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The Quarterly Report is published 
four times each fiscal year by the Inertial Confinement 
Fusion Program at the Lawrence Livermore National 
Laboratory. The journal reports selected current research 
within the ICF Program. Major areas of investigation 
presented here include fusion target theory and design, 
target fabrication, target experiments, and laser and 
optical science and technology. In addition, the Laser 
Science and Technology program element of LLNL's 
Laser Programs serves as a source of expertise in devel- 
oping laser and electro-optics capabilities in support of 
the ICF mission and goals and also develops new lasers 
for government and commercial applications. To keep 
our readers informed of these new capabilities, the ICF 
Qlnavtevly Report now covers additional non-ICF funded, 
but related, laser research and development and associ- 
ated applications. As another improvement, we have 
added a short summary of the quarterly activities within 
Nova laser operations, Beamlet laser operations, and NIF 
laser design. Questions and comments relating to the 
technical content of the journal should be addressed to 
the ICF Program Office, Lawrence Livermore National 
Laboratory, P.O. Box 808, Livermore, CA 94551. 

The Cover: The photograph shows a gasbag 
target used to produce the plasmas necessary for 
studying NIF-relevant laser-plasma interactions. It is 
constructed by gluing 800-nm-thick polyimide films on 
either side of a 400-pm-thick, 2.75-mm-i.d. AI washer. 
Fill tubes, visible here entering from the bottom, inflate 
the target to a nearly spherical shape with one of a 
variety of gas mixtures. When this target is irradiated 
by the Nova laser, it produces a large, uniform plasma. 
A probe beam sent through this plasma is used to 
investigate the formation of plasma instabilities, which 
can lead to stimulated Brillouin scattering (SBS) and 
stimulated Raman scattering (SRS) of the laser beam. 

Three of the articles in this Quarterly discuss SBS Theory 
and Simulations of Nonlinear SBS in Multispecies 
Plasmas, on p. 1; Gas-Filled Target Designs Produce 
Ignition-Scale Plasma Conditions with Nova, on p. 15; 
and Stimulated Brillouin Scattering in Multispecies 
Plasmas, on p. 22. 
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In this issue: 
Foreword 

Theory and Simulations of Nonlinear SBS in 
Multispecies Plasmas 
Gas-filled hohlraums are the preferred targets for indirect-drive fusion experiments planned for 
the National Ignition Facility. However, instabilities like stimulated Brillouin scattering in the 
gas may reflect large amounts of laser light out of the hohlraum. We report on a method 
developed to control this instability- small amount of hydrogen added to the gas strongly 
decreases the reflected light. 

Modeling of Self-Focusing Experiments by Beam 
Propagation Codes 
To validate the codes PROP1 and PROPZ, we used data from two 1053-nm self-focusing 
experiments in fused silica. Self-focusing damage in the sample was induced by placing a large 
wire in the beam in front of the silica sample. Using a small wire, damage to the sample was 
avoided, and induced lensing in the sample produced an intense image of the wire. Using the 
measured beam profiles and waveforms as input, and the value 2.7 x cm2/W for the self- 
focusing coefficient in silica, the codes successfully predicted the length of the self-focusing 
tracks and the intensity in the induced image. 
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Gas-Filled Target Designs Produce Ignition-Scale Plasma 
Conditions with Nova 

15 

Gas-filled targets provide large, uniform underdense plasmas for laser-plasma interaction experiments 
on Nova. This article discusses design considerations for these targets and presents calculated plasma 
profiles, target characterization results, and comparisons with underdense plasma parameters in ignition 
hohlraum designs for the National Ignition FaciIity. 

Stimulated Brillouin Scattering in Multispecies Plasmas 
Laser light propagating through the underdense plasma in a hohlraum, or the corona of a 
direct-drive target, is subject to stimulated Brillouin scattering (SBS). Such scattering can cause 
significant loss of incident laser energy and/or affect the symmetry of the implosion. This 
article discusses the use of mixtures (e.g., H/He) to tailor the Landau damping of the SBS 
driven ion acoustic waves, thereby providing a powerful method to control the instability. 

Optical Scatter-A Diagnostic Tool to Investigate Laser 
Damage in KDP and DKDP 
Determining and controlling the sources of laser-induced damage in crystals of KH,PO, and 
deuterated KDP is important for successful production of crystals for the National Ignition Facility. 
This article describes the implementation of a scatter diagnostic for in situ studies of laser- 
induced damage and initial results from these studies. 
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I N  THIS ISSUE 

Soft X-Ray Interferometry 32 
The short wavelength of existing soft x-ray lasers makes them well suited to probing lar e high- 
density plasmas. We have combined a multilayer optic-based interferometer and a 155 1 x-ray 
laser source to measure the electron density profile in millimeter-size laser-produced plasmas. 

Metastable Crystal Structures of Solid Hydrogen 
We have determined the crystal structure of vapor deposited H, or D, crystals using Raman 
spectroscopy. While hcp is the equilibrium crystal structure, other metastable crystal structures 
can be formed at low deposition temperatures. Non-hcp crystals transform to hcp continuously 
and irreversibly by increasing the temperature to about half the triple point temperature. We 
also measured the crystal grain size as a function of deposition temperature and deposition rate. 
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FOREWORD 
This issue of the ICF Quarterly presents recent results fmm the ICF progmm at Lawrence 

The article "Metastable Crystal Structures of Solid Hydrogen" describes primarily 
Livermore National Laboratory in areas ranging from cryogenics to plasma instabilities. 

Raman spectroscopy studies of 3 and D2 films deposited at various rates and tempera- 
tures. All ignition target designs for inertial confinement fusion UCF> q u i r e  a cryogenic 
deuterium-tritium (DT) fuel layer of uniform thickness and acceptable roughness. Solid 
DT layers, in particukq are easier to support in the presence of gravity and self-symmetrize 
due to self heating from the beta decay of tritium. The roughness of these films is closely 
related to their crystal structure, so it is important to understand film morphology under 
different deposition conditions. 

Three articles present different approaches to the study of plasma instabilities that lead 
to stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS). Ignition 
target designs for the National Ignition Facility (NIF) require a hohlraum filled with low-Z 
gas to slow the expansion of the Au wall during the laser pulse. Passage of the beam 
through the resulting plasma excites parametric instabilities, which leads to SBS and SRS. 
These phenomena can reduce the power delivered to the hohlraum wall and/or adversely 
affect the symmetry of the drive. For the beam geometry in NIF hohlraums, near-back- 
ward scattering is expected to dominate the parametric losses. The potential contribution 
of stimulated Brillouin backscattering to these losses has been the subject of extensive 
experimental and theoretical studies. In "Stimulated Brillouin Scattering in Multispecies 
Plasmas," the author develops a linear theory of enhanced damping of ion acoustic waves 
in C-H plasmas and H-He plasmas. In 'Theory and Simulation of Nonlinear SBS in 
Multispecies Plasmas," the authors present onedimensional particle-in-cell simulations of 
SBS in underdense plasmas with two or three ion species/ with the inclusion of nonlinear 
saturation mechanisms. In "Gas-Filled Target Designs Produce Ignition-Scale Plasma 
Conditions with Nova," the authors show gas-med targets for Nova designed to produce 
large, hot, nearly static plasmas that mimic the NIF gas plasmas. Calculated SBS and SRS 
backscattering spectra are shown, and recent measurements are discsussed. 

describe the use of computer codes to model nonlinear effects during the propagation of 
laser beams through optical elements. Such codes have played a key role in the design of 
high-power lasers for ICF, both historically and for the NIE Using realistic beam profiles, 
these codes are used to assess the risk of damage from phenomena such as self focusing. 
This article compares simulated results with an experiment in which wires were placed in 
the path of a high-intensity laser pulse, which then passed h u g h  a silica rod. 

The article "Optical Scatter-A Diagnostic Tool to Investigate Laser Damage in KDP 
and DKDP" examines the important problem of characterizing single crystals of KH2P04 
(KDP) and deuterated KDP (DKDP). These materials are used as optical switches, for fre- 
quency conversion in the Nova laser, and will be requid for the NE However, despite 
signhcant improvements over the years, they still limit the maximum operating fluence. 
Defects are responsible for lowering damage thresholds to well below those calculated for 
perfect crystals. The authors describe the use of optical scattering to detect defects and bulk 
laser damage in KDP and DKDl? 

The use of soft x-rays as a plasma probe is the topic of "Soft X-Ray Interferometry." 
Interferometry of laser-produced plasmas presents a sisnificant challenge, especially at 
electron densities exceeding 1G0 
and refraction severely limit the application of optical probes. These problems can be 
largely avoided through the use of soft x-rays instead of light. In this article, the authors 
compare x-ray and optical interferometry of plasmas and show experimental results from 
a soft x-ray Mach-Ehnder interferometer. 

