recorded a time-integrated image 
of the SBS backscatter angularly resolved within the 
diagnostic acceptance angle (i.e., SBS imaged in the 
plane of the Nova lens). 
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Viewing light scattered from the target through the 
Nova focus lens and refocusing it with a similar Nova 
lens introduces a large amount of chromatic aberration. 
The Nova lenses were intentionally designed with large 
chromatic aberration to separate the foci of 10, 20, and 
30 light (wavelengths 1054,527, and 351 nm, respec- 
tively) in the target plane. This property causes problems 
when trying to focus the scattered light spectrum, which 
extends from 350 to 700 nm, into the diagnostic pack- 
ages. A later version of the FABS will use a collecting 
mirror in place of the second lens and will correct the 
chromatic aberration through a series of small-aperture 
optics. This systemI6 was not ready for the experiments 
described here; when it is implemented, it will have 
the capabilities of the current FABS but also will have 
the ability to image the target plane using the scattered 
light. The primary mission of the FABS in its original 
inception was to measure the SBS scattered light from 
the target. Because the SBS spectrum is quite narrow 
(-1 to 2 nm), the issue of chromatic aberration was not 
as severe as it is for broader-band SRS measurements. 

SRS diagnosis was initially made through monitoring 
diodes placed 27" from the incident laser beam together 
with a streaked optical spectrometer. This setup was 
complemented by measurements of the fast-electron 
yield using the FFLEX filter-fluorescer, viewing x rays 
produced by electrons slowing down in the target 
material. As discussed below, the suspicion that SRS 
yields from targets were higher than implied by FFLEX 
led to the development of improved monitoring of the 
light scattered by SRS. The FABS diagnostic was modi- 
fied (as indicated in Fig. 7) by having a diffuser placed 
soon after the focusing lens that scattered the light, 
which was then recorded by a filtered diode. This 
reduced the problem with chromatic aberration dis- 
cussed above by making the measurement as close to 
the second focusing lens as possible, before the dispar- 
ities in focal length could significantly change the 
beam size as a function of wavelength. 

A further complication was introduced by severe 
modulations in the transmission of the turning mirror 
(inset in Fig. 7). The modulation is due to the multilayer 
coating on the mirror, which is optimized to reflect 
narrow-band lo laser light efficiently, not to transmit a 
broad-band signal. This modulation makes quantitative 
measurements of SRS difficult. The difficulty was 
addressed by using a streaked optical spectrometer to 
spectrally resolve the SRS signal seen by the diode. The 
spectrum could then be corrected using the calibrated 
mirror transmission function, and the diode signal 
(which represents an integral of the spectrum) could be 
corrected accordingly. This spectrometer also allowed 
us to record the spectrally resolved SRS reflectivity for 
comparison with our expectations l e g ,  Figs. 2(c) and 
(d)l and also to study changes in the spectrum as a 
function of beam smoothing and laser flnumber. All of 

the SRS spectra shown below were corrected to remove 
the modulation of the mirror transmission. 

The FABS diagnostic was calibrated by using an 
uncoated spherical mirror placed on the far side of the 
chamber from the instrumented beamline (beamline 7). 
Beam 7 was then focused through a large hole (-6 mm 
diam) in a plate positioned at chamber center. The 
plate absorbed the unwanted harmonics of the laser 
beam (e.g., lo and 2 0  in the case of a 3 0  calibration 
shot), because the chromatic aberration in the Nova 
lens meant that only one color was focused at the hole. 
The light then diverged before it was reflected by the 
uncoated mirror and sent back down the beamline, 
where is was recorded as a known amount (-6%) of 
backscattered light. 

The SBS detectors were calibrated using the 3w 
calibration shots that are run routinely to maintain 
confidence in the precision Nova incident-beam diag- 
nostics. To calibrate the SRS detectors, 2 0  light was 
used, since its wavelength is in the middle of the spec- 
tral range of SRS light from most of our experiments. 
The sensitivity of the other components in the diagnostic 
relative to their sensitivity at 2 0  were calibrated off-line. 
This process resulted in a typical uncertainty of 10% in 
the SBS and 20% in the FABS SRS measurements. 

, 
, 

Final turning mirror\, , 

, , , , , 
SRS diodes 

spectrometer 

Fiber optic 
cable 

, 
,' 

FIGURE 7. Full-aperture backscattering station (FABS) diagnostic, 
and (inset) transmission of final lo turning mirror through which 
FABS views scattered light. SBS light is reflected from a beam-splitter 
before it is injected into the SBS diagnostic package. A diffuser 
behind the beam-splitter reflects broader-band light into the SRS 
diagnostics. (20-07-1095-2440pbOl) 

314 UCRL-LR-105821-95-4 



LASER-PLASMA ~ T E R A C T I O N S  IN NIF-SCALE PLASMAS (HLPS AND HLP6) 

To complement the FABS, the diagnostic set included 
time-integrated diodes (Fig. 6) spaced at -10" intervals 
around the chamber to look at sidescattered light. As 
discussed below, there were indications in the first 
experiments with these diagnostics that the scattered 
SBS was coming back outside the collection angle of 
the FABS (defined by the incident beamf/number). 
Initial estimates were therefore made of the energy 
outside the lens using similar time-integrated diodes. 
An estimate of the spreading of the backscattered SBS 
was also obtained by restricting the aperture of the 
incident beam and using the FABS to image the light 
that scattered outside the angle of the incident sub- 
aperture beam. These estimates led us to conclude that 
up to three times as much scattered SBS energy may 
have been outside the lens as inside it for gasbag tar- 
gets. At the time, the precision of this measurement 
was sufficient, because the amount of SBS in the lens 
was negligible. However, in the second phase of the 
experiments we planned to push the amount of SBS 
upward, so we expected that the energy outside the 
lens would play a large part in determining the energy 
budget of the interaction beam. Therefore a new diag- 
nostic for near backscattered light was developed for 
the second series of experiments. 

continuous coverage of SBS and SRS backscattering 
outside the lens to 20" from the lens axis. This was 
achieved by placing a large annular plate of bead-blasted 
aluminum around the outside of the lens assembly 
within the target chamber (Fig. 6). The near-backscattered 
light from the target scatters from the plate as if from a 
diffuse screen and is then imaged by two TV cameras 
on the far side of the target chamber. Filters on the TV 
cameras allowed us to separately measure SBS (near 
351 nm) and SRS (400 to 700 nm). Off-line calibration 
of the plate reflectivity and the known filter and TV 
camera throughput allowed us to spatially integrate an 
image frame at shot time to determine the total amount 
of scattered light. The images could also be combined 
with the images recorded by the FABS SBS and SRS 
cameras to provide an image of the angular distribu- 
tion of scattering inside and outside the interaction 
beam solid angle. The diagnostic was supplemented 
by time-integrated diodes and fiber optics viewing the 
target through holes in the plate. The fiber optics allowed 
samples of the scattered light to be transported to an 
optical streak camera, where differences in time history 
as a function of scattering angle could be quantified. 

The calibration of the plate reflectivity plus camera 
sensitivity could be checked in situ by comparing the 
scattered intensity with that recorded on the diodes. We 
could also compare the sensitivity of the FABS and the 
NBI by using a Au foil target at the chamber center to 
reflect energy from one of the other beam lines towards 
beam 7. This technique uses the "glint" reflected from 

The near-backscattering imager (NBI) extended the 
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the Au foil to fill both diagnostics with light. Comparison 
of the glint imaged in both diagnostics then revealed 
any inconsistencies as sharp jumps in image intensity 
where the coverage of the two diagnostics abutted one 
another. Contamination of the plate by target debris is 
a potential source of inconsistency. Initially a large effort 
was made to compare NBI and FABS to keep confidence 
in the calibration of NBI. As the use of the NBI diag- 
nostic has become more routine, we have instituted a 
schedule of installation, removal, and recalibration of 
sections of the plate, and we use the diodes inset in the 
plate to maintain confidence in the evolution of the cal- 
ibration. Problems with the time-integrating diodes 
(described below) have been eliminated by using more 
linear diodes with better dynamic range. The uncer- 
tainty in the NBI SRS and SBS numbers is about 30% 
for the data discussed below. 

Sidescattered SBS light in these experiments was 
studied with a diode array. The diodes were time-inte- 
grating, so they could not distinguish the contributions 
due to sidescattering from the heater beams. The solu- 
tion to this problem was to put fiber optics inside the 
chamber beside each diode to relay the SBS light from 
there to an optical streak camera, which then provided 
a time-resolved history of the sidescattering that could 
be normalized with the time-integrated diode signal. 
The contributions due to sidescattering from the heater 
beams could then be seen occurring early in time; those 
due to the interaction beam would come later. This 
system of combined diodes and fiber optics was called 
the oblique scattering array (OSA).l6 The system was not 
operational during the first f/S campaign (April 1994) 
and was only partially operational during the second 
f / S  campaign (February 1995). In all applications 
involving diode measurements, it was necessary to 
absolutely calibrate the detectors, filters, and blast 
shields off-line and then monitor how their calibration 
changed in the target chamber due to debris buildup 
by frequent recalibration and replacement of debris 
shields and filters. During the first f/S campaign, when 
the diodes were being used to quantify SBS near 
backscatter outside the lens cone, the diodes became 
nonlinear in their sensitivity to 30 light at distressingly 
low fluences. This effect required characterization of 
the diode sensitivity over a wide range of incident flu- 
ences and also reduced the effective dynamic range of 
the diodes.17 Individual diode readings fluctuated 
from shot to shot, and diodes next to one another often 
gave conflicting measurements. This may have been 
due to diode nonlinearity or damage or to small-scale 
structure in the scattered light intensity, which is diffi- 
cult to resolve with single-point diode measurements. 
This latter consideration was one motivation for making 
the imaging NBI system for near backscatter. We may 
build a similar imaging system for sidescatter that will 
avoid the poor statistics of the single-point diode 
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measurements. New diodes were identified that had 
better dynamic range and that were linear up to higher 
fluences. These diodes were installed in the NBI plate 
as described above and were retrofitted into the 
OSA array. 

The last diagnostic shown in Fig. 6 is the Transmitted 
Beam Diagnostic (TBD), whose purpose is to measure 
the amount of light transmitted by our open-geometry 
plasmas and to study the effect of processes such as 
diffraction from filaments on the divergence of the 
transmitted beam. This diagnostic was first set up dur- 
ing the 1994 f/S campaign. The device was a frosted 
glass plate mounted on the opposite side of the cham- 
ber from Beam 7 (see Fig. 6). In its original form, the 
plate intercepted, transmitted, and forward-scattered 
light over an angle equivalent to f/7.2. However, it was 
quickly realized that the beam expanded beyond the 
f/S original beam divergence as a consequence of 
refraction, diffraction in filaments, or forward SBS. For 
the second f/S campaign, the TBD was enlarged to detect 
light over a f/3.6 cone. The plate was viewed by an 
optical framing camera that recorded the beam angular 
spread at four distinct times, together with a streak 
camera that resolved the divergence in one dimension 
continuously in time. Absolute measurement of the 
transmitted light was made using a fast diode that 
gave the history of the beam integrated in both spatial 
dimensions. The system was calibrated by firing a shot 
with known 30 laser energy through an aperture placed 
at chamber center to remove the lo and 20 light. A 
secondary measurement made with the TBD system 
was quantification of forward Raman scattering by 
injecting some of the transmitted light through a fiber 
optic into a low-resolution streaked optical spectrome- 
ter. Fiber-optic coupling was also used to inject the 
forward-scattered light into a high-resolution spec- 
trometer to investigate the effects of filamentation on 
laser wavelength. 