In "Modeling of Self-Focusing Experiments by Beam Propagation Codes," the authors 

as is the case for ICF-relevant plasmas. Absorption 

Randall L. McEachem 
Scientific Editor 
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Introduction 
Stimulated Brillouin scattering (SBS) is an instability 

in which intense laser light incident on a target can 
decay into a scattered light wave and an ion sound 
wave. The process requires frequency and wavenumber 
matching (i.e., o, = os, + mi and k, = k,, + k$, which 
corresponds to energy and momentum conservation. 
Here, o, (os,,,> is the frequency of the incident (scattered) 
light wave and oi is the frequency of a sound wave in 
the plasma, and k,, k , ,  and $ are the corresponding 
wavenumbers. It is important to understand and con- 
trol this instability to optimize energy deposition in 
inertial fusion targets. 

SBS arises in two distinct places within a gas-filled 
hohlraum target. First, the gas in the hohlraum is ion- 
ized within the first couple of pico-seconds of the laser 
pulse, so the rest of the nanosecond pulse sees a 
plasma (-0.1 n,) as it propagates toward the wall of 
the hohlraum. At later times, the ablation from the Au 
wall of the hohlraum becomes underdense and allows 
for the generation of SBS. It has been proposed that 
mixed species plasma, both in the gas and the wall of 
the hohlraum, can minimize the energy transferred to 
the ion waves and the reflected light, maximizing the 
amount of laser energy available for conversion to x-rays. 

This article presents detailed particle-in-cell simula- 
tion studies of SBS in underdense plasmas composed 
of two and three distinct ion species.' Collisionless 
nonlinear saturation mechanisms are well modeled. 
For the parameters discussed here, these mechanisms 
depend critically on plasma composition. The effect of 
a self-consis tently evolved non-Maxwellian distribution 
for the light ions on the ion-wave amplitude can be 
observed in detail. Mixtures of H and He are used to 
illustrate the physics of the situation. Various mixtures 
of "heavy" ions (carbon) and "light" ions (deuterium- 
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hydrogen) are also studied in these simulations. The 
reflectivity and ion-wave amplitudes due to the SBS 
instability show many of the trends seen in experiments 
with these gases. 

Alexeff, Jones, and Montgomery2 investigated the 
. effects of adding a light-ion species to a plasma com- 
posed primarily of a heavier, more abundant ion species. 
Their experiments show that the damping of the ion 
wave increases as significant amounts of the lighter 
species are introduced. This result agrees with a linear 
ion Landau damping model by Fried and Gould? 
Clayton et al? used a CO, laser to confirm many of the 
predictions in the linear regime. Although additional 
research has been done?J6 the nonlinear aspects of adding 
a light species to a plasma have been neglected. Some 
insight into this state is important since recent experi- 
m e n t ~ ~ - ~  with intense laser light (I = 3 x lOI5 W/cm2, 
wavelength 0.351 p, pulse duration T~ = 1 ns) and 
relatively high plasma density -0.1 n, (where nc is the 
critical density) are thought to operate in a nonlinearly 
saturated state. 

Computational Technique 
We use the electron-fluid, particle-ion code EPIC to 

study various kinetic nonlinearities for saturation of 
the ion wave associated with SBS. Kinetic nonlinearities, 
such as particle trapping and extreme modification of 
the velocity distribution function arise when individ- 
ual particle motion becomes important. Bulk "fluid" 
motion does not resolve individual particle velocities 
and cannot include single particle effects. An interesting 
comparison with linear theory is observed; however, 
there are significant differences. We find that particle 
trapping can substantially lower the ion-wave amplitude 
when a light-ion species is present in a predominantly 
heavy-ion plasma. These results agree with simple 
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nonlinear theories. Even in the nonlinear state, trace 
amounts of light ions can substantially reduce the 
reflectivity arising from SBS in a heavy-ion plasma. 

the physics accessible in this study. EPIC resolves the 
electromagnetic (EM) wave associated with the laser 
light, both spatially and temporally using the Langdon- 
Dawson advection scheme.1° In one dimension, the 
light can be broken up into right- (E,) and left-going 
(EJ waves that advect exactly at the speed of light c: 

A brief explanation of the simulation code illustrates 

where Jy is the transverse current, e is the electron 
charge, and ne is the electron plasma density. In the 
presence of a plasma, the transverse velocity vy of the 
electrons serves as the source for the EM waves. The 
ponderomotive potential Up = 1/2 my2, where m is 
the electron mass, is saved every time step. This is an 
essential component of the feedback loop in the SBS 
instability because it couples the reflected light wave 
to the ion-density fluctuations, which then grow expo- 
nentially, according to linear theory. The ion-density 
fluctuation has a wavenumber 2k0 and frequency 
mia = 2k0cs, where cs = (ZT,/Mi)ll2 is the ion sound 
speed, T, is the electron temperature, Z is the ion charge 
state, and Mi is the ion mass. Since the ions move 
slowly on the time scale of the laser light, they need 
not be moved every time step. Instead, they are moved 
every 200th time step or so, by an amount determined 
by a time average of Up over this time interval. EPIC 
handles the ions as particles, and the force on these 
ions is that due to the electrostatic field obtained from 
the electron momentum equation [(Eq. (211, where the 
electrons are taken to be a massless fluid. Neglecting 
electron inertia is a good approximation, in that m is 
much less than Mi, so that the electrons can respond to 
bulk ion motion instantaneously on the ion time scale. 
Hence, the electrostatic field felt by the ions is 

where (Up) represents the time-averaged value of Up. 
Once this electrostatic field is known, the ions are then 
moved on the grid according to the equation 

where 

--vi. dxi - 
ati (3) 

Here, the dti denotes the ion time scale. Once the ions 
are at the new positions, the ion density ni is computed. 
This is done for all ion species, usually two or three 
species with different masses Mi = AIMp and charge 
states Zi- Here Mp is the mass of the proton and Ai 
(Zj) is the atomic number (charge state) of the jth ion. 
Finally a new electron density is found by summing the 
ion density contributions over all species at each grid 
point, and setting ne equal to this total ion density. The 
EM waves are then advected for another 200 time steps, 
and the process is repeated. (Reference 1 gives further 
details of the computational model and approximations.) 

Experimental Motivation 
The motivation for these simulations is a set of recent 

experimental results obtained on the Nova laser using 
"gas bags"7 and gas-filled h ~ h l r a u m s s * ~ * ~ ~  Briefly 
these experiments measured the reflectivity due to SBS 
from a number of large-scalelength (-1 mm), low-density 
(-0.1 nc) plasmas composed of a variety of gases, such 
as C5H1, C5D1, and CO,. The simulations presented 
here attempt to describe some of the trends in the 
experimental data. For all simulations, T, = 3 keV, and 
the ratio of Te to the initial Ti is always in the range 
3 I T,/Ti I 10. The laser wavelength is lo = 0.351 pm, 
and the intensity is I = 2.7 x 1015 W/cm2, as in the 
experiment. The density is typically either 0.1 nc or 
0.25 n ,  and the system length is usually L, = 75,150, or 
330?+,. Roughly 1 million particles per ion species are 
used for the longer systems. Occasionally the noise 
was increased to large levels to accelerate the onset of a 
nonlinear, quasi-stationary state. The reflected wave 
grows from a noise level Inoise, which is set by scatter- 
ing of the incident wave from ion-density fluctuations. 
In these simulations, Inoise/10 is of the order 1%, but 
can be as low as 0.01%. 

A few caveats concerning comparison of these 
simulations with experimental results are as follows: 
(1) The ions are constrained to move in one dimension 
in the simulation. Various two- and three-dimensional 
results, such as finite speckle width, filamentation, ion 
transport, and scattering of the ion waves in angle, are 
expected to reduce the reflectivity observed in the 
experiments. (2) The system is chosen to be roughly 
one speckle length long (for an f/4 lens), as opposed 
to the much longer system present in the experiments 
(-1 mm). (3) The simulations are only run for 10-20 ps, 
as opposed to a nanosecond for the experiment. 
However, linear gain calculations of this laser-plasma 
interaction consistently predict excessive gains, indicat- 
ing that some nonlinear processes are at work to limit 
the reflectivities. Despite these differences, we hope to 
gain insight into some of the nonlinear saturation and 
damping mechanisms that may be playing a role in 
current experiments. We concentrate on the trends seen 
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THEORY AND SIMULATIONS OF NONLINEAR SBS 

in the simulations and experiments for various param- 
eters and not on the absolute values of the reflectivity. 

Theory 
Linear theory predicts that trace amounts of light 

ions substantially increase the ion Landau damping of 
the ion wave. There are several reasons for this effect. 
(1) If we assume that the Ti are the same, the higher 
thermal velocity for the light-ion species leads to more 
ions in resonance with the wave. (2) The phase velocity 
is a function of the plasma composition. To illustrate 
this, consider the linearized ion continuity and momen- 
tum equations for the two fluids: 

aui2 - 0  + ni20 - - ani, 
at ax 

and 

- CY 

(4) 

(5) 

this phase velocity. Finally, consider a mixture of 20% H 
and 80% He, where v is now given in accordance with 
Eq. (6) and is approxunately equal to csHe (see Fig. 2). In 
this case, a large number of H ions can now damp the 
ion wave even more efficiently than in pure H, because 
the phase velocity has moved farther into the bulk of the 
distribution function. Thus, hea r  theory predicts that 
the damping for the mixture will actually be greater than 
for H alone (and thus give the lowest reflectivity), and 
that pure He will have the least damping (and the high- 
est reflectivity). Simulations bear out this prediction. For 
simulations with parameters similar to those discussed 
earlier, pure He gives a reflectivity R = 30%, pure H gives 
R = lo%, and the 20% H and 80% He give R = 5%. 

.P 

1.8 

h -g 
w 

a- 

1.4 

1 3  I I 
I.& 

0 20 40 60 80 100 
Fraction of H (%) By combining Eqs. (4) and (5) into one equation for the 

ion wave, an effective phase velocity for the ion wave 
is found to be 

FIGURE 1. Acoustic wave phase velocity vs fraction of H present in 
P a CH plasma. (5040-0495-1065pbO2) 

Figure 1 plots this phase velocity for C and H at 
Te = 3 keV, as a function of the fraction of H in the gas 
mixture. The limit in which only C ions are present 
smoothly connects to the case for only H present. Note 
that the phase velocity falls rapidly from the pure H 
case, essentially because the phase velocity is deter- 

roughly 50%. 
The physics can be clarified by considering the veloc- 

ity distribution functionflv) of two ion populations with 
different atomic numbers and charge states. Consider 
first pure He, as shown in Fig. 2. Notice the small slope 
and the small number of particles at the phase velocity 

0.6 - 
w 
u, 

1 , :  \: 2 3 

mined by the heavy species when the fraction of H is 0.4 - 

He 
o.2 - 

0 of the ion wave vp (nH = 0) = cSHe available to damp the -3 -2 -1 0 1 
SBS-generated ion wave. Now consider pure H at the v (10%) 
Same Ti. The 
greater than for pure He, and there are more partides at 

at (%e = O) E csH is somewhat FIGURE 2. Ion distribution functions for a pure He plasma and a pure 
H plasma, for T, = 3 keV and equal Te/Ti. (50-Ol-0695-1418pbO2) 
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Particle Trapping 
' We have discussed the effect of plasma composition 

on linear damping of the ion acoustic wave. However, 
the simulations show that nonlinear effects can be 
important when the reflectivity is significant. Let us 
now examine the simplest nonlinear effect, which is 
ion trapping. When the ion trapping velocity is equal 
to the phase velocity of the ion wave, the amplitude of 
the density perturbation associated with the ion wave 
will saturate. For one species, this limiting amplitude 
(neglecting temperature effects) is the well-known result 
6n/n = 1 /2? where 6n is the low-frequency fluctuation 
in ne associated with the ion wave. For two species, 
assuming cold ions (Ti = 01, the limiting amplitude of 
the density perturbation is found to be 6n/n = 0.25 
when the light species is H. This factor-of-2 difference 
arises from the fact that the H ions are the particles 
being trapped in a wave with a phase velocity deter- 
mined by the heavy fluid. The assumption here is that 
there is only a small amount of the light ions in the 
mixture. However, when Ti effects are included, the 
limiting amplitude is considerably reduced to 

where the phase velocity is found from 

Here, ID, is the Debye length, oPH is the plasma fre 
quency of the light-ion species (HI, and opc is the 
plasma frequency of the heavy ions (C). For a tempera- 
ture ratio Te/Ti = 10, Eq. (7) predicts (6n/nItr = 5%. 

The EPIC simulations show the nonlinear state to be 
very rich. For example, for the case of C5H1, the H ion 
distribution function near vp initially flattens due to ion 
trapping, as discussed. However, a number of effects 
follow. (1) As the ion waves grow and ions are pulled 
out of the initially Maxwellian distribution, a severe 
modification of the distribution function near vp occurs 
[see Fig. 3(a)]. When a 'bump" is present in a distribution 
function, the distribution function is unstable to ion 
sound waves near up. The ions have a tendency to relax 
back to a more stable distribution function, sometimes 
called a "quasilinear plateau." This is essentially a flat 
slope near 'u However, it is found that before the 
distribution function reaches this state, it over-shoots the 
plateau and re-develops a slope near 'up [see Fig. 3(b)I. 
Thus, the distribution function will "oscillate" about 

P' 

4 

this point. The distribution function inside the trapping 
width oscillates at the bounce frequency %, as predicted 
by ONeil.12 As the distribution function evolves, there 
is a nonlinear frequency shift due to modifications that 
the trapped ions make on the ion wave, which reduce up. 
This allows the instability to access "fresh" slope on 
the distribution function. An additional effect that works 
to widen the plateau region is the transport of the faster, 

h 

v a 

3 
io3 

lo2 

10 

1 
4 -2 0 2 4 

v (lo4 c) 

FIGURE 3. Ion distribution for the H component in a C5H,* plasma 
showing (a) an extreme nonlinear modification early in hme and 
(b) subsequent development of slope later in time near the phase 
velocity of the ion wave associated with SBS. (5040-0495-1066pbO2) 
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heated ions. This allows for a redevelopment of the 
slope, permitting additional damping. 

We now compare EPIC simulations with experimen- 
tal results in which the fraction of light ions (H) in the 
gas mixture varies, and the reflectivity is measured for 
two gas mixtures, C02 + C3H8 and C5H12 + C3H8. By 
increasing the amount of propane in each mixture, the 
reflectivity as a function of H present decreased strongly 
in the gas-bag  experiment^.^-^ This agrees with 
experiments in which this phenomenon was observed 
using a C02 laser? The EPIC simulation results shown 
in Fig. 4 exhibit a similar trend. In the simulations, the 
gas starts out as pure C, and H is continuously added 
(eliminating C to keep the same plasma density) until 
the gas is pure H. Clearly, varying the plasma composi- 
tion by adding H is an important technique for reducing 
the level of SBS. 

SBS in Gas-Filled Hohlraums 
Current hohlraums are filled with a low-density gas, 

which slows the inward motion of the Au walls and 
improves the time-dependent symmetry of the x-ray 
flux on the capsule. As discussed, SBS in the low-density 
gas is reduced by the presence of H. (An H-He mixture 
is planned for ignition hohlraurns.) However, it is nec- 
essary to avoid sigruficant SBS from the low-density 
Au near the walls, where the ion wave is weakly 
damped. Indeed, this SBS could be a seed that is'=- 
ther amplified in the low-density gas? 

A series of simulations has been conducted to 
understand the Au wall-gas interface. Figure 5 shows 
the variation of plasma density along the direction of 
the laser beam when the reflectivity has saturated 
(=20 ps). In this simulation, four-fifths of the plasma is 
a C5H12 gas at 0.1 nc, and the last fifth of the plasma is 
Au at 0.12 n,. Initial values are Te = 3.0 keV, Te/Ti = 2.0 
for Au, Te/Ti = 5 for H, and ",/Ti = 5 for C. The laser 
I = 2.7 x lOI5 W/cm2. As shown in Fig. 5, a substantial 
ion wave develops in the Au. However, because of the 
H in the gas, the ion density perturbation in the C5H12 
is quite low. In this simulation, R = 6.0%. In a similar 
simulation using identical parameters but without the 
Au wall, R = 2.0%. Clearly the presence of low-density 
Au near the hohlraum wall can sigruficantly affect 
the reflectivity. 

One proposed solution is to use Be-doped Au for 
the hohlraum wall.I3 However, there is an additional 
complication when one attempts to model Au-Be; 
namely collisions between the Au and Be ions. 
Simply, estimates of collision times are roughly equal 
to the time it takes to flatten the slope (see the dis- 
cussion associated with Fig. 3). This introduces yet 
another enhanced damping mechanism-collisional 
damping. This is due to the fact that collisions can 
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"keep the slope," thus increasing the range of valid- 
ity of linear theory since the distribution function can 
remain more or less Maxwellian. Therefore, further 
study of the Au-Be wall requires that collisions be 
included in the simulation code. Preliminary studies 
with a collisional code14 have shown that the addition 
of Be does in fact reduce SBS in the Au-wall blow-off. 
This is in agreement with recent experiments on the 
Nova l a ~ e r . ~ ~ ~ ~ ~  

i 
I 

80 
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FIGURE 4. Simulation results of reflectivity vs percentage of H pre- 
sent in the plasma. Clearly, the inclusion of small quantities of H can 
sigruficantly reduce the SBS reflectivity in the nonlinear state. 
(50-01-0695-1421pbOl) 

Incident laser beam 

Au 

0 66 
R (pm) 

FIGURE 5. Density profile of an EPIC simulation modeling the inter- 
face behveen a low-density gas and the Au wall blow-off of a 
hohlraum. Note that the Au is initially in the last onefifth of the 
plasma. (50-014695-1422pbOl) 
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Summary 
This article presents a detailed study of nonlinear 

processes associated with SBS in a multi-ion-species 
plasma. We theoretically estimate and compare a number 
of these nonlinear effects with EPIC kinetic multi-ion- 
species simulations results and with recent experiments. 
EPIC results for reflectivities are consistent with the 
trends observed in experiments. We provide a physical 
argument for the linear damping in a multispecies 
plasma, obtaining a simple physical picture of the role 
light ions play in the damping of the ion waves associ- 
ated with SBS. We also address the modifications to ion 
trapping, an inherently nonlinear process, when two 
species are present and find that the addition of a light 
species could greatly decrease the amplitude of the ion 
wave where trapping will occur. These simulations show 
that distortion in the ion distribution functions can play 
an important role in determining the amount of reflec- 
tivity due to SBS observed in recent experiments. We 
illustrate a solution to the possible problem of sigrufcant 
SBS due to the low-density Au in gas-filled hohlraums. 
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Introduction 
Computer codes that model the propagation of intense 

laser beams through laser systems have played key roles 
in the design and analysis of all the ICF lasers built at 
Liverm0re.l These codes treat, at various levels of 
sophistication, the effects of linear diffraction, loss, 
amplification, and beam perturbation by self-focusing. 