The main purpose of the TBD was to reveal changes 
in transmission due to the onset of scattering processes. 
Quantifying all the loss mechanisms due to parametric 
processes is very difficult. However, since the main 
objective of our experiments is to show that we can 
propagate a NIF-like beam through a NIF-like plasma 
without adverse effects, it was decided that by looking 
at the beam after it has traversed such a plasma we can 
directly discern if some as-yet unquantified process is 
serving as a loss mechanism. By looking at the charac- 
teristics of the beam after it has passed through one of 
our open-geometry gasbag plasmas, as a function of 
beam smoothing and laser intensity, we can ensure 
that the laser will propagate according to design in the 
NIF hohlraum. 

1994 NIF Experiments 
In April 1994 the NIF beam geometry was reproduced 

on Nova by modifying one beam to have the f/number 
and smoothing characteristics of a cluster of four NIF 
beamlets. Nine of the Nova beams were used to produce 
the long-scalelength plasma; the tenth was configured 
as an interaction beam that was sent through the pre- 
formed plasma after a 500-ps delay. The SRS and SBS 
scattered from the plasma, together with the effects of 
the plasma on the transmitted beam, were studied as a 
function of the interaction beam intensity, beam smooth- 
ing, and plasma constituents. The interaction beam was 
smoothed by using RPPs/18 and four different colors 
within the f/S beam to mimic the NIF laser architec- 
ture.19 The four-color setup divided the f /S  beam into 
four separate quadrants, each of which had its wave- 
length shifted relative to the others. The wavelength 
separation of the colors was approximately 1.4 A at 30. 
Since each beam quadrant could have its frequency 
conversion crystals individually tuned for its 
wavelength, the four-color scheme approximated 
“bandwidth on the interaction beam without losing 
3c0 conversion efficiency. We also studied the use of 
additional laser bandwidth of approximately 1.6 A at 
lo on each color, coupled with SSD?O to further reduce 
reflected SBS. These studies were performed with both 
f/4.3 and f/S interaction beam focusing. 

The main results of the 1994 f/8 campaign were the 
observation of low amounts of SBS, with indications of 
more SBS scattered around the lens (a factor 2 or 3 in 
gasbags), but not enough to be a significant loss mech- 
anism. Figure 8 shows the total SBS backscatter as a 
function of laser beam intensity and beam smoothing 
for the gasbag targets. The data are separated into the 
three smoothing conditions that were studied: four- 
color as described above, ”one color,” in which the 
four quadrants were set to be the same color, and ”one- 
color SSD,” which had an additional bandwidth of 
1.6 A at lo put on the one-color setup. The data plot- 
ted is the peak SBS reflectivity in time (reflected 
power/incident power), not corrected to account for 
SBS light reflected outside the lens acceptance angle. 
Our estimates based on the use of diodes to measure 
the energy outside the lens indicate that these numbers 
should be increased by a factor of 2 to 3, making the 
maximum SBS seen in these experiments only -6%. 

Low levels of SBS were observed for irradiances up 
to 6 x 1015 W cmd2 (well above that planned for the NIF). 
There was little difference in the levels observed with 
one-color or four-color irradiation; however, the addition 
of SSD beam smoothing to the one-color case reduced 
the SBS to below 0.5%. The observation of these low 
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scattering levels did raise the interesting possibility that 
the highest intensity planned for the NIF was too con- 
servative, and that a design with higher laser beam 
intensity and hence higher hohlraum radiation tempera- 
ture might be viable. The benefit in higher capsule gain 
and relaxed surface roughness specifications for insta- 
bility growth made experiments at higher intensity 
very attractive. 

the SBS with intensity are perplexing. The apparent 
observation that four-color beam smoothing produces 
more SBS backscatter than one-color smoothing at high 
intensity was contrary to our expectation that four- 
color smoothing should suppress filamentation at least 
as well as one-color smoothing, if not better. The obser- 
vation that SBS is reduced with the addition of a small 
amount of bandwidth and SSD beam smoothing is 
more sensible. 

During this 1994 campaign we made the first trans- 
mitted-beam measurements, but these were limited to 
collecting light over an f/7.2 aperture; the transmitted 
f / S  probe beam broadened to overfill the detector, mak- 
ing quantification of the transmitted fraction uncertain. 

scalelength plasmas was limited to large-angle diode 
measurements and measurements of the hard x-ray 

The low level of SBS backscatter and the scaling of 

Quantification of SRS backscattering from the long- 
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FIGURE 8. Measured SBS reflectivity from gasbag targets from 
April 1994 f /S campaign. Quantity plotted is peak reflectivity 
(scattered power/incident power) into an f / S  collection angle; con- 
tributions due to scattering outside this solid angle are estimated to 
increase these numbers by a factor of 2 to 3. (20-07-1095-2441pbOl) 

spectrum produced by fast electrons striking the Au 
hohlraum wall. These measurements showed that at 
most 1% of the incident energy was converted to fast 
electrons, with the limitation that the time-integrated 
technique did not distinguish between electrons pro- 
duced by the heater beams and those produced by the 
probe beam. Experiments with the probe beam energy 
set to zero showed fast-electron yields similar to those 
with high power on the probe. In all of the interaction 
experiments carried out at f/4.3 and f / S  during this 
period, the inferred levels of SRS were low (<1%). This 
was perplexing, because a few experiments with gas- 
bag targets in the Two Beam chamber area of Nova 
produced larger levels of SRS (of the order of 4%). 
However, those experiments were done with plasmas 
that were cooler (1.5 keV) than the plasmas heated by 
nine Nova beams (3.2 keV). This observation is consis- 
tent with the higher temperature, in the plasmas heated 
with nine beams, resulting in strong electron Landau 
damping of the electron plasma waves at 0 . 1 ~ ~  for 30  
and so reducing SRS. In either case, however, the plasma 
should have had a peak gain exponent of at least 20 for 
SRS [e.& Fig. 10(d), below]. The Two Beam experiments 
did not have a filter-fluorescer measurement for fast 
electrons produced by SRS. The SRS was measured by 
observing the scattered optical light that went back 
into the interaction beam lens. This difference moti- 
vated the installation of a similar optical SRS detection 
system in the Ten Beam chamber for the second f / S  
campaign to better quantify SRS. 

Several issues were left unresolved by the first 
f/S campaign: 

1. The effectiveness of SSD beam smoothing in sup- 
pressing filamentation and how it compared with 
four-color smoothing. 

beam smoothing in suppressing filamentation. 
2. The effectiveness of four-color versus one-color 

3. The low level of SBS. 
4. The low level of SRS inferred from FFLEX. 
5. No real quantification of the characteristics of the 

6. Sidescattering was not quantified. 
transmitted beam. 

Furthermore, the possibility of beams with different 
colors (e.g., four-color) transferring energy when cross- 
ing within the plasma had been raised by experiments 
that showed such an effect in long-wavelength 
(10.6 pm), low-density experiments.21 This possibility 
merited investigation in more NIF-relevant plasmas 
using 30 light. 

observed from the C5H12 plasmas was less than 6% 
for all irradiation conditions tested. It was therefore 
decided to perform a second series of f / S  experiments 

For the initial f / S  experiments, the peak SBS 
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FIGURE 9. (a) Time- 
integrated SBS reflec- 
tivity from gasbag 
targets containing mix- 
tures of CO, and C,H, 
(crosses) or C,D,, and 
C,H,, (solid squares). 
The amount of the sec- 
ond material is varied 
and is expressed as 
percentage of ions that 
are protons vs proton 
concentration. (b) PIC 
calculation of SBS 
reflectivity from a CH 
plasma (normalized to 
unity for pure carbon) 
vs proton concentration. 
(c) Time integrated SBS 
backscatter from 
toroidal hohlraums, 
f/8 experiments; (d) 
SBS back-scatter from 
toroidal hohlraums, 
f/4 experiments. 
(20-07-1095-2442pb01) 
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the plasma from C5H12 to C5D12 (i.e., changing protons 
to deuterons) increased the peak SBS from -3% to 
-25%. Both CO, and C5Dl2 are expected to have lower 
ion Landau damping than C5H1, at the range of ion 
temperatures expected in the experiments.22 The 
higher damping of the C5H12 plasma arises because of 
the mixing of a light ion (H) that does the damping 
with a heavier ion (C) that determines the sound 
speed. The high thermal speed of the hydrogen rela- 
tive to the ion-acoustic wave speed allows the many 
protons moving at the wave speed to efficiently extract 
energy from the wave, damping the wave and reduc- 
ing the SBS gain. This phenomenon was first reported 
by Clayton23 in low-T,, low-density discharge plasmas 
irradiated with 10.6-pm CO, laser light. The experi- 
ment reported here was the first observation of this 
effect in a high-T,, high-density plasma relevant to ICE 
To demonstrate that the protons within the plasma 
provided the damping, Clayton altered the concentration 
of hydrogen in the plasma and observed the effect on 
the SBS threshold. We performed similar measure- 
ments with our C5Dl, and CO, plasmas by adding 
small concentrations of C,H,, or C H to provide more 
protons. The gasbag experiments did not attempt to 
measure an intensity threshold for SBS, but instead 
kept the average intensity in the target fixed and varied 
the proton concentration. 

Figure 9(a) shows the results, which illustrate the 
reduction in total SBS with increasing proton density. 
The SBS that we see has essentially saturated. This 
result has been modeled and essentially reproduced 
with PIC simulations [see Fig. 9(b)],24 which is interest- 
ing because the ion-Landau damping argument is an 
argument for a reduction in the linear gain for SBS. 
The PIC calculations obviously include this linear 
mechanism plus important nonlinear kinetics effects 
such as particle trapping and nonlinear frequency 
shifts. These latter effects reduce the gain beyond what 
would be calculated with the linear damping only. 
Figure 9(b) shows the calculated SBS reflectivity for a 
CH plasma, as a function of proton concentration, nor- 
malized to unity for pure carbon. The calculation gave 
a reflectivity of about 70% for this case. Note that a 1-D 
PIC simulation always overestimates the SBS reflectiv- 
ity, because 2-D and 3-D effects that can also limit ion 
wave growth are obviously omitted. 