Laser designs for the National Ignition Facility . 
(NIF)2 are being analyzed using two recently devel- 
oped comprehensive, ab initio computer simulation 
codes, PROPl and PROP2, which treat one and two 
transverse dimensions, respectively. The codes use 
fast-Fourier-transform (FET) propagators on a rectan- 
gular grid and treat only one polarization of the field. 
The effects of linear propagation and nonlinear refrac- 
tion are calculated separately at each step along the 
propagation (2) axis. Within the limit of grid resolu- 
tion, they calculate the electric field experienced by 
each component in a laser during a shot. To model typ- 
ical NIF laser operations realistically, we use beam 
aberrations obtained from measurements on actual 
optical components, gain profiles from existing testbed 
amplifiers, adaptive optics models, and characteriza- 
tions of various optical defects observed in tests of the 
Beamlet laser. 

(a) 10 TW 

It is important that these codes be validated, because 
staging and architecture decisions, which often involve 
significant cost consequences, are driven by risk-of- 
damage assessments made using them. Over the past 
year, PROPl and PROP2 have been benchmarked 
against analytical propagation cases, nonlinear pertur- 
bation analyses, earlier-generation FET codes, and, 
most important, against the results of specially designed 
experiments. This article describes two comparisons of 
the code with results of self-focusing experiments con- 
ducted in the Optical Sciences Laser (OSL) facility? 

Self-focusing has always been a significant problem 
in fusion lasers, and beam photographs often show 
intensity ripple generated by self-focusing. Figure 1 
demonstrates the seeding of intensity ripple by scattering 
from obscurations in the chain. These three photographs 
of the output beam in the Novette laser, the two-beam 
predecessor of Nova, were taken during shots at 10,11, 
and 13 TW. The three intense regions in the right sides 
of the beams were caused by millimeter-sized imper- 
fections on a turning mirror about two-thirds of the 
way through the chain. The nonlinear origin of the 
resulting intensity ripple is apparent from the rapid 
growth of ripple amplitude with increasing laser 
power. (The dark band in the center of each beam is 
the shadow of an absorbing redon that separates the 
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FIGURE 1. Photographs of the 
output beam of the Novette 
laser for output powers of 10, 
11, and 13 TW. The growth of 
ripple depth at the three small 

beam illustrates the seeding of 
self-focusing by imperfections 
on components in the chain. 
(7M)0-0196-0155pb01) 

areas in the right side of the 
T 
1 

-80 cm 

7 
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two halves of the largest amplifier disks to prevent 
parasitic losses.) 

the most difficult aspects of the modeling of beam 
propagation. The refractive index of most optical 
materials has a small but important nonlinear (inten- 
sity-dependent) contribution that typically limits the 
high-power performance of fusion lasers. The "nonlinear 
index coefficient" y is defined by the expression for the 
total refractive index, 

A correct treatment of nonlinear refraction is one of 

where no is the linear index and I is the intensity. The 
optical propagation distance z is related to no and y 
and the physical path length d by the rule 

where k = 2n / h  is the wave number and B is the inten- 
sity-dependent phase retardation, given by 

L 
B(x, y) = Iqlo I ( x ,  y) dz; (3) 

the integral is taken along a particular ray path through 
the laser. Intense regions of the beam induce more 
retardation, causing the wavefront to lag and focus just 
as a positive lens does. 

Localized self-focusing can produce very high inten- 
sities. In most simple calculations, the self-focusing at 
local intensity maxima is treated in Fourier-transform 
space. The input intensity ripple is described by a Fourier 
distribution; the self-focusing in a segment of the beam 
path is described by a multiplication factor, or gain, for 
each spatial-frequency component in the distribution.* 
Transforming the amplified frequency distribution back 
to physical space yields the intensity ripple at the output 
of the path segment. The gain for individual frequency 
components of the electric field can be as high as exp(B), 
and the total induced phase retardation in a laser oper- 
ated at high intensity can exceed 2n. Therefore, for 
ripple of the physical scale that corresponds to greatest 
gain, the power of those components can be increased 
by a factor of exp(2B)* = 300,000. 

A major contribution to our ability to build high-power 
lasers was the realization that a spatial filter could be used 
to block the Fourier components of intensity ripple that 
experienced highest gain5 Lenses in the spatial filters also 
correct for linear diffraction through image relaying.br7 
The filters are interspersed in the chain so as to "clean" the 
beam after each accumulation of AB in phase retardation; 
the present NIF design point is AB = 2.2 rad. The apertures 
used in the spatial filters segregate the beam perturbations 

into high-frequency components, which are blocked, and 
low-frequency components, which are transmitted. 

There remains the problem of understanding the 
issues that result from modest self-focusing of AB = 2-2.3 
in sections of the chain between filters. The most seri- 
ous of these issues is optical damage. Optical damage 
in the near IR is presumed to depend on the local 
strength and duration of the optical field and on the 
condition of the optical component, which in actual 
systems may depend on its usage history. In most 
instances, the damage threshold of optical surfaces and 
coatings is less than that of the bulk material. One task 
in evaluating a proposed design is to determine the 
damage thresholds of the various components. A second 
task is to use a code such as PROP2 to determine the 
risk of damage for the proposed design. Self-focusing 
must be considered during this determination. During 
transmission of a beam at a high (but nominally safe) 
intensity through an optical component, self-focusing 
within the component at local regions of high intensity 
can cause enough intensification to damage the exit 
surface. In extreme cases, the induced focusing can 
break the beam into intense filaments that cause inter- 
nal bulk damage called angel-hair tracking8 

focusing, called hot-image formation. Light diffracted 
Figure 2 illustrates an interesting special case of self- 

__--- 
"Hot" 
image Component Nonlinear 

with lens 
obscuration 
FIGURE 2. Nonlinear refraction induced by the sum of a scattered 
wave and the intense background wave produces a conjugate wave 
that is focused to an intense ("hot") image. (7040-0196-0147.pbOl) 

by an obscuration or defect on one component spreads 
across the beam in a second component. Nonlinear 
refraction in this second component, driven by the sum 
of the scattered and primary beams, creates a lensing 
effect that deflects some of the energy from the beam into 
a downstream focus, which appears as a bright image 
of the obscuration. A third component, in the plane of 
this induced "hot" image, might be damaged even when 
the system was operating at a nominally safe intensity 
that did not damage the first two components. 

treated analytically for low-intensity ripples in a 
Hot-image formation by a thin "lens" has been 
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high-intensity beam? The scattering sources treated 
were opaque disks and circular obscurations with 
Gaussian-distributed opacity. The analysis is readily 
extended to the case of an opaque linear obscuration 
(e.g., a wire). Neglecting some details, the model pre- 
dicts that opaque obscurations cause the formation of 
hot images with intensity that is greater by a factor of 
-(1+ B2) than the mean intensity in the beam. For 
AB = 2.3 rad, the predicted relative intensity is -6. 

In contrast to analytic perturbation models, which 
can easily treat only shallow modulation, PROP1 and 
PROP2 were designed to treat self-focusing of a beam 
containing deep intensity ripples. Validation of these 
codes by modeling the performance of large lasers is 
difficult, because it is difficult to idenbfy all the source 
terms for amplitude ripple. We have therefore conducted 
self-focusing experiments in the OSL facility and com- 
pared the results with the predictions of the codes. We 
used the hot-image configuration for the experiments, 
since we could induce either a hot image or track dam- 
age in the "lens" by varying the obscuration. 

Arrangement of the OSL 
Experiments 

The OSL is a 100-J class Nd:glass laser staged to pro- 
duce 0.5-100-11s pulses that are minimally disturbed by 
nonlinear refraction in the laser itself. In a typical shot, 
the fluence is below 0.5 J/cm2 everywhere in the chain, 
and the induced phase retardation is less than 0.1 wave 
( B  = 0.6). The beam diameter is reduced from 80 to 20 nun 
at the laser output to increase its intensity. 