Figures 9(c) and (d) show SBS reflectivity data 
(reflected energy/incident energy of the interaction 
beam) for the toroidal hohlraum experiments. These 
data are from the 1994 f/8 series and from subsequent 
experiments carried out at f/4. The figures also show 
the effect of the ion species on SBS reflectivity. The 
reflectivity appears to correlate inversely with the 
Landau damping rates of the SBS ion wave. For these 
hohlraum conditions (T2/Te  = 0.21, the estimated 
Landau damping rates normalized to the ion-acoustic 

3 8  

frequency (vi/wi) for He/H, C,H,,, C5D12, He, and 
CO, are 0.35,0.25,0.15,0.01, and 0.01, respectively. 

enough that the SBS is sensitive to the damping from 
different materials. This effect was not observed in 
exploding-foil e~perirnents?~ in which the SBS reflec- 
tivities of CH and Ti plasmas were similar, presumably 
because of the large flow gradients (L, = 300 pm), 
which reduce the effective interaction length because 
of dephasing proportional to the acoustic wave damp- 
ing rate. The total gain is equal to the product of the 
gain rate (-l/va) and the interaction length (-vaLv/wa) 
and is then independent of the damping rate. Since our 
results show an SBS reflectivity that is sensitive to 
damping, they may indicate that the interaction length 
is being determined by something other than the 
velocity gradient scalelength L,. We are continuing to 
study the relation between velocity gradients in our 
long-scalelength targets and those expected in NIF 
plasmas. Because our results show an SBS reflectivity 
that is sensitive to damping, they suggest that the 
interaction length is not dominated by inhomogeneities 
such as the global velocity-gradient scalelength L,. 
Fluctuations in the velocity cannot be ruled out, but 
they should be similar in NIF plasmas to those in our 
long-scalelength targets, because the initial gases are 
uniform and nonuniformities are produced by similar 
laser heating processes. 

The phenomenon of enhanced damping by adding 
protons to the plasma will be used in NIF hohlraums by 
filling them with mixtures of H, and He. Calculations 
indicate that this mixture will provide even higher ion- 
Landau damping than in our C5H1, experiments.22 
The LIP calculations for the NIF plasma use the damping 
appropriate for this He/H mixture. The gain exponent 
of 20 for the inner beam SBS taking place in the low-Z 
plasma already takes into account the large ion-Landau 
damping in such a plasma. 

The plasmas we have produced seem homogeneous 

1995 NIF Experiments 
As discussed above, the first round of f / S  

laser-plasma interaction experiments left many issues 
unresolved. After the diagnostic development 
described above, we embarked on a second f/S cam- 
paign with the intent of finding the optimum smoothing 
required for the NIF and of determining the beam 
intensity above which laser-plasma instabilities pre- 
vented efficient beam propagation. 

In h s  section we describe these most recent experi- 
ments and present some of the details of the experimental 
observations that were omitted in previous sections. 
Gasbag, GASBIG hohlraums, and toroidal hohlraum 
targets were all used in these experiments. The main 
results were that the levels of SRS backscattering were 
higher than inferred previously with the FFLEX 

UCRL-LR-105821-95-4 319 



LASER-PLASMA INTERACTIONS IN NIF-SCALE PLASMAS (ffLP.5 AND HLPG) 

technique. The SRS was collimated so that it came back 
straight into the lens. The levels of SBS were even lower 
than those observed previously; in fact, there is the 
distinct possibility that those measurements were con- 
taminated by SRS getting into the SBS calorimeter. The 
levels of backscattering were sensitive to beam smooth- 
ing in the form of SSD and insensitive to differences 
between four-color or one-color beam smoothing. 
Scattering at 2 x 
in NIF designs, but higher intensities produced far 
more SRS. The NBI diagnostic showed that the SBS 
scattered outside the lens multiplied the FABS-only 
number by a factor of 2 to 3 for gasbags, but GASBIG 
hohlraums produced much less symmetric SBS 
backscattering that had as much as a factor of 10 more 
SBS outside f/S than inside it. 

W cm-2 was at a level acceptable 

Figures 10(a) and (b) show gasbag SBS and SRS 
spectra recorded in the direct backscatter direction 
with the FABS diagnostic. The data are for a CSH1,-filled 
gasbag irradiated with 2.2 x 
color f/S beam with 1.6 A of SSD beam smoothing. 
Figure 10(a) shows SBS spectra recorded from the gas- 
bag plasma. Early in time (0 to 500 ps) the spectrum 
shows sidescattering from the nine heater beams 
scattering from the cold gasbag. The sidescattering 
contribution is small (-20 J/sr) and fades at later time 
(-500 ps) as the plasma heats up and the density peaks 
at the edge subside. Data taken with only heater beams 
(Le., no interaction beam) show the same signals up to 
500 ps. At 500 ps, the interaction beam turns on and 
produces a narrow SBS spectrum with a red shift of 
about 10 A. This shift is consistent with that expected 

W cm-2 with a four- 

(a) Gasbag SBS spectrum (b) Gasbag SRS spectrum 

FIGURE 10. Gasbag 
SBS and SRS spectra. 
(a) Time-resolved SBS 
spectrum; features 
appearing up to 500 ps 
are sidescattering con- 
tributions from the 
nine heater beams 
interacting with a bag 
that is initially cold 
with high density at 
the edge. (b) Time- 
resolved SRS spectrum; 
(c) LIP-calculated gain 
exponent for SBS; 
(d) LIP-calculated gain 
exponent for SRS. 
(20-07-1 095-2443pbOl) 
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for SBS from a stationary C,H,, plasma at 3 keV. This 
result can be compared with spectra from exploding-foil 
plasmas, for which the SBS spectrum is usually broad 
and blue-shifted, indicating that it may be coming from 
a plasma that is flowing, giving various amounts of 
Doppler shift to the backscattered light wave. The fact 
that there is no shift other than that expected from con- 
servation of energy is a good indication that the plasma 
is stagnant and that velocity gradients are low. After 
1 ns, the data show a strong reduction in the SBS signal. 

The spectrum in Fig. 10(a) should be compared with 
the LIP gain exponent calculation using plasma 
parameters from a gasbag simulation, shown in Fig. lO(c). 
The calculation shows no gain before 500 ps, because 
the interaction beam is off LIP does not calculate 
sidescattering from the heater beams. After 500 ps, the 
calculation shows a narrow peak in the gain, which is 30 
to 50 until 1 ns and then decreases. At late time, the gain 
exponent is reduced because the plasma is shrinking, 
making less interaction length available for amplifica- 
tion. The gain exponent is also decreasing because the 
ratio of ion to electron temperature is changing. The 
damping of SBS by ion-Landau damping is a strong 
function of this ratio (since the ion temperature deter- 
mines the magnitude and slope of the ion distribution 
function at the ion wave speed, while the electron tem- 
perature determines the speed of the ion wave). At 
1 ns, when the heater beams turn off, the electron tem- 
perature starts to fall and, since the ion temperature 
responds much more slowly, Ti/Te rises rapidly, increas- 
ing the damping of SBS. 

The correspondence between the gasbag SBS data and 
the LIP calculation is encouraging. The narrowness, 
red shift, and time history of the SBS spectrum are con- 
sistent, implying that we can predict the fundamental 
plasma parameters in the experiments. Since the gain 
exponent calculated at early time is 30 to 50, well in 
excess of that calculated in the NIF inner beam (20), the 
measured SBS reflectivity of -0.2% for this experiment 
is promising for the NIF. 

The LIP calculations [Fig. 10(d)l reproduce a number 
of features in the gasbag SRS spectrum shown in 
Fig. lO(b). The time history is interesting: there is a bright 
peak at 570 nm, which is consistent with SRS scattering 
from electron plasma waves in plasma at 9 x 1 0 ~ 0  cm-3 
(the average density of the plasma) and a temperature 
of 3.2 keV. The narrowness of the peak is consistent 
with a small range of densities that have sufficiently 
shallow density gradients to permit the growth of SRS. 
This narrow peak is reproduced in the LIP calculation 
shown in Fig. 10(d), but that calculation shows the 
peak at slightly longer wavelength (585 nm). Because 
the peak position depends on both temperature and 
density it is possible that the disagreement arises 
because the plasma density or temperature is lower in 
the experiment than in the calculation. The peak moves 
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towards long wavelengths from 500 ps to 1 ns, consis- 
tent with an increasing temperature, as the heater 
beams continue to deposit energy in the plasma. After 
1 ns, when the heater beams turn off, the peak moves 
back to shorter wavelengths as the plasma cools. The 
peak movement associated with the rise and fall of the 
temperature is visible in the data, but the movement is 
not as great as in the simulation. The narrow SRS spec- 
trum shown in Fig. 10(b) is reminiscent of those seen 
from exploding-foil plasmas, in which only the flat top 
of the density profile results in SRS because of the shal- 
low density gradient there.26 

Another remarkable feature in Fig. lo@) is the scat- 
tered light that appears between 470 and 550 nm; this 
represents scattering from lower densities (0 to O.ln,), 
which may be present as a result of filamentation. The 
short-wavelength SRS appears and disappears as a 
function of beam smoothing and intensity (as shown in 
Fig. 16, below). Both these parameters affect filamenta- 
tion of hot spots in the beam. The short wavelengths 
also appear in Fig. 10(b) to increase as the plasma 
cools; again, this is consistent with a reduction of fila- 
mentation thresholds as the temperature is reduced. 
These observations are therefore consistent with the 
short-wavelength light coming from filaments where 
the high intensities produced by filamentation are 
needed to overcome the heavy electron-Landau damp- 
ing of the electron plasma wave at such low densities. 

For comparison, Figs. ll(a) and (b) show SBS and 
SRS spectra from C5HI2-filled GASBIG hohlraum tar- 
gets irradiated with 2.3 x lOI5 W cmP2 with a four-color 
f/8 beam with 1.6 A of SSD beam smoothing. The small 
amount of scattering seen at early time in Fig. ll(a) is 
light from the heater beams scattering from the thin 
membrane that constitutes the window of the hohlraum. 
The interaction beam is 1 ns long and turns on 1 ns 
after the heater beams; the heater beams have a long, 
shaped pulse that is on for the entire duration of the 
experiment. Once the SBS turns on, it is red-shifted as 
was the gasbag SBS, but it is not red-shifted as much 
and is broader than for the gasbag. Both these observa- 
tions are consistent with a more ramped profile [such 
as that shown in Fig. 3(d)], which has plasma flowing 
towards the observer (back towards the laser entrance 
hole), giving a range of Doppler shifts to the SBS light. 
The SRS spectrum shown in Fig. ll(b) is also consistent 
with scattering from such a ramped profile. The lower 
wavelength SRS (500 to 550 nm) corresponds to densities 
below 0.11~~ (0.04 to 0 . 1 ~ ~ ~ ) .  These lower densities may be 
on the profile or they may be present in filaments, as 
discussed above for the gasbag data. The time-integrated 
SBS and SRS reflectivities for this shot were 1.3 and 
4.8 % , respectively. 

Figure 12 illustrates some of the combined FABS and 
NBI data showing the collimation of the SRS backscat- 
tering and the large blob of SBS from the hohlraum that 
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lies outside the FABS acceptance. The images are made 
by superposing the near-field image of the backscatter 
as seen by the FABS (0 to 3.6") on the image recorded on 
the NBI camera (5.3 to 20") to produce an image that 
covers 0 to 20" from the beam axis (a small annulus is 
missing between 3.6 and 5.3"). The SRS measurement 
is complicated by parallax in the view of the SRS cam- 
era inside the FABS, which results in distortion in the 
central part of the image. The examples shown in 
Fig. 12 are (a) gasbag SBS, (b) gasbag SRS, (c) GASBIG 
hohlraum SBS, and (d) GASBIG hohlraum SRS. The 
SRS images show that the SRS is well collimated. 
While the gasbag SBS image shows that the SBS is cen- 
tered on the lens, that from the GASBIG [Fig. 12(c)] is 
mostly in a blob that is to one side of the lens. This 
energy was missed in our earlier (1994) experiments. 
Figures 12(e) and (f) are more informative, in that they 
show lineouts through the images and express the result 
in joules per steradian per incident joule. The lineouts 
are taken diagonally, such that they pass through the 
blob in Fig. 12(c). This direction is the radial direction 
where the center of symmetry is the long axis of the 
hohlraum. The lineouts show the collimated nature of 
the SBS and SRS for the gasbag target [Fig. 12(e)I. The 
GASBIG lineouts in Fig. 12(f) show that although SRS 
is collimated, the SBS appears about 8" from the beam 
axis. The appearance of the SBS at such an angle may be 
due to deflection of the incoming beam as it filaments in 
the low-density plasma near the laser entrance hole. 
Filamentation in a plasma that is flowing at near the 
sound speed can introduce deflection of the beam.27.28 
If after deflection the beam continues to higher density, 
where direct SBS backscatter is produced, that SBS will 
not necessarily deflect again on the way out of the 

FIGURE 11. GASBIG 
hohlraum SBS and SRS 
spectra. (a) Time- 
resolved SBS spectrum. 
(b) Time-resolved SRS 
spectrum; data from 
FABS direct backscat- 
tering diagnostic. 
(20-07-1 095-2444pb01) 
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hohlraum and so will not retrace its path back out of 
the hohlraum. Hence there can be a net deflection of SBS 
that occurs after beam deflection. The direction of the 
deflection is consistent with the direction of deflection 
of the forward-propagating beam in x-ray spot motion 
experiments performed with gas-filled h ~ h l r a u m s . ~ ~  

Figure 13 summarizes the SBS backscattering data 
for gasbags and GASBIG hohlraums as a function of 
laser intensity and beam smoothing. Figure 13(a) shows 
the new SBS data for gasbags; it is noticeable that the 
backscattering levels are still low and in fact are lower 
than those observed in 1994 (Fig. 8). One explanation 
for this is that the time-integrated SBS signal in the ear- 
lier experiments was contaminated by stray light or by 
contributions from short-wavelength SRS. In these newer 
experiments, we used a diode that (1) was filtered to 
reject everything but SBS light (near 30), (2) had enough 
time resolution to discriminate against stray light 
reflected from objects such as the KDP crystal array, 
within the beam line, and (3) that could be calibrated 
in a similar manner to the SRS diode. The original 
motivation for using the diode in place of the calorime- 
ter was that there was a finite reflection from the KDP 
array that had increased in severity since the first 
experiments and seemed to vary strongly with crystal 
tuning. In the 1994 experiments this stray reflection 
(quantified by observing the calorimeter signal when 
the beamline was fired with no target present) was 
small enough to ignore, but with the new experiment it 
produced random off sets in the signals recorded by the 
calorimeter. The new diode eliminated this problem 
and had the side benefit that it was insensitive to any 
SRS light that would be seen by the SBS calorimeter. 
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(a) Gasbag SBS 

(c) GASBIG SBS 
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FIGURE 12. Angular 
distribution of scattered 
light gasbags and 
hohlraums. (a) Gasbag 
SBS; (b) gasbag SRS; 
(c) GASBIG hohlraum 
SBS; (d) GASBIG 
hohlraum SRS; (e),  (f) 
lineouts showing angu- 
lar dependence of SRS 
and SBS: (e) gasbag tar- 
get; (f) GASBIG target. 
(20-07-1095-2445pbOl) 
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Figure 13(a) shows the peak SBS reflectivity into f l 8 ,  
for the gasbag targets. There has been no attempt to 
include the contribution due to near-backscattered 
light. Again, that contribution increases these numbers 
by a factor of 2 to 3, but the scattered light levels are so 
low that stray light transmitted by the target striking the 
NBI plate reduces the precision of the NBI measurement, 
which then is only good on high-SBS shots. Therefore 
it is not possible to show the intensity scaling of the 
data. Figure 13(b) shows similar SBS data for GASBIGS 
hohlraums; again the NBI contribution has been omit- 
ted (the detector malfunctioned on some of the shots), 
but here the correction factor for the NBI is 6 to 10. In 
both sets of data it is evident that the addition of SSD 
reduces the SBS backscattering but that there is no 
obvious benefit to using four-color smoothing. 

Figure 14 summarizes the SRS backscatter data for 
gasbags and GASBIG hohlraums as a function of laser 
intensity and beam smoothing. Figure 14(a) shows the 

(a) Gasbag SBS 
FIGURE 13. SBS vs 
intensity for various 
kinds of smoothing. 
(a) Gasbags. (b) GAS- 
BIGS; numbers do not 
include scattering out- 
side the f / S  lens and 
are the peak reflectivity 
in time (reflected 
power/incident power). 
(20-07-1 095-2446pb01) 
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data for gasbags. The quantity plotted is the time- 
resolved SRS reflectivity at the point of maximum 
plasma temperature (i.e., when the heater beams turn 
off at 1 ns). The reflectivities for four-color and one-color 
beam smoothing approach 10% for the NIF intensity of 
2 x 1015 W cmP2; the values for experiments that used 
additional SSD smoothing are closer to 5%. Figure 14(b) 
shows similar data for the GASBIG hohlraums; the 
SRS levels at 2 x 1015 W cmP2 are similar to those for 
the gasbag plasmas. The data in both Figs. 14(a) and 
(b) have had the contributions due to the NBI added 
and have been scaled to account for energy that would 
fall into the annulus between 3.6 and 5.3". These SRS 
numbers therefore represent the total reflectivity into a 
cone up to 20" around the beam axis; however (for SRS), 
most of that energy is within the original f / S  solid angle. 

The SRS signals are stronger than previously inferred 
using the FFLEX x-ray technique. An explanation of 
this discrepancy is that the low phase velocity of electron 
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plasma waves in O.lnc plasma produces low-velocity 
electrons as the electrons damp the wave. Hence we 
expect electron energies of 10 to 20 keV to be produced 
by the SRS that we are detecting. The FFLEX technique 
is flawed in a gas-filled hohlraum because a significant 
fraction of any 10-keV electrons will be stopped in the 
gas (range 400 pm) before they reach the wall. Thus if 
they produce x rays as they are slowed, it will be through 
bremsstrahlung resulting from interactions with the 
lower-Z gas ions rather than with Au. The radiation 
production scales as Z, so carbon is much less efficient 
than Au. (The FFLEX analysis requires a knowledge of 
the Z of the plasma ion.) Even worse, the x rays that 
are produced cannot then get out of the hohlraum, 
because the opacity of the Au wall is high for x rays 
below 40 keV. Hence the FFLEX diagnostic was useful 
when the fast electrons that were being detected were 
100 keV, such as are produced at 0.25nc; FFLEX is not 
useful at the low ne/n, encountered in 3w experiments 
unless the target has a well-defined Z and has a low 
opacity to the x rays that are produced. The up side of 
all this is that 10- to 20-keV electrons are not a preheat 
threat. The FFLEX is sensitive to electrons that are a 
preheat threat, because significant quantities of 100-keV 
electrons could preheat a capsule while 10- to 20-keV 
electrons would not penetrate the capsule ablator. 

Figure 14(c) shows x-ray filter-fluorescer (FFLEX) 
data from a gasbag shot fired with 10 heater beams 
(i.e., Beam 7 was also configured as a heater beam, with 
no RPP or bandwidth and with the same f/4.3 focus as 
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FIGURE 15. Time-integrated transmission of gasbag targets from 
TBD diagnostic for various kinds of beam smoothing. Expected gas- 
bag transmission is 41% for T,  =3.2 keV and 37% for T,  = 2.8 keV. 
(20-07-1095-2~48pbOl) 

the other heater beams) with a total energy of 25 kJ. This 
setup allowed us to measure the optically scattered SRS 
on Beam 7 (150 J, 6%) and then (by assuming that all 
beams were the same) to estimate a totaI scattered SRS 
level of 1500 J for the target. The FFLEX data in Fig. 14(c) 
were fitted to a supratherma1-electron temperature of 
17 keV, which is consistent with electrons accelerated 
by damping of electron plasma waves due to SRS at 
O.ln,, which is the plasma density expected. The SRS 
optical spectrum (not shown) peaked at 560 nm, also 
consistent with 0.11~~. 

The amount of fast electrons inferred from the spec- 
trum, in Fig. 14(c), is 680 J assuming that the x rays are 
produced by electrons colliding with the C and H in 
the C,H,,. Hence the ratio of electron energy to SRS 
optical light is 1:2.2. The expected division of energy 
between the electron plasma wave and the scattered 
light wave at O.lnc is 1:1.7, implying that there should 
be 880 J of fast electrons. Although we detected 680 J, 
our estimate of the energy transferred to the electrons 
does not take into account ways, other than electron 
Landau damping, by which energy can be removed 
from the electron plasma waves. We conclude that the 
FFLEX provides a useful time-integrated diagnostic of 
SRS losses if the converting material is known and the 
target is optically thin to the radiation produced by the 
electrons. Even in hohhaums, however, the FFLEX is a 
useful monitor of the electrons (50 to 100 keV) that are 
capable of preheating the capsule. 

As mentioned above, the final test for beam propaga- 
tion through a NIF plasma is to show that there are no 
adverse effects to the light that has propagated through 
such a plasma. Figure 15 shows a summary of the 
transmitted light from the f/S experiments with gasbag 
plasmas. The quantity plotted is the time-integrated 
transmission of the interaction beam through the gas- 
bag. Since the laser light is being absorbed by inverse 
bremsstrahlung, the transmission at any instant is a 
function of the temperature and density of the plasma. 
Using LASNEX-generated density profiles, the expected 
transmission of the gasbag is 41 % for a peak temperature 
of Te =3.2 keV and 37% for Te = 2.8 keV. The transmission 
values in Fig. 15 are consistent with these numbers for 
NIF-relevant intensities (up to 2 x lOI5  W cm-*) but 
drop below this value as the intensity is increased above 
2 x 1015 W cmP2. Possible explanations for the decrease 
in transmission at higher intensity are increased losses 
due to SRS backscattering and spreading of the trans- 
mitted beam outside the detector solid angle. The 
time-integrated SRS for many of the shots above 
4 x 1015 W cm-2 approached 15%. Adding in losses due 
to fast electron generation (1 /1.7 times the scattered 
optical energy) results in a total time-integrated ”loss” 
to SRS of order 25% for the higher-intensity shots. This 
25% ”loss” will reduce the expected transmission to 
31 % and 28% for peak temperatures of 3.2 and 2.8 keV. 
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(The energy put into fast electrons is not really a loss, 
because the energy will stay in the plasma as the elec- 
trons are rapidly thermalized). The time-resolved 
aspects of these data are still being studied to correlate 
the SRS and transmitted beam as a function of time. 

One interesting aspect of the data shown in Fig. 15 
is that the highest transmission is seen in experiments 
with four-color beam smoothing. This is consistent with 
four-color smoothing providing better suppression of 
filamentation and therefore less losses due to parametric 
processes or beam breakup due to filamentation. 
However, none of the backscattering data shows any 
reduction in reflectivity with four-color smoothing. 
This inconsistency is under study. 

Raman scattering. Spectral measurements of forward 
SRS (400 m < h < 900 nm) within 0.2 sr of the probe 
beam center show spectra that do not appear to depend 
on the presence of the probe beam. We observe no 
detectable change in the spectra for similar experiments 
with the probe beam on or off. The measured spectrum 
appears to come almost entirely from the sidescattered 
SRS produced by the heater beams. The level of this 
sidescattering is about 10 J/sr (wavelength-integrated). 
We estimate an upper bound on the forward SRS level 
only from the probe beam to be less than about 5% of 
the heater beam sidescattering, or about <0.5 J/sr 
(wavelength-integrated). 