Figure 3 shows the arrangement used for the self- 
focusing experiments. The beam was passed through a 
25-cm-long silica rod. Obscurations (wires with diame- 
ter of 175 or 500 pm) were placed in the beam in a 
plane 100 cm upstream of the rod. The energy, wavefom, 

Plane of 
obscuration 

Silica 4 
I 

Photodiode Input 
beam 
shape 

Silica 4 
I 

Photodiode Input 
beam 
shape 

and spatial distribution of the beam were measured in 
the plane of the obscuration. Energy was measured to 
within 1% by an absorbing-glass calorimeter, and the 
spatial distribution was recorded by a CCD camera. 
The waveform was recorded by a Hamamatsu diode and 
a Tektronix SDC5000 oscilloscope and by a streak camera. 

The experiment was arranged to allow recording of 
the spatial distribution of the beam in planes at a suit- 
able range of distances downstream from the silica rod; 
the hot images were predicted to lie about 100 cm 
downstream. Because the area of a CCD camera is 
about 5 x 6 nun, the entire 20-mm beam could not be 
recorded without demagnification, which might have 
limited the resolution in the records of the small, hot 
images. Two records were therefore made. One cam- 
era, placed directly in the 20-mm-diam beam, recorded 
a 1:l image of a 5-mm-diam beam segment isolated by 
an iris. A second camera recorded an image of the 
same plane, but with a demagnification of about 21. 
Changing the plane of observation without disturbing 
the cameras was accomplished by mounting the pick- 
off optics on a slide rail. 

Selection of Wire Diameters 
Wire diameters were selected on the basis of calcula- 

tions done with PROPI. We wanted one wire that 
produced beam ripple of modest depth, which could 
be regarded as a perturbation, and another that pro- 
duced very deep modulation. The experimental results 
confirm that these calculations give a good overall 
view of the intensity variation along the entire beam 
path. Figure 4 shows the predicted evolution of inten- 
sity with propagation distance z when a 175-p-diam 
wire is placed in a 1053-nm plane-wave beam. The 
wire was at z = 0, and the silica rod was positioned 
between z = 105 and z = 130 cm. The input pulse wave- 
form was a 0.5-11s linear ramp with a peak intensity of 

S i c a  
25unlong silica 

CCD 1:l 
record of 

hot image Streak 
camera 

CCD 21 
demagnified 

hot image 

FIGURE 3. Experimental 
arrangement for characterizing 
input pulses and recording hot 
images formed by nonlinear 
refraction. (70-00-01964143pbOl) 
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6.0 GW/cm2. The waveform was sliced into five 
equal-fluence segments (with average intensities of 1.3, 
3.2, 4.3,5.0, and 5.6 GW/cm2), which were independently 
propagated through the system. The intensity was cal- 
culated in planes separated by 5 cm. In each plane, the 
beam contained the diffraction pattern of the wire; the 
curve in Fig. 4 simply connects the calculated values of 
the highest intensity anywhere within the beam. 

The calculated intensity increased rapidly in the 
region immediately beyond the wire as the diffraction 
ripples formed, and then decreased slightly as the 
beam propagated to the entrance of the silica rod. Over 
this zone, intensity changes arose solely from linear 
diffraction. Self-focusing in the rod produced two 
effects: the diffraction fringes were narrowed and 
intensified, and an induced "whole-beam" lensing 
occurred as a result of the intensity gradients in the 
superposition of the diffracted light and the main 
beam. Fringe intensification accounts for the higher 
intensity at the output end of the rod; high intensity 
at z = 230 cm was caused by lensing. In this case, the 
calculated intensity is higher in the hot image than in 
the rod, and the rod can be regarded as the "lens." 

Figure 5 shows the results of a corresponding calcu- 
lation with a 500-p-diam wire. The intensity variation 
within the beam is very high at the entrance of the rod, 
because the diffracted light has not yet spread across 
the dark shadow of the wire. It is predicted that fringe 
intensification will produce a higher intensity at the 
output surface of the rod than that produced down- 
stream by induced lensing. In this case, it is expected 
that avoidance of damage to the rod will limit input 
intensity to values below that required to produce an 
intense image. 

Results and Analysis 
Experiments with.each wire diameter were conducted 

in two stages. In the first series of shots, we held the 
input intensity approximately constant and recorded 
the spatial distribution in several planes behind the rod 
to locate the most hitense hot image. In the second series, 
the plane with the most intense image was recorded as 
the input intensity was ramped from 1 to 6 GW/cm2. 
The duration of the input pulses was about 0.5 ns. The 
experiments with the 175- and 500-p-diam wires 
were modeled with PROPl and PROPZ, respectively. 

Experiments with 175-pm Wire 
Figures 6-8 show representative data from the 

experiments with the 175-p-diam wire. The spatially 
averaged input fluence was 2.1 J/cm2. Figure 6 shows 
the spatial distribution of fluence in the plane containing 

I I  I \  

1.3GW/cm2, I I 
I I 1  I 

50 100 150 200 250 
Beam path (cm) 

FIGURE 4. Predicted variation of intensity with propagation dis- 
tance when a plane-wave beam is intercepted by 175-pm-diam wire 
placed in the beam path and is then propagated through a 25-cm- 
long silica rod. PROPl calculations predicted formation of an intense 
image of the wire. (7O-OQo196-0146pbOl) 

"0 50 100 150 200 250 
Beam path (cm) 

FIGURE 5. Plane-wave PROPl calculations for a 500-pm-diam wire. 
The predicted intensity at the output surface of the silica rod is 
higher than that in the hot image. (70-00-0196-0147pbOl) 
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the wire. The beam was shaped by apodization and 
image relaying. It contained weak residual diffraction 
from the apodization, and random ripple caused by its 
passage through the many components in the laser. 
The wire was placed 103 cm in front of the silica rod. 
Figure 7 shows the 1:l and 21 recordings of the beam 
in a plane 102 cm behind the rod. The image of the 
wire is clearly visible. The spatial nonuniformity of the 
images was caused by intensification due to self-focus- 
ing of random intensity fluctuations on the beam. 
Figure 8 shows the pulse waveform recorded by the 
streak camera for this shot. 

We modeled this experiment with PROP1, using an 
input beam constructed from the CCD record of the 
actual input beam. To build an input spatial distribution 
for the code, we averaged a 4mm-wide swath across 
the CCD image of the 20-mm input beam. The wire 
was modeled as a 175-p obscuration with four-point 
smoothing at the edges to minimize Gibbs ringing. The 
resulting field was propagated across the 103-an air gap 
to the rod, through the rod, and through the 102-cm air 
gap to the plane that was recorded by the output CCD 
camera. The spatial grid on the field was 8192 points 
across the 3-cm beam. The, rod was divided into ten 

FIGURE 6. (a) CCD record of 
fluence distribution in the 
20-mm-diam beam in the plane 
of the obscuration. (b) Vertical 
lineout through the beam. 
(70404196-0148pb01) 
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FIGURE 7. Fluence distribution 
in the hot image of the 175ym 
wire, and corresponding hori- 
zontal lineouts. Peak input 
intensity 5 GW/cm2. (a) and 
(b), 1:l record for a central 
5-mm-diam area of the beam. 
(c) and (d), 1.951 demagnified 
image. (70-00-0196-0149pb01) 
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6 
Shot 94050503 
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FIGURE 8. Waveform of the input laser pulse. (70-00-0196-0144pbOl) 

2.5-cm-thick slices, with propagation and self-focusing 
effects calculated serially in each slice. The value 
no = 2.7 x cm2/GW was used for the silica.1° The 
pulse was divided into 39 time segments of equal 
duration, which were independently propagated and 
summed to provide an integrated calculation that could 
be compared with the relevant 4m swath across the 
time-integrated output CCD image. Figure 9 shows the 
swaths through the experimental data. 

Figure 10 shows the calculated and measured lineouts. 
To compare the calculation, which yielded a one- 
dimensional profile with absolute units of J/cm2, with 
the relative fluence in the CCD hot-image record, we 
rescaled the calculated result using a simplex multi- 
variable routine to minimize the rms point-to-point 
difference between the measured and calculated line- 
outs. The central peak of the hot image was not included 
in this minimization. It was necessary to make a small 

FIGURE 9. Averaged 4mm-wide swaths across the CCD records of 
(a) the input beam and (b) the hot image used in PROP1 modeling of 
the experiments with the 175-pn wire. (70-00-0196-0145pbOl) 

horizontal expansion of the modeled data to bring it into 
agreement with the measured result. We believe that 
the horizontal mismatch arose from a small error in the 
measured 21 demagnhcation of the experimental data. 