Figure 16(a) shows time-integrated. backscattered 
SRS spectra from targets shot with different intensity 
or beam smoothing. The short-wavelength SRS appears 
and disappears with changes in the beam smoothing 
and laser intensity. The lowest intensity case shows 
very little short-wavelength SRS, while the case with 
four-color smoothing and 2 x W cm-2 shows sig- 
nificant reflected light at short wavelength. The addition 
of 1.6 of bandwidth reduces the peak reflectivity but 
also greatly reduces the short-wavelength SRS. Since 
the short-wavelength SRS is probably associated with 
low densities in filaments, the above observations are 
consistent with suppression of filamentation in the lower 
two curves by low intensity or by SSD. Figure 16@) 
shows the results of an F3D calculation of the filamen- 
tation of anf/8 beam in a 0 . 1 ~ ~ ~  plasma at 3 keV. The 
plot shows the lowest density present within filaments 
as a function of average laser intensity for four-color 
smoothing and four-color with additional SSD smooth- 
ing. On the axis at right the density is converted to an 
SRS wavelength assuming 3 keV. The onset of filamen- 
tation in F3D occurs at 2 x lOI5 W cmV2 and correlates 
with the appearance of the short-wavelength SRS in 
the data. Hence we may be able to use the short-wave- 
length SRS as a measure of beam filamentation. 

A similar effect is seen in the late-time behavior of 
the SRS spectra, where the short-wavelength SRS 
appears as the plasma cools and filamentation thresholds 

A secondary goal of the TBD was to quantify forward 

326 

go down. This increase in filamentation sometimes 
coincides with an increase in the SRS reflectivity, 
because intensities are higher in filaments, but also the 
damping of SRS by electron Landau damping is a 
strong function of temperature near 3 keV (where 
kh, =. 0.3). Hence the higher intensities from increased 
filamentation can conspire with the reduced damping 
to increase SRS reflectivity as the plasma cools, making 
time resolved data analysis important. 

(a) Backscattered SRS spectra 
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FIGURE 16. (a) Time-integrated backscattered SRS from targets with 
various intensity or beam smoothing. (b) F3D calculation of filamen- 
tation of anJ/8 beam in a O.ln, plasma at 3 keV. Plot shows lowest 
density present within filaments vs average laser intensity for four- 
color smoothing with and without additional SSD smoothing. 
(20-07-1 095-2449pb01) 
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Crossed-Beam Experiments 
The presence of multiple laser beams with substantial 

bandwidth in the next generation of ICF experiments 
will allow a new class of laser-plasma instabilities to 
take place in which energy from a high-frequency beam 
is scattered into a low-frequency beam. The mechanisms 
for these interactions are the same as for the stimulated 
backscattering instabilities that have been studied for 
many years in single-color, single-beam experiments. 
These instabilities grow from plasma wave noise that 

(a) Crossed-beam expts: transmission 
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FIGURE 17. Crossed-beam experiments. (a) Typical transmitted 
light signal; (b) amplification vs tuning of pump with respect to 
probe beam. (20-07-1095-245OpbOl) 
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scatters the incident beam. The interference of the inci- 
dent and scattered light creates a ponderomotive force 
on the plasma that reinforces the amplitude of the scat- 
tering plasma waves and causes both scattered and 
plasma waves to grow. The new instability arises when 
two laser beams cross with different frequency spectra. 
When the frequencies and crossing angles match, the 
lower-frequency beam can act as a seed for the 
sidescattering from the higher-frequency beam. The 
lower-frequency beam is then amplified by the transfer 
of energy from the higher-frequency beam. This type 
of interaction is important both because it can potentially 
occur near the laser entrance hole of an indirect-drive 
target and affect the drive symmetry and because it 
provides an opportunity to study fundamental 
backscattering processes in experiments in which both 
the incident and scattered frequencies can be controlled. 

Experiments have been carried out at Nova in the 
past year to study the energy of two beams crossing in 
a plasma with parameters similar to those expected in 
NIF hohlraums. The beams cross at a 53” angle and have 
slightly mismatched frequencies, so that the frequency 
difference is close to the frequency of the resonant ion- 
acoustic wave, and Brillouin sidescattering is seeded. 
The power transmitted through the plasma by the low- 
frequency probe beam is measured as a function of 
time by the TBD. The amplification is determined by 
comparing an experiment in which the high-frequency 
pump beam is present with one in which it is absent. 
As shown in Fig. 17(a), the transmitted power rises 
rapidly after the pump beam is turned on to a value 
well above what is measured when the pump is off. It 
has been demonstrated that as much as several hundred 
joules of energy can be transferred during a 1-ns inter- 
action time, resulting in an amplification of the probe 
beam by a factor of as much as 2.5. Further, it has been 
shown that energy transfer occurs only when the 
difference in the beam frequencies is as large as the fre- 
quency of the resonant ion wave, corresponding to 
A I  = 0.5 nm in Fig. 17(b). Further experiments are 
planned to measure the gain vs frequency curve and to 
directly study the spatial gain rate of Brillouin scatter- 
ing in laser plasmas for the first time.30 

Nova Scale-1 Hohlraum 
Experiments 

Most of the diagnostics described above were 
specifically developed for the long-scalelength plasma 
experiments, but their larger field of detection made 
them very useful in other experiments. There is a 
significant, ongoing effort to understand radiation con- 
version in gas-filled hohlraums. These experiments use 
standard “scale-1” Nova hohlraums and a shaped 
drive pulse that has rapid rise to a ”foot” power of -1 
TW/beam, followed by a gradual ramp up to a peak of 
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about 2 TW/beam at -1.5 ns. This is the standard PS22 
pulse used in the symmetry experiments described in 
the article ”Nova Symmetry: Experiments, Modeling, 
and Interpretation (HLP3 and HLP4)” on p. 293 of this 
Quarterly. The total pulse duration is - 2.2 ns; Fig. 20 
shows examples. Measurement of the backscattering 
from such hohlraums showed that energy loss due to 
reflection by SBS and SRS played a significant role in 
determining the hohlraum energetics. 

tering levels observed from the gas-filled hohlraums 
for various gases and the standard, empty Nova 
hohlraum. The scale-1 results are all for unsmoothed 
Nova beams. The quoted reflectivities include contribu- 
tions from the NBI. For the scale-1 gas-filled hohlraums, 
the NBI detects a large fraction of the SBS, which 
appears in a blob similar to that seen with the GASBIG 
hohlraums [Fig. 12(c)l. The total backscattering losses 
for gas-filled hohlraums often exceed 15%. Time-resolved 
measurements show that the peak loss to SBS and SRS 
combined can be as high as 40% in some targets. LIP 

Table 1 summarizes the (time-integrated) backscat- 

TABLE 1. Summary of scattered light levels from NIF-scale and 
Nova scale-1 hohlraums 

- -  

NIF scale‘ Nova scaleb 
Gasbag Large hohlraum Scale-1 hohlraum 

0.5-1.01015 2 ~ 1 0 ’ ~  1x1Ol5 2 ~ 1 0 ’ ~  Au CH, C,H, C,H,, 

SBS <1% <1% -0.1% 1.3% 6.5% 9% 11% 4% 
SRS1-2% 6 8 %  1.5% 5% 2.5% 5% 12% 14% 

aAll with smoothed “NIF” beam. 
bAll with unsmoothed beams. 

FIGURE 18. Scale-1 
hohlraum experiments. 
(a) LIP gain calculation 
for a methane-filled 
scale-1 hohlraum; peak 
gain exponent is -30 
late in the pulse; cb) LIP 
calculation for propane; 
peak gain exponent is 
-20 late in the pulse. 
(20-07-1095-2451pbO1) 
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calculations of the expected SBS and SRS gain, using 
plasma conditions from 2-D LASNEX hydrodynamic 
calculations and average beam intensities, show that 
although peak gains for SBS are quite high (-30 for 
both propane- and methane-filled hohlraums), the SRS 
gain exponents are lower (-20). 

The SBS gain exponents calculated for the scale-1 
gas-filled hohlraums are similar to or higher than that 
calculated for the NIF outer beams [Fig. 2(c)] within 
the Au part of the plasma. Hence in some ways the 
scale-1 hohlraums let us study that particular problem. 
The gasbag plasmas mimic the low-Z part of the NIF 
SBS problem, but of course have no plateau of Au to 
grow SBS at shorter wavelength. The LIP calculations 
of the SBS gain exponent are shown in Figs. 18(a) and 
(b) for methane and propane, respectively; both show 
a peak gain late in time that is red-shifted by 2 to 3 A 
from 30 and corresponds to SBS occurring in the Au 
shelf that has been ablated from the Au wall by radia- 
tive and laser ablation. A time-resolved SBS spectrum 
from each hohlraum is shown in Figs. 19(a) and (b). 
The data do not bear much resemblance to the spectral 
features of the LIP calculations. In particular, the SBS 
peak sweeps across the spectrum from 8 A red shifted 
to 3 A blue shifted. This feature could be due to SBS 
growing in the slow-moving Au near the wall at early 
time. As the pulse intensity ramps up, the point at 
which SBS grows moves out towards the laser entrance 
hole, where the faster-moving plasma imposes a blue 
shift on the scattered light. Such a motion would be 
consistent with the beam filamenting further out (at 
lower density) as the intensity ramps up. 

tially averaged in the transverse direction, while the 
The LIP calculations assume a beam intensity spa- 
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experiments not only have the short-wavelength speckle 
structure described earlier but also have longer-wave- 
length intensity modulations due to the aberration of 
the Nova beam when it is used without a random phase 
plate. If we clean up the Nova beam to make it look 
more like the LIP assumptions, i.e., put on a random 
phase plate to get rid of the long-wavelength structure 
and use SSD beam smoothing to reduce the short-wave- 
length structure, we get the results shown in Figs. 19(c) 
and 19(d). These figures show the time-resolved SBS 
spectra from gas-filled hohlraums irradiated with such 
a smoothed beam. As can be seen by comparing Figs. 18 
and 19 for methane and propane, the smoothed-beam 
data approaches the LIP calculation both in terms of 
time history and spectral location. The unsmoothed 

data showed reflected SBS that swept from red shifted 
to blue shifted as a function of time. The SRS data from 
these shots (not shown) also showed a significant 
amount of the SRS coming from low density (-0.02nc), 
where the LIP calculations showed very low gain 
exponents. The application of beam smoothing moved 
the density at which SRS peaked closer to O.lnc, more 
consistent with the LIP calculations. 

The SBS and SRS reflectivity from the scale-1 
hohlraums also dropped when beam smoothing was 
applied. Figure 20 summarizes the time history of the 
scattered light from the data shown in Fig. 19. For 
methane, with standard Nova beams [Fig. 20(a)], the 
SRS and SBS are 6% and 11% respectively; with beam 
smoothing [Fig. 20(c)], the time-integrated SRS and SBS 
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FIGURE 19. Observed 
SBS backscattering 
from scale-1 hohlraums. 
(a) methane-filled; 
(b) propane-filled; 
(c) methane-filled, with 
SSD beam smoothing; 
(d) propane-filled, with 
SSD beam smoothing. 
(20-07-1095-2452pbOl) 
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are 0.1% and 1.4%. For propane the numbers are 11% and 
13% before smoothing [Fig. 20(b)l and 1.7% and 1.5% 
after smoothing Fig. 20(d)] for SRS and SBS, respectively. 

These results are encouraging for two reasons: 
1. They indicate that if beam smoothing were applied 

to all ten arms of Nova, we would be able to couple 
significantly more energy into the gas-filled 
hohlraums. The implication (which we will explore 
in future experiments) is that backscattering losses 
from higher-temperature hohlraums that have 
higher densities and higher laser intensities may 
be reduced by smoothing. 
The fact that the gain in the Au plasma predicted by 
LIP calculations for scale-1 hohlraums is comparable 
with that for the NIF outer-beam SBS implies that 
the smoothed-beam results also apply to the NIF 
SBS. Note that on the NIF, the beam intensity at the 
Au wall will be lOI5 W cm-2 [Fig. l(c)], while in our 
smoothed-beam hohlraum experiments we have an 
intensity of 2.5 x 1015 W cm-2. Hence with a smaller 
target we are mimicking the expected gain exponent 
on the NIF outer beam in the Au and find that with 
beam smoothing we can produce low SBS reflectivity. 

2. 

3 FIGURE 20. Scale-1 
hohlraum backscatter- 
ing pulse shapes. 
(a) Standard beam con- 
ditioning, methane- 

conditioning, propane- c. 
filled; (c) SSD, E 

8 
(d) SSD, propane-filled. 2 

filled; (b) standard 2g 2 

(20-07-1095-2453pbOl) E l  

0 

methane-filled; P 

L 

0 

Conclusion 
We have demonstrated that, with appropriate plasma 

composition and levels of beam smoothing, stimulated 
scattering in NIF-scale hohlraums can be limited to a 
few percent for the NIF range of intensities, I = 5 x 1014 
to 2 x 1015 W cmP2. At this level, stimulated scattering 
is not expected to have a significant effect on either the 
energetics or the symmetry of NIF hohlraums. Also, in 
the NIF intensity range, the light transmitted through 
the NIF-scale plasmas is consistent with calculations. 

Using specially constructed gas-filled plastic bal- 
loons and large-scale hohlraums, we have been able to 
produce plasmas, using 8-9 of Nova's beams, whose 
density, electron temperature, velocity gradient, and 
integral interaction path length reproduce the condi- 
tions in the low-Z interior of NIF hohlraums. A single 
Nova beamline was modified to simulate an f/8 cluster 
of four NIF beams in which the wavelength of each 
beam could differ from that of the others by a few 
angstroms. Diagnostics were implemented to measure 
the transmitted laser light and light scattered by SBS 
and SRS. We measured scattering levels for a variety of 
smoothing techniques that could be implemented on 

(a) Scale-1 backscattering: methane 

(c) Propane 
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the NIF, including one- and four-color beams with 
RPPs only or with 1.6 A of SSD for temporal smoothing. 

For all beam-smoothing schemes and for all intensi- 
ties of interest to NIF, we find that SBS levels can be 
limited to -1% if the ion-acoustic wave is sufficiently 
damped. This can be achieved by adding hydrogen as 
a minority species in the low-Z gas fill. 

At an intensity of 5 x lOI4 W cmP2 (the low end of 
the NIF range), SRS is also limited to a few percent for 
all smoothing schemes. However, at an intensity of 
2 x W cm-2, near the upper end of the NIF range, 
SRS is about 10% with RPPs only. With 1.6 A of SSD, the 
SRS is limited to about 4 to 5%. With SSD, the frequency 
spread of SRS is reduced, consistent with theoretical 
expectations of reduced plasma filamentation with 
SSD. There appears to be no benefit to having separate 
frequencies for each of the four beams, with or without 
SSD. In fact, experiments to explore coupling between 
beams crossing in the laser entrance hole show that it 
is possible to transfer energy from one beam to another, 
potentially affecting hohlraum symmetry, when the 
frequency difference between beams matches the ion- 
acoustic frequency. 

Although the gasbags and large hohlraums provide 
a plasma that is a good match to the low-Z interior of a 
NIF hohlraum, neither reproduces the conditions of a 
NIF hohlraum near the high-Z wall. The gas balloon 
has no high-Z wall, and (because of their size) little 
laser energy reaches the wall in the large hohlraums. 
However, we find that standard Nova scale-1 hohlraums 
have conditions in the high-Z wall that are very similar 
to those of NIF hohlraums. This is because the high-Z 
conditions are set by inverse bremsstrahlung and x-ray 
emission and not by the hohlraum scale. Since stan- 
dard Nova gas-filled hohlraums have a laser intensity 
comparable to that of the NIF, the inverse bremsstrahlung 
absorption lengths (of a few hundred micrometers) are 
also comparable. Although the high-Z shelf is short, it 
is relatively high density (-0.2~~1, has only weak veloc- 
ity gradients, and has weak Landau damping, so that 
the gain for SBS can be quite high. Without smoothed 
beams, SBS levels in Nova gas-filled hohlraums are about 
lo%, mostly from the Au shelf. As in the case of the 
low-Z interior, a low-mass minority plasma can provide 
increased Landau damping to suppress SBS in the high- 
Z plasma near the wall. We are presently studying this 
idea, which has application to the NIF. We also find 
that SBS in the scale-1 hohlraums can be suppressed 
with sufficient beam smoothing, even without adding 
a low-Z minority species. 

More work remains to be done to fully characterize 
the range of operating conditions for NIF ignition 
hohlraums. There would be a substantial benefit if we 
could extend the range of hohlraum temperatures 
above that specified for the nominal ignition targets. 
This would require that hohlraums be operated above 

the nominal intensity and plasma density range. We 
have not yet determined the optimum combination of 
beam smoothing and plasma composition for controlling 
stimulated scattering, but the techniques examined so 
far result in low levels of stimulated scattering, and 
can all be implemented on the NIE 
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Appendix: Nova Technical Contract 
as presented to the 1990 NAS Review of ICF 

Physics Program 
The primary focus of the Lawrence Livermore 

National Laboratory (LLNL) Program has been, and 
will continue to be, x-ray driven "indirect-drive" inertial 
confinement fusion (ICF). The physics of this approach 
is naturally divided into capsule physics and driver/ 
hohlraum development. As a result, the LLNL target 
physics program has two principal elements: 
1. The Hydrodynamically Equivalent Physics (HEP) pro- 

gram to address the capsule physics associated with 
ignition and gain. Elements of this program include: 

hydrodynamic stability, 
the effects of drive nonuniformity on capsule per- 
formance, and 
the physics associated with ignition (energy gain/ 
loss to the fuel) in the absence of alpha deposition. 

2. Hohlraum Laser-Plasma Physics (HLP) to address 
driver-plasma coupling, generation and transport 
of x-rays, and the development of energy-efficient 
(i.e., coupling of the driver energy to the capsule) 
hohlraums that provide the appropriate x-ray drive 
(spectral, temporal, and spatial) to a high-perfor- 
mance capsule. 
While meeting specific milestones is important, the 

emphasis of the target physics program is to demon- 
strate and refine our ability to model/predict target 
performance, particularly those aspects that scale to, and 
influence, ignition and gain. The LLNL Program is thus 
directed toward instilling confidence in the successful 
outcome of ICF and of specifying the performance and 
characteristics of both the driver and target required to 
achieve these objectives. 

We expect to undertake and complete the HEP and 
HLP elements described here in 2 to 3 years, depend- 
ing upon the funding level available. 

Capsule Physics (HEP) 
An extensive program addressing the implosion 

physics of ignition and gain is presently underway on 
Nova. The goal of this effort is to further develop and 
demonstrate a quantitative and predictive understand- 
ing of the performance of capsules (properly scaled 
from ignition/gain designs) including the effects of 
hydrodynamic instability and x-ray drive nonunifor- 
mities (with known initial fabrication tolerances of the 
target and a detailed knowledge of the hohlraum envi- 
ronment). The extensive diagnostics used in the HEP 
program also allows confirmation of our ability to model 
ignition physics in imploding capsules, i.e., the balance 
between PdV work and electron conduction and radia- 
tive losses in the fuel in the absence of alpha heating. 

The HEP experiments use both planar targets and 
capsules with/without prescribed perturbations (in 
capsule fabrication or x-ray flux uniformity). The tar- 
gets do not include cryogenic fuel configurations. The 
experiments are extensively diagnosed with x-ray and 
neutron diagnostics including x-ray backlighting. The 
experiments also emphasize pulse-shaped drive to 
enable minimum entropy implosion trajectories to be 
examined. The pulse shapes are properly scaled from 
ignitiodgain target requirements. 

the pulse shaping and the reduced levels of preheat 
from high-energy photons and superthermal electrons 
lead to noncryogenic implosions with final fuel and 
pusher (CH2 or SiO ) densities in the range of 40 g/cm3 

The HEP program is divided into five specific goals 

Although not principal objectives of the HEP program, 

and 100-200 g/cm ?? , respectively. 

(HEP1-HEP5) described below. 
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HEPl Summary of Tasks 
To demonstrate increased fuellpusher compressions with 

high contrast pulse shaping using noncryogenic targets. 
These experiments have been successfully conducted, 
but due to the high compressions achieved, limited 
diagnostics were employed. For example, the pusher 
and fuel density increase were inferred from a mea- 
surement of the pusher areal density PAR. 

HEPl Goals 
To diagnose fuel densities in the range of 2 0 4 0  g/cm3 

inferred from measurements of fuel areal density pR using 
advanced neutron-based diagnostics. This quantity and 
other features of target performance (neutron yield, 
ion temperature, fusion burnwidth) will be modeled 
considering both hydrodynamic stability and x-ray 
flux nonuniformities. 

HEP2 Summary of Tasks 
To measure reduced growth and early nonlinear behavior 

of the Rayleigh-Taylor (RT) instability at the ablation SUY- 

face for x-ray driven targets. The goals of HEP2 are to 
experimentally demonstrate and model reductions in 
the growth rate of the RT instability due to finite density 
gradients and mass advection at the ablation surface. 
Planar targets with single fourier component areal 
density variations will be examined over a range of 
peak T,  and with pulse shaping. Initial perturbations 
will be small and the acceleration history designed so 
that linear analysis is (ka,<<l) valid for large growth 
factors (3 to 5 e-folds). Successful experiments to date, 
on which the HEP2 project is based, have observed 
-1 e-fold of growth rather than the 2 to 3 e-folds pre- 
dicted if finite density gradients and mass advection are 
not included. Perturbation wavelength and material 
opacity will be varied to establish an extensive database 
for comparison with detailed numerical simulation. 
The tasks in HEP2 will also include planar targets to 
simulate the ablation physics of HEP4 and HEP5 
capsules. These targets use CH ablators doped with 
intermediate atomic number elements to control 
hydrodynamic stability. Experiments will include 
shock wave propagation and other ippropriate mea- 
surements to confirm our overall understanding of the 
hydrodynamic behavior of such targets. 

The experiments will also address early nonlinear 
behavior such as harmonics (due to bubble and spike 
growth) and examine mode coupling. In these latter 
experiments, the foils will nominally have two initial 
perturbation wavelengths. 