The intensities in the hot image agree with theory to 
within 15%. This uncertainty is acceptable, because the 
resolution of the image of the wire is limited (three 
pixels at the peak), because the uncertainty in the non- 
linear refractive index of the silica is about lo%, the 
uncertainty in the measurement of spatially averaged 

I t 

I 
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 

Beam location (cm) 
FIGURE 10. Calculated and measured fluence distributions in the 
hot image of the 175-pn wire. (70-00-0196-015OpbOl) 
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FIGURE 11. Calculated intensity vs propagation distance for time 
slices for the experiment with the 175-pn wire. (70-00-0196-0151pb01) 
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FIGURE 12. Fluence distribution 
in the image plane for a 500-pm 
wire. Intensity in the image was 
less than that in adjacent &c- 
tion fringes. (7oMM196-0152pbO1) 

intensity is at least 5%, and the hot-image intensity 
scales approximately as B2. Further, the output CCD 
record contains random intensity variations as well as 
the image of the wire. We conclude that experiment 
and theory are in excellent agreement. 

It should be noted that time-integrated records such 
as those in Fig. 10 do not show the hot-image intensity 
generated at the temporal peak of the pulse. Figure 11 
shows the calculated intensity vs z for about half of the 
time slices. During the most intense slice, the intensity in 
the hot image was 7 times the mean intensity in the main 
beam. The intensity for this slice was about 5 GW/cm2, 
and the phase retardation was B = 2.0 rad. Thus the 
intensification for this slice was greater than the factor 
of 1 I- B2 = 5 predicted by the analytic perturbation 
models for shallow ripple. 

Experiments with 500-pm Wire 
The experiment was repeated with a 5 0 0 - p  wire 

105 cm in front of the rod. Figure 12 shows one of the 
images of a plane 103 cm behind the rod, recorded 
during a shot with a fluence of 2.3 J/cm2. The image 
of the wire is visible, but its intensity is less than that 
of the adjacent diffraction ripples. This was the case for 
shots at lower fluence and for images in other planes. 
Track damage was induced in the rod by this shot. The 
spatially averaged intensity at the temporal peak of the 
pulse was 5 GW/cm2, and the intensity was higher by 
10-15% at isolated places in the beam. 

PROP 2 was used to model the tracking induced in 
this experiment. The CCD image of the input beam 
was placed on a 3 x 3 cm grid of 2048 x 512 pixels, with 
the higher resolution in the direction orthogonal to the 
obscuring wire. The rod was broken into three 5-cm 
slices and ten 1-cm slices, with ten propagation steps 
in each slice. The thicker 5-cm slices were acceptable at 
the entrance of the rod, because the intensity increased 
slowly there. Because track induction is a response to 
instantaneous intensity, we did not integrate over the 
intensity range in the temporal waveform. Instead, 

several runs were made with the input beam scaled 
to yield spatially averagedintensities between 1.9 and 
7.5 GW/cm2. 

Figure 13 shows the results of the calculations as 
plots of the highest intensity in the rod, anywhere in 
the beam, vs distance through the rod. For high input 
intensity, there is a value of z for which the intensity 
increases abruptly. The apparent stabilization of inten- 
sity at high values after the abrupt rise is an artifact of 
the calculation that occurs when the area of individual 
intense filaments in the beam is less than the area of 
the grid sectors. 

Damage should occur in the rod where intensities 
are above the bulk damage threshold. The nonzero rise 
time of the temporal waveform and the value of the 
damage threshold both play roles in shaping the dam- 
age. As the intensity increases during the rise of the 
pulse, the z value for the abrupt increase in intensity 
decreases, so the zone of high intensity starts at the 
rear surface of the rod and moves toward the front. If 
the intensity in the self-focused filaments in the beam 

5 10 15 20 25 
Distance into rod (an) 

FIGURE 13. Calculated intensity vs propagation distance within the 
silica rod for the experiment with the 500-pn wire. The intensity dis- 
tribution in the input beam was scaled to have spatially averaged 
values of 1.9 to 7.5 GW/anz; that for the experiment was 5 GW/anz. 
(70-00-0196-0153pbOl) 
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exceeds the damage threshold, the resultis the familiar 
angel-hair track damage. The value of the bulk damage 
threshold would play a sigruficant role in determining 
the length of the track if one were attempting to deter- 
mine the minimum input intensity for track induction, 
because of the slow variation of intensity with z at rela- 
tively low in ut intensities (see the calculation for 

above the minimum for tracking, however, the intensity 
rises so abruptly that the value of the damage threshold 
is almost irrelevant. For 0.5-ns pulses, the damage 
threshold is between 300 and 500 GW/cm2 (Ref. 111, so 
the calculated intensities are adequate to cause damage. 

There is remarkable agreement between the length 
of the tracks induced in the rod and corresponding 
features of the PROP2 calculations. The tracks begin 
18 an from the entrance face; the calculations predict 
that the abrupt increase in intensity occurs 18-20 cm 
from the entrance of the rod for intensities of 5.0 to 
5.6 GW/cm2, which is a reasonable representation of 
the variation of input powers in the experiment. There 
is also good agreement between the predicted shape of 
the beam at the output of the rod (Fig. 14) and the pat- 
tern of damage on that face. The most intense spikes 
in Fig. 14 are in two rows separated by 2.3 mm and 
concentrated in the top of the beam. The damage in the 
rod shows the same top-to-bottom spatial asymmetry 
in the magnitude of the damage, and it contains two 
principal rows of spikes separated by 2.5 mm. 

3.75 GW/cm Y in Fig. 13). At input intensities well 

100 

0 

Summairy 
We have used the PROP1 and PROP2 codes to model 

self-focusing experiments conducted in the OSL facil- 
ity. The source terms, both native beam ripple and that 
induced by obscurations, were measured and used in 
the codes. We accurately calculated the shape of an 
induced "hot" image formed by placing a thin wire in 
the beam, and the length of self-focusing tracks induced 
by placing a thicker wire in the beam. These results 
provide a significant validation of the codes. 
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Introduction 
In current hohlraum target designs for the National 

Ignition Facility (NIF), low-Z gas fills are used to 
reduce radial expansion of the gold hohlraum wall.l In 
vacuum, the expansion of the hohlraum wall during 
the NIF laser pulse (-18 ns) would produce unaccept- 
able levels of asymmetry in the radiation field. The 
gas, once heated, provides enough pressure to tamp 
the radiating gold surface. In current designs, the 
H/He gas fill produces a plasma with an electron den- 
sity of nearly 1021 cm-3 and an electron temperature in 
excess of 3 keV at the peak of the laser pulse. The laser 
beams propagate efficiently through the weakly 
absorbing hot gas and deposit most (-90%) of their 
energy in the gold wall near the initial radius of the 
target, thus maintaining the high radiation symmetry 
required for imploding high-convergence capsules. 

Even for low-density (ne = O.ln,) fills, however, the 
linear gain for stimulated Brillouin scattering (SBS) in 
the gas is high. In smaller-scale exploding-foil targets? 
flow velocity gradients typically limit the SBS gain to 
modest values. At the peak of the NIF laser pulse, the 
laser beam must propagate through 2-3 mm of gas 
plasma with a calculated velocity-gradient scalelength 
of L, = 10 mm. Velocity-gradient stabilization is ineffec- 
tive at this scale, and the (linear) SBS gain is set by ion 
Landau damping. For the peak (single beam) NIF inten- 
sity of 2 x 
conditions, the linear SBS gain coefficient in the gas 
plasma is -20. Although nonlinear effects are likely to 
limit the SBS refle~tivity,~ the scaling of such mecha- 
nisms is not quantitatively understood. 

W/cm2 and the calculated plasma 

Although numerous experimental studies of scatter- 
ing instabilities in laser-produced plasmas have been 
performed: plasma conditions of NIF target designs 
are not easily accessible with current lasers. Further, 
difficulty in quantitatively modeling SBS in past exper- 
iments casts doubt on theoretical extrapolation. The 
objective of the work reported here is to design targets 
for interaction experiments that match as closely as 
possible the conditions of the NIF gas plasma in the 
path of the laser beams. To assess SBS scaling to NIF 
parameters, we have designed Nova targets that closely 
mimic the NIF gas plasma parameters and that allow 
scaling studies in density, temperature, and laser con- 
ditions. Gas-filled targets are heated with nine beams of 
the Nova laser to produce large, hot, nearly static plasmas. 
These plasmas have been extensively characterized 
using x-ray imaging and spectroscopy to venfy the 
plasma  condition^.^^ Calculations of the plasma 
conditions compare favorably with these measurements. 
In interaction  experiment^^^^ the qualitative features of 
the backscattered spectra'O from the tenth Nova beam 
are also consistent with the calculated plasma condi- 
tions and temporal evolution of the target parameters 
that influence SBS. 

Although the primary focus of this work was to 
design and field targets that reproduce NIF under- 
dense plasma parameters important to SBS, the target 
designs have also proven useful for ongoing studies of 
other parametric processes that could affect NIF. The 
gains for stimulated Raman backscattering (SRS) in 
these plasmas are also high and comparable to calcu- 
lated SRS gains in NIF hohlraums. New diagnostic 
capabilities have led to experiments to study the scaling 
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of SRS backscattering with electron temperature, elec- 
tron density, and beam conditioning." Broadening of 
SRS spectra from unsmoothed beams is interpreted as 
evidence that filamentation is above threshold but is 
suppressed by beam smoothing in agreement with cal- 
culations.12 In other experiments, Brillouin forward 
scattering in crossed beams is being investigated using 
these target designs.I3 

NIF Target Analysis 
We have analyzed detailed simulations of various NIF 

target designs* using the LASNEX ICF design codeI4 
to define desirable conditions for Nova preformed- 
plasma experiments. To assess the potential levels of 
scattering instabilities in NIF plasmas, we have calcu- 
lated the linear gain and the resultant reflectivities by 
assuming no nonlinear saturation effects other than 
pump depletion and by assuming that the reflection is 
confined within the solid angle of the incident light. 

Figure 1 shows the target geometry and a typical 
laser pulse shape for the baseline NIF hohlraum 
design. In NIF indirect-drive target designs, the 
hohlraum wall is illuminated by two pairs of symmet- 
rically placed rings of laser beams. The hohlraum is 
filled with He or H/He mixtures at an initial density of 
0.0013 g/cm3, which corresponds to an electron den- 
sity ne = 4 x 1020 cm-3 at full ionization. The density of 
the low-Z fill plasma evolves throughout the pulse 
because of wall expansion, plasma blowoff from the 
capsule, and material loss though the laser entrance 
holes. We have analyzed simulations for a range of NIF 
target designs at times throughout the laser pulse. The 
highest linear gains for SRS and SBS occur at the peak 
of the pulse, when the maximum intensity of a single 
beam is I = 2 x lOI5 W/cm2. Figure 2 shows the calcu- 
lated profiles for laser intensity IL, electron density ne, 
electron temperature T,, ion/electron temperature . 
ratio Ti/T, and flow velocity component parallel to 
the beam path z, I I, along the propagation path for the 
baseline NIF hohlraum design. Alternative designs 
with lower peak power and correspondingly lower 
plasma densities at the peak of the pulse result in 
lower gains for scattering instabilities. 

The laser intensity in the NIF point design is 
well below the threshold for absolute SBS at the 
calculated densities and temperatures, so only the 
convective instability is a concern. To obtain the 
small-signal intensity gain coefficient G(oJ for SBS, 
we integrate the local intensity spatial gain ratel5 
K(o~,z) over the path of the scattered light. Using 
plasma profiles from LASNEX simulations, 
we evaluate 

on a fine mesh along the propagation path of the laser 
beam. Here z is the position along the ray path, and 
kos are the frequency and wavenumber of the pump and 
scattered light waves, respectively vo eEo/moo is the 
laser pump strength parameter, z, = c,2k,/os is the group 
velocity of the ion acoustic wave (cs is the sound speed 
in the plasma), and are the electron and ion suscep- 
tibilities, respectively. The gain calculation includes a 
multi-species treatment of ion Landau damping? The 
intensity variation along the ray path due to beam 
divergence and inverse bremsstrahlung absorption is 
also included. 

is longer for the inner beam cone, resulting in higher 
integrated SBS gain. At NIF scale, flow velocity gradi- 
ents are weak in the direction of beam propagation 
(L, = 10 mm) and do not effectively limit SBS. On the 
other hand, the ions and electrons are near equilibrium 
(Ti/Te = 0.4) at the high-intensity peak of the pulse, 
leading to efficient ion Landau damping by the light 

g 

The propagation length through the - 0 . 1 ~ ~ ~  gas plasma 

5.5 

I- 

1 1  1 I 
0 5 10 15 

t (ns) 
FIGURE 1. NIF target design. (a) Target and illumination geometry 
for baseline NIF target design. (b) Typical laser pulse shape. 
(50-04-1095-2377pb02) 
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ions in the gas. In this parameter regime, the linear 
gain exponent for SBS is approximately 

frequency and amplitude damping rate, respectively. 
Landau damping increases further when the He fill is 
replaced by a H/He mixture with the same electron 
density.16 For pure He fill, the calculated linear gain 

fi ne (2) exponents for SBS for the inner and outer beams are 28 
GSBS = e][ K]( $)( :)I and 9, respectively; for an equimolar H/He mixture, the 

corresponding values are 21 and 6. The longer gas path 
where I is the laser intensity in W/cm2, h is the laser length and lower electron temperature in the inner cone 
wavelength in micrometers, Te is the electron tempera- also lead to higher SRS gain. 
ture in keV, ne/rzc is the electron density normalized to For the high gain exponents calculated for the inner 
critical density, and ma and vi are the ion-acoustic-wave beam cone, linear theory is not adequate to assess 

Inner beam path 

1 

-2 -1 0 1 2  
Path length (mm) 
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Outer beam path 

0 1 2 3 
Path length (mm) 

FIGURE 2. NIF plasma parame 
ters: lineouts of intensity, electron 
density, electron temperature, 
ion/electron temperature ratio, 
and flow veloaty parallel to the 
laser path for the inner (left) 
and outer (right) beam cones 
along the paths indicated by 
gray lines in Fig. 1. The laser 
entrance hole is at the left limit 
of the plots; the gadgold inter- 
face is marked by light shaded 
vertical lines. The path length is 
defined such that the position 
of best focus of the laser beam is 
at zero. ~5044-10952378pbOZ~ 
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scattering levels. Nonlinear damping or detuning of 
SBS-produced ion waves is likely to limit the instability 
growth to much lower levels? However, the intensity 
structure of spatially smoothed laser beams, although 
an improvement over that of unsmoothed Nova beams, 
increases the effective gain above that for a uniform 
beam!7 Temporal beam smoothing is therefore neces- 
sary to reduce the expected gain.18 Although all these 
effects are expected to be important, quantitative pre- 
dictions of scattering levels including these effects is 
beyond the scope of current simulation techniques. 
Interaction experiments using the Nova targets described 
below have provided a means for quantdymg scatter- 
ing levels in plasmas similar to the low-Z fill plasma in 
NIF hohlraum designs and for verifying that scattering 
levels in such plasmas are acceptable. 

Nova Target Designs 
The thermal energy content of the gas plasma in the 

baseline NIF hohlraum design is >70 kJ at the peak of 
the pulse, so it is not possible to create a comparable 
plasma with the -30 kJ available with Nova. Instead, 
we have endeavored to identify and reproduce the 
essential parameters of the NIF inner beam path in 
Nova experiments. First, a large, nearly uniform test 
plasma is required to provide a comparable plasma 
path length in which SBS gain is not limited by flow 
gradients. Second, a relatively hot plasma is required 
to access the strong damping regime for SRS. Third, 
the relevant plasma conditions must be maintained for 
much longer than the growth times for instabilities to 
assess asymptotic scattering levels. Based on these cri- 
teria we set electron density ne = lo2' ~ m - ~ ,  electron 
temperature Te > 3 keV, interaction length L = 2 mm, 
flow velocity gradient scalelength L, > 6 mm, and 
plasma lifetime 20.5 ns as desirable parameters for 
Nova target designs. 

Various target options were investigated in simula- 
tions and evaluated against these criteria. The gas 
targets were selected for three reasons. First, and per- 
haps most important, is the consideration that the 
underdense NIF plasma is formed by heating a low- 
density gas; hence we expect gas targets to closely 
parallel the NIF plasma formation processes. Second, 
a substantial amount of Nova's energy would be 
required to expand a solid target to achieve the long- 
scalelength plasma required. Third, the initially 
homogeneous gas fill suggests less uncertainty and 
temporal variation in the plasma density than plasma's 
formed by expansion. Two principal target types were 
used (Fig. 31, both containing neopentane (C,H,,) gas 
at 1 atm pressure (ne = 102' cm-3 at full ionization): 
(1) gas balloons ("gasbags") -2.5-3 mm in diameter 
with a -5000-A thick polyimide (C,Hl0N2O5) mem- 
brane, and (2) cylindrical gold hohlraums w t h  length 
and diameter -2.5 mm with polyimide windows -6000 A 

thick to contain the gas. Denavit and Phillionlg proposed 
similar gas target geometries. An alternative hohlraum 
geometry was used in complementary experiments 
fielded on Nova by Los Alamos National Laboratory?O 
Using nine Nova beams, which deliver -30 kJ of 
0.351-pn light, we heat the gas to preform plasmas 
with the desired parameters. The tenth beam, an inter- 
action beam whose intensity, pulse shape, f/number, 
and spatial and temporal intensity structure ("smooth- 
ness") are varied, is delayed until the gas target is 
expected to be uniformly heated. 

details differ because of the different geometries and 
pulse shapes. In both targets the laser beam burns 
through the polyimide in -200 ps; the gas becomes 
transparent by t = 500 ps. The calculated electron density 
(lo2" ~ m - ~ )  and temperature (-3 keV) of the preformed 
plasma are uniform over a length of L = 2 mm. The 
maximum calculated flow velocity in this region is 
<lo7 cm/s. The path length of the O.ln, density plateau 
decreases to -1.5 mm at t = 1 ns because of rarefaction. 