HEP2 Goals 

surface >30 from which reductions in the classical XT 
To observe single-mode growth factors at the ablation 

growth rate of 2 to 3 are inferred. The experiments will 
use planar targets driven by x-ray ablation at several 
peak TR ranging from 150 eV < TR < 220 eV. Experiments 
will be compared with detailed simulations to confirm 
our ability to model RT growth at the ablation surface. 
Targets of various composition (including doped CH 
ablators) will be used to confirm our ability to properly 
account for plasma opacity in modeling the x-ray 
driven hydrodynamics. 

To observe early nonlinear behavior (harmonics) and 
mode coupling. Planar targets with single or multiple 
fourier components will be used. Detailed comparison 
with numerical simulations to demonstrate our ability 
to model this nonlinear behavior will be made. 

HEP3 Summary of Tasks 
To analyze implosion experiments using capsules with 

deliberately perturbed surface finishes to validate mix models 
with a multimode initial noise spectrum. These "bumpy 
ball" experiments are designed to validate our multi- 
mode hydrodynamic mix models. Detailed time-resolved 
x-ray spectroscopy of dopant materials in both the fuel 
and pusher are used to infer mix and to compare with 
our modeling of both mix and its effect on the imploded 
state of the fuel. While the growth factors for these 
experiments are approximately 10 to 30 for 10 5 1 5 30 
(compared with growth factors of -500 for ignition/ 
gain targets), the initial surface perturbation amplitudes 
are sufficiently large (0.1 < a, 5 0.2 pm for 10 5 I5 30) 
to result in diagnosable mixing between the pusher 
and fuel. The target convergence is limited to 5 10 so 
that the effects of drive asymmetry on target performance 
are limited. Targets with no deliberately fabricated sur- 
face perturbations are used for control and a well 
defined "null." 

HEP3 Goals 
To observe pusherlfuel mix that is dependent on initial 

target surface quality using x-ray spectroscopy. Targets use 
an initial multimode spectrum of surface perturbations. 
The implosion is designed for overall hydrodynamic 
mix growth factors of 10 to 30. Peak hohlraum temper- 
atures of >200 eV will be used. Detailed comparison of 
experimental results with numerical simulations employ- 
ing multimode mix modeling will be performed. 
Experiments will include targets with no deliberately 
perturbed surface finish as "null" comparisons. 

In addition to the HEPl  through HEP3 objectives, to 
conduct a series of sophisticated experiments, which directly 
address the hydrodynamic stability of the Nova Upgrade 
ignition targets. For example, these experiments will 
diagnose the performance of capsules when the insta- 
bility growth factors (including both linear and, where 
appropriate, nonlinear behavior) as a function of 1-mode 
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number are similar to that of ignition gain target 
designs. Other features of the experiments, such as 
achievable implosion velocity and convergence, will be 
either limited or influenced by the existing capabilities 
of Nova. For example, the limited number of Nova 
beams (10) will limit the drive uniformity and thus 
capsule convergence before degradation from one- 
dimensional (1-D) performance will be expected. The 
Nova Upgrade addresses this limitation by the use of a 
large number (N > 200) of independent beamlets. 
Specific laser technology issues addressable on Nova 
that impact drive uniformity and that are required for 
the Nova Upgrade will be demonstrated as part of the 
Precision Nova program. Issues include beam-to-beam 
power balance and beam pointing. 

eling will specifically identify the performance and 
flexibility required of the Nova Upgrade and will 
further validate our predictive capability of capsule 
performance including both hydrodynamic stability 
and drive nonuniformity. 

address these issues. The two projects differ primarily 
in the associated capsule convergences, which impact 
the choice and applicability of the target diagnostics. 

These experiments, HLP4, and the associated mod- 

The HEP4 and HEP5 experimental programs 

HEP4 Summary of Tasks 
To analyze implosion experiments to convergences of -10 

with overall hydrodynamic mix growth factors of 100 to 500 
for an 1-mode spectrum similar to ignition target designs. 
These experiments, which wiII make use of techniques 
developed in HEP3, will use plastic D2-filled capsules 
whose hydrodynamic stability (number of growth 
factors) is varied by target design and by selective dop- 
ing of the ablator and/or fuel. The targets will use 
pulse-shaped drive with peak TR 5 230 eV. Capsule 
convergences will be limited to -10 so that the effects 
of drive nonuniformity on capsule performance will be 
minimized. The growth factors will be systematically 
varied from -10 to levels exceeding that of ignition tar- 
gets (peak growth factor -500). This systematic varia- 
tion in hydrodynamic stability will also ensure that the 
effects of drive asymmetry are isolated. 

HEP4 Goals 
To compare detailed diagnosis and modeling of D,-filled 

plastic capsules with doped ablators to control hydrodynamic 
stability. Diagnostics will be primarily (but not exclu- 
sively) x-ray based. Hydrodynamic instability growth 
factors will range from 10 to 500 in an 1-mode spec- 
trum, similar to ignition designs (i.e., maximum growth 
at 1 = 30). 

at a peak TR < 230-250 eV and will be limited to 
Targets will be imploded with pulse-shaped drive 

convergences of <, 10 to minimize the effects of x-ray 
flux nonuniformity. 

HEP5 Summary of Tasks 
To analyze implosion experiments to convergences of -20 

to 40 with overall hydrodynamic mix growth factors of 100 to 
500 for an I-mode spectrum similar to ignition target 
designs. These experiments, which will make use of 
techniques developed in HEP3 and HEP4, will use 
plastic D,- and DT-filled capsules whose hydrodynamic 
stability (number of growth factors) is varied by target 
design and by selective doping of the ablator and fuel. 
The targets will use pulse-shaped drive with peak 

HEP5 is similar to HEP4 with the exceptions of 
higher target convergence (20 to 40) and a reliance on 
both x-ray and advanced neutron-based diagnostics to 
measure imploded core conditions. As stated above, 
the convergence will be limited by Nova’s finite number 
of beams and will be as large as possible commensurate 
with diagnosability (the majority of measurements will 
rely on target emission). Convergences in the range of 
20 to 40 are expected. As in HEP4, the growth factors 
will be systematically varied from -10 to levels exceed- 
ing that of ignition targets (peak growth factor -500). 
This systematic variation in hydrodynamic stability 
will enable the effects of drive asymmetry to be isolated 
from that due to mix from higher 2-mode target fabri- 
cation ”noise” sources. 

TR 5 230eV. 

HEP5 Goals 
To compare detailed diagnosis and modeling of D,- and 

DT-filled plastic capsules with doped ablators to control 
hydrodynamic stability. Diagnostics will be neutron and 
x-ray based. Hydrodynamic instability growth factors 
will range from 10 to 500 in an 1-mode spectrum, simi- 
lar to ignition designs (i.e., maximum growth at 2 = 30). 

Targets will be imploded with pulse-shaped drive at 
a peak TR < 230-250 eV. Convergences will be in the 
range of 20 to 40, but at yields degraded from 1-D per- 
formance due to the uniformity limitations of Nova. 
The achievable convergence will be commensurate 
with experimental diagnosability. 

Hohlraum Laser-Plasma (HLP) 
Physics 

An extensive experimental and modeling hohlraum 
physics effort has been underway at LLNL for over a 
decade. In particular, substantial progress has been made 
on Nova. As a result, the Nova Upgrade hohlraums 
are in many aspzcts an extension of the ongoing exper- 
iments. For example, the ignition/moderate gain 
hohlraums are typically scale 2.9 to 4.5 that of the 
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nominal Nova targets. Nova scale 1 targets are right 
circular cylinders 1600 pm diam, 2550 pm long, with 
typical laser entrance holes (LEHs) 800 pm diam. The 
Nova Upgrade has LEHs 1.54 mm diam. 

Present calculations give the following performance 
specifications for the Nova Upgrade hohlraums: 
1. Peak TR = 300-350 eV in a picket fence pulse or con- 

tinuous pulse of overall duration 10 to 20 ns. 
2. Time average drive uniformity with P2, P4 compo- 

nents of <2% (peak to peak) with instantaneous values 
several times larger. While meeting this uniformity 
requirement, the hohlraum must deliver 8 to 15% of 
the laser energy to the capsule. 

3.  Hot electron energy fraction fhot 5 5% at a temper- 
ature That ? 50 keV. The exact levels are dependent 
on capsule design details, the time and location of 
the hot electron generation, and their transport to 
the capsule. 

Raman scattering <%lo%. The exact values depend 
primarily on the influence of this scattering on 
drive symmetry control. For symmetry /coupling 
efficiency, the hohlraums are lined with low to mod- 
erate Z (Z  5 28) material. 
The objectives of the Nova experiments are to 

experimentally demonstrate and predictively model 
hohlraum performance in properly scaled targets con- 
sistent with Nova’s performance limitations and to fur- 
ther develop our understanding (experimental and 
theoretical) of laser-plasma interaction physics in the 
millimeter-size plasmas associated with ignition 
hohlraums. Where appropriate, the hohlraums will 
also contain capsules to better simulate the Nova 
Upgrade targets. 

The hohlraum/ plasma physics program will also 
continue to explore, within the limits of Nova, the lim- 
its of achievable peak TR in laser-driven hohlraums. 
While specific objectives will not presently be assigned 
to this task, these experiments will help define the 
“operating experimental parameters” of the Nova 
Upgrade. The availability of peak TR’s > 300 to 350 eV 
is of general interest to the weapons community. 

The HLP program is divided into seven specific 
goals (HLP1-HLP7) described below. 

4. Scattered light from stimulated Brillouin and 

HLPl Summary of Tasks 
To demonstrate acceptable hohlraum-plasma coupling 

and gross hohlraum energetics with targets {properly scaled 
fvom Nova Upgrade designs) having temporally shaped 
pulses. Equivalent TR during the pulse will range from 
-100 to 210 eV and both continuous and picket fence 
pulses of overall duration 5 4 ns will be used. The 
high-Z hohlraums will be lined with low-Z material, 
whose peak ne within the hohlraum at the peak of the 
pulse is 0.03 to 0.25 n,. 

HLPl Goals 
To achieve acceptable hohlraum coupling for a pulse- 

shaped drive with an equivalent T, rangingfvom -100 to 
210 eV, as follows: 

Absorption fraction tabs > 90% 
Stimulated Brillouin scattering fraction fsss < 5-10% 
Hot electron fraction f hot < 5% at That >, 50% keV 
Stimulated Raman scattering fraction f SRS < 5% 

HLP2 Summary of Tasks 
To demonstrate acceptable hohlraum-plasma coup1 ing 

with peak equivalent TR 2 270 eV using lined hohlraums. It 
is important to experimentally demonstrate TR = 300 eV 
to establish credibility for Nova Upgrade target designs. 
Nova’s power capability of -40 TW limits the target 
scale and pulse duration for these high temperatures. 
Laser pulse formats will be limited to square 1 ns and 
appropriately scaled pulses i.e., shorter overall pulses 
or more limited shaped pulses (both continuous and 
picket fence) compared with those used in HLPl . 
Experiments will include hohlraums with capsules. 
”First bounce” laser intensities will be equivalent to 
that planned for the Nova Upgrade (1-3 x 1015 W/cm2). 

HLP2 Goals 

lowing values must be attained in hohlraums that have a 
peak TR > 270 eV. 

To achieve acceptable hohlraum-plasma coupling, the fol- 

f,b,>90% 
fsss < 5-10% 
fhot < 5% at That 2 50 keV 
f s R s  < 5% 

HLP3 Summary of Tasks 
To obtain hohlraum experiments with peak TR ranging 

from 100 to 5 230 eV with a variety of pulse formats and 
targets (lined and unlined hohlraums). Examine hohlraums 
up to ignition scale albeit at lower temperature and 
shorter pulse duration. When appropriate, capsules 
will be contained in the hohlraum. Measurements will 
focus on the x-ray environment (including photons 
with hu > 2 keV) within the hohlraum. The deliverable 
will be confirmation of our ability to calculate energy 
balance in a hohlraum with emphasis on wall loss/ 
albedo and to diagnose and predict the position of the 
time-dependent laser produced x-ray source within the 
hohlraum. Both of these topics are important to under- 
stand drive symmetry in hohlraums. These experiments 
(and the tasks in HLP4) will demonstrate our knowl- 
edge of the hohlraum physics required to implement 
beam phasing on the Nova Upgrade to control time- 
dependent drive symmetry. 
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This task will also include characterization of x-ray 
and laser-driven ablation plasmas. The experiments will 
verify detailed models of plasma formation at the laser 
aperture, the tamping of the high-Z hohlraum plasma 
by the low to moderate Z liner plasma, and plasma 
stagnation within the hohlraum (including the effects 
of capsules). Measurements of ne (X, t)Te (T, t )Z(Z,  t )  
will be included. 

HLP3 Goals 

experiments, supported by quantitative modeling, will 
further demonstrate our ability to control and achieve 
the flux uniformity required for ignitiodgain targets. 
The majority of the experiments will use lined hohlraums 
and shaped pulses with peak TR < 230 eV. A limited 
number of experiments with TR = 230 eV will also be 
included. The capsule convergences that we employ 
will be limited by our diagnostic resolution and sensi- 
tivity, but we expect it will range from 15 to 20. 

HLP5 Summary of Tasks 
To confirm our ability to calculate energy balance in a 

hohlraum (with emphasis on wall loss/albedo) and to model the 
details of the plasma and x-ray emission within the hohlraum. 

HLP4 Summary of Tasks 
To demonstrate symmetry control with low and interme- 

diate Z-lined hohlraums. Experiments will use a variety 
of x-ray imaging techniques to measure time-integrated 
x-ray drive asymmetry in low-order 1 modes, particu- 
larly P2 and P,. Supporting experiments, measuring/ 
inferring x-ray source-spot motion, and time-dependent 
x-ray albedo uill also be conducted. 

HLP4 Goals 

5 2 4 %  P2, P4) in a lined hohlraum with pulse shaping 
properly scaled to ignition targets. In these experiments, 
the hohlraum case area will nominally be -16x that of 
the capsule, and LEH losses will be comparable to the 
capsule absorbed energy. Peak TR < 230 eV, consistent 
with Nova’s power and focusing capabilities, will be 
used. A limited number of experiments with peak 
TR = 250 eV (and corresponding shaped pulses consis- 
tent with Nova’s capabilities) will also be conducted. 
The achievable flux uniformity is limited by the number 
of Nova’s beams (10) and potentially by the individual 
beam quality. Experiments to measure time-dependent 
laser produced x-ray source motion and hohlraum 
wall albedo will further establish our understanding of 
time-dependent drive asymmetry. The experiments 
will reach the stated level of flux uniformity with Nova 
and demonstrate our quantitative understanding of 
the limitations (physics and technology) so that flux 
uniformities (both instantaneous and time integrated) 
required for ignition/moderate gain will be achieved 
on the Nova Upgrade. 

To experimentally demonstrate time-integrated flux 
asymmet y control by varying P, nonuniformity from 10 to 
20% (waist high) to 10 to 20% (pole high). These 

To achieve low-order 1-mode asymmetry (time integrated) 

To demonstrate acceptable levels of stimulated Brillouin 
(back and side scatter) and Raman scattering (back, side, 
and forward) in plasmas where the overall gain and I/&, 
ratio are equal to that of Nova Upgrade targets. (Here, I is 
the laser intensity and Ith is the threshold intensity for 
the particular process.) The present Nova hohlraum 
experiments, in which good laser-plasma coupling is 
observed, have many relevant features that are nearly 
equivalent to an ignition hohlraum but differ in scale 
lengths and plasma dimensions (1 mm compared with 
3 4  mm). As such, the experimental goals described in 
HLP1, HLP2, and HLP4 will continue to be relevant. 

Experiments will also involve exploiting open- 
geometry targets such as exploding foils/disks of 
varying atomic number and will focus on long scale 
length plasmas where ne 5 0.15 n,, at which colli- 
sional damping of the various instabilities will not be 
effective. Experimental techniques will exploit the use 
of 8 to 9 Nova beams (operating at 0.53 or 0.35 pm) to 
independently create large ( L  > 2 mm), hot (T, > 1.5 keV) 
plasmas ne/n, < 0.15, which will then be irradiated by 
an independently controlled interaction beam (operat- 
ing at 0.53,0.35, or 1.05 pm). Plasma conditions will be 
characterized and experimentally controlled (e.g., 
allowing sufficient delay between the plasma forming 
beams and interaction beam to allow hydrodynamic 
smoothing of density ripples and bumps and to reduce 
fluctuation and other noise sources to thermal levels). 
Freely expanding and interpenetrating plasma sources 
will be examined. A variety of pulse shapes including 
continuous and picket fence pulses will be studied. 

HLP5 Goals 
To quantify: 
f S B S  (back, side) < 5 1 0 %  
fSRS (back, side) < 5-10% 

e fSRS (forward) < 576, 
In long scale length plasmas with the following characteristics 
of L (density and velocity scale length 2 mml, Te = 1.5 k e y  
ne/nc < 0.15, and <3 <Z> <28. 

These experiments will initially be conducted with 
the narrow frequency (Av/v < spatially modulated 
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Nova beams and thus represent a ”worst case” scenario. 
Experiments using spatially smooth beams (with 
smoothing times 5 20 ps) are planned as part of the 
Nova program. Initial experiments will be conducted 
on the 2-beam facility in parallel with HLP6 and will 
eventually be performed on the 10-beam chamber 
where larger interaction plasmas are possible. Only the 
interaction beam, however, would have a smooth 
intensity profile. These latter experiments would be 
completed after the approval for the Nova Upgrade 
(provided the successful completion of HLP1, HLP2, 
HLP4, and HLP6) and would be complete in time to 
impact the Nova Upgrade configuration. Since laser 
wavelength effects are generally well understood and 
the purpose of this program is to examine laser coher- 
ence effects, the experiments will use 0.53-pm light 
where, at minimal facility cost, we can study relevant 
phenomena at laser energy/power >10 to 100 times 
that presently available on other facilities. Experiments 
will be conducted at both the 2-beam (spatial and tem- 
poral coherence variations) and 10-beam (temporal 
coherence) target areas. Continuous and comb spectra 
will be used with total fractional bandwidth of 0.2 to 
0.3% ( T ~ ~ ~  = 0.6-0.8 ps). The experiments will use both 
open geometry (disks, foils) and hohlraums. Extensive 
plasma characterization (e.g., an optical interferometer 
to measure plasma ?ze profiles is nearing completion on 
the 2-beam facility) will be part of this program so that 
quantitative plasma physics experiments will be per- 
formed (i.e., well-defined laser intensities interacting 
with known plasmas). 

HLPG Summary of Tasks 
To study the influencelcoupling of filamentation with 

large scale length plasmas. 

HLPG Goals 
To experimentally characterize the nonlinear state and 

the influencelcoupling of filamentation with othcr instabilities 
(SBS, SRS) in the low-densify (nJn,  < 0.15) plasma within 
the hohlraum channel. Experiments will also examine 
the predicted stabilizing effects of multiple beams, 
angular divergence, and beam smoothing. This effort 
will proceed in parallel but extend beyond the comple- 
tion dates of HLP1, HLP2, HLP4, and HLP5. If objectives 
in these other tasks are not met, then the priority of the 
HLPG activity would be increased with a resulting 
completion date before the Nova Upgrade construction 

starts. The results would then be of importance in 
establishing the baseline beam smoothing requirements 
for the new facility. 

HLP7 Summary of Tasks 
To achieve the hohlraum temperatures required for igni- 

tion/moderate gain within the output performance of the 
Nova Upgrade, x-ray conversion efficiencies >35 to 50% are 
required for I 2 2 O I 5  W/cm2. Disk experiments on Nova 
have already demonstrated these efficiencies with 
measured values exceeding 70% (and instantaneous 
values exceeding 80%) at relevant intensities and pulse 
lengths equal to that of the main pulse of the ignition 
target. Temperatures achieved in recent hohlraum 
experiments have implied conversion efficiencies 2 50% 
at laser r > 3 to 5 x 1o15w/~? 

In addition, experiments with disks have demon- 
strated or inferred that x-ray conversion efficiency (at a 
given wavelength, plasma composition, and intensity) 
increases with pulse length, spot size, and potentially 
beam quality. Furthermore, Nova experiments have 
also implied that the effective conversion efficiency in 
a hohlraum environment is also larger than that 
obtained in open-geometry targets. While our present 
modeling can match much of the data, some of the 
trends seen in the data (e.g., spot-size dependence) are 
not quantitatively understood. 

several years will further build upon our extensive 
database and attempt to develop an improved model- 
ing capability. Experiments will focus on areas of 
applicability to the Nova Upgrade, i.e., long pulse, 
I > 5 x 1014W/cm2, hohlraum environment, and beam 
uniformity. The power and energy capabilities of Nova 
will limit the overall parameter range that can be 
experimentally addressed. Irradiations will include 
both continuous and picket fence pulse shapes. 

X-ray conversion experiments planned over the next 

HLP7 Goals 
Since the required conversion efficiency q (more 

importantly VI) has already been achieved and the 
favorable trends in conversion efficiency as a function 
of the parameters associated with the Nova Upgrade 
(compared with Nova) have also been observed, we feel 
no additional milestones are required. The experiments 
will be used primarily to improve our understanding 
of the appropriate physics to enable better predictions 
in the range of hohlraum performance available on the 
Nova Upgrade. 
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JULY-SEPTEMBER 1995 

G. Hevmes 

Nova Operations Gvoup 

During this quarter, Nova Operations fired a total of 
279 system shots resulting in 301 experiments. These 
experiments were distributed among ICF experiments, 
Defense Sciences experiments, X-Ray Laser experiments, 
Laser Sciences, and facility maintenance shots. 

This is the final report for FY 1995. During the past 
year, Nova fired a total of 1101 system shots resulting 
in a total of 1228 experiments. There were 856 target 
experiments done in the 10-beam chamber and 128 
experiments done in the 2-beam chamber. As a result 
of the declassification of ICF, there were only six target 
shots that were classified. There were 92 experiments 
conducted in support of laser science work, including 
precision pointing, failsafe chirp activation, and mis- 
cellaneous beam propagation experiments. We fired 
150 calibration shots in support of routine and preci- 
sion operations. 

The first 8x CCD camera was installed and activated 
on the 10-beam chamber. This camera, plus one more, 
will eventually replace the film-based pinhole cameras 
currently being used to acquire x-ray images from pre- 
cision pointing shots. Using the CCD cameras will 
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