In the gasbag targets, heater beams are arranged to 
symmetrically illuminate nearly the entire target sur- 
face [Fig. 3(a)l. The temperature and density in the 
center of the target is very uniform after the initial 
plasma formation. In the hohlraum targets, laser access 
is limited to laser entrance holes in the ends of the cylin- 
der. The beams are therefore more tightly focused than 
in the gasbag geometry [Fig. 3(b)], and the laser directly 
heats only a portion of the contained gas. The gas 
plasma created in the hohlraum targets exhibits a weak 

The behavior of the two targets is similar, although 

(a) Gasbag targets (b) Hohlraum targets 

FIGURE 3. Nova target geometries for (a) gasbag and (b) hohlraum 
targets. For the gasbag target, the dark band indicates the position of 
the washer. Speckled regions represent gas fill; gray shading shows the 
illumination geometry for the heating beams. (5004-1095-2379p~1) 

density gradient along the beam path, with density 
decreasing towards the laser entrance hole. The pres- 
ence of underdense gold blowoff in the hohlraum may, 
on the other hand, produce additional SBS. Because 
most of Nova's energy is required to heat the gas, how- 
ever, the gold plasma evolution does not approximate 
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the NIF gold blowoff. SBS from the underdense gold 
plasma in gas-filled hohlraums is the subject of separate 
ongoing experiments. 

that predicted plasma conditions were achieved. 
Spectroscopic measurements are consistent with the 
calculated underdense plasma temperatures? Imaging 
techniques confirm the plasma size, homogeneity, and 
temporal evolution? Streaked and gated images show 
that the heater beams propagate through the gas as 
calculated without significant b r e a k ~ p . ~  Optical 
spectra are consistent with expected target parameters 
and evolution.1° 

Extensive characterization was carried out to ensure 

Comparison of Nova and NIF 
Target Parameters 

Figure 4 shows selected plasma parameters from 
LASNEX simulations of Nova gas-filled targets and 
from the baseline NIF hohlraum design. For the Nova 
targets, quantities are plotted at the time when the peak 
SBS is observed in interaction experiments (0.9 ns for 

gasbag targets and 1 ns for hohlraums). For the NIF 
targets, quantities are plotted at the peak of the pulse 
(t = 14.5 ns), when the calculated SBS gain is highest. 
At the time of peak SBS, the Nova targets have a 
>1.5 mm region of plasma with electron density -O.lnc, 
flow velocity gradient scalelengths Lv > 6 mm, electron 
temperatures Te > 3 keV, and ion/electron temperature 
ratios Ti/Te = 0.15-0.2. These parameters match the 
NIF gas plasma conditions within a factor of two. 

The calculated linear gain exponents for SBS and 
SRS backscattering are similar for the Nova targets and 
the NE baseline design. Table 1 shows gain exponents 
for peak laser intensity I = 2 x lOI5 W/cm2 andf/8 
focusing, with best focus as defined in Fig. 4. Gains are 
shown for targets without hydrogen in the fill gas 
(C5D!, for Nova and pure He for NIF) and for the 
basehe designs (C,Dl2 for Nova and equimolar H/He 
for NIF). The gasbag targets have somewhat higher 
peak gains than the Nova hohlraum targets for similar 
fill conditions, primarily because the plasma density is 
more homogeneous in the gasbags. Both Nova targets 
have calculated gain exponents comparable to those 
for the NIF inner cone. Gains for SRS and SBS 

FIGURE 4. Calculated parame- 
ters of the low-Z gas plasma 
along a beam path for the inner 
cone of NIF beams (gray line), 
Nova hohlraums (solid l ie),  
and gasbags (dashed line). The 
path length is defined such that 
the nominal position of best 
focus of the interaction beam in 
Nova experiments coincides 
with best focus of the NIF laser 
at zero. (50-04-1095-2380pb01) 
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backscattering are lower for the NIF outer beam cone 
because of a shorter laser path length through the gas fill 
plasma. For both instabilities, the longer path length of 
plasma in the NIF target is compensated for by increased 
Landau damping to give comparable gains to the 
Nova targets. For SBS, the higher value of Ti/Te in the 
NIF targets leads to increased ion Landau damping. Ion 
Landau damping is most effective when light (HI ions 
are present, as shown in Table 1 and as discussed in 
detail in Refs. 10 and 16. For SRS, electron Landau 
damping is predicted to be more effective in the NIF 
target because of the higher electron temperature. 
Additional scaling experiments have been performed 
on Nova with higher intensity (>5 x lOI5 W/cm2) 
interaction beams?x9 for which the calculated gain 
.exponents exceed NIF values by more than a factor 
of two. 

Calculated backscattering spectra from the Nova 
targets show features that are signatures of large, static 
plasmas. Comparisons with observed spectra7.l0 pro- 
vide further verification that the calculated plasma 
conditions have been achieved. Figure 5 shows a typi- 
cal calculated SBS spectrum from a gasbag target. The 
interaction beam in the calculations (and in typical 

TABLE 1. Calculated linear gain exponents for Nova and NIF target 
designs. 

Target design SRS SBS SBS (no hydrogen) 

Nova gasbag 20 35 64 
Nova gas hohlraum 16 19 27 
NIF (inner cone) 30 21 28 
NIF (outer cone) 7 6 9 

I 

interaction experiments) is a 1-ns flat-topped pulse 
with 200 ps rise time, delayed 400 ps relative to the 
plasma formation laser beams. The brightest feature is 
red-shifted by -10 A from the incident wavelength 
lo = 0.351 p. This corresponds to scattering from the 
hot, static density plateau in the middle of the target. 
Bycontrast, SBS spectra from exploding foils or disks 
are typically blue-shifted, indicating that the signal is 
dominated by plasma regions in which D I I > cs. The 
calculated gain decreases after -1 ns because of the 
gradual disassembly of the density plateau and 
because of energy transfer from the electrons to the 
ions, which increases the ion Landau damping. These 
qualitative features are seen in ex eriments in which 
sigruficant scattering is although peak 
scattering ocms  somewhat later (-200 ps) than calcu- 
lated. Figure 6 shows a typical calculated SRS spec- 
trum. The dominant feature at k = 5700 A is indicative 
of scattering from the O.lnc density plateau formed by 

the gas. The longer-wavelength feature that appears at 
t = 1 ns is associated with a compression shock gener- 
ated by the expanding polyimide membrane; this feature 
appears in some of the measured spectra?/1° Again the 
scattering level decreases after -1 ns, although the 
interaction beam is at full intensity until t = 1.4 ns, in 
qualitative agreement with observations. 

Although qualitative features of the backscattered 
spectra are consistent with the calculated plasma evo- 
lution, linear theory is clearly inadequate to model 
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FIGURE 5. Calculated SBS backscattered spectra from a neopentane- 
filledgasbagGugetwithf/SinteractionbeamintensityI=2~10'~ W/cmz. 
(50-04-1095-2386pbO2) 
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FIGURE 6. Calculated SRS backscattered spectra from a neopen- 
tane-filled gasbag target with f/8 interaction beam intensity 
I = 2 X lOI5 W/cm2. (50-04-1095-2382pbO2) 
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these experiments quantitatively. The measured SBS 
reflectivities for these plasmas are well below the scat- 
tering levels predicted by linear theory. For the SBS 
gain exponents of >20 calculated for these conditions, 
the calculated reflectivity is limited by pump depletion 
to -30% in the absence of other nonlinear saturation 
mechanisms, whereas the measured reflectivities are 
<3% in neopentane-filled targets.8~~ For these high gains, 
however, nonlinear saturation mechanisms that limit 
the amplitude or coherence of the ion waves driven by 
SBS3t2’ are likely to be important. Theoretical and 
experimental efforts are under way to quanhfy these 
effects. Further, scattering from high-Z blowoff from 
the gold wall in NIF hohlraums is not well modeled in 
these Nova targets. Although gold plasma in the Nova 
gas-filled hohlraums may contribute to the SBS signal, 
tamping of the wall expansion reduces the extent of 
the high-Z blowoff, and strong absorption in the gas 
fill reduces the laser intensity in the high-Z plasma to 
below NIF-relevant levels. Scattering from high-Z plas- 
mas is the subject of continuing research. 

Conclusion 
Using gas-filled targets on Nova, we have produced 

plasmas that closely match the calculated low-Z plasma 
environment in NIF hohlraums in electron density and 
temperature, density and velocity scalelengths, and 
calculated SBS gain. These plasmas were extensively 
characterized using x-ray and optical diagnostics. The 
plasma parameters and target evolution predicted by 
LASNEX design calculations are consistent with these 
observations. These comparisons vedy that the desired 
parameters for SBS experiments were attained and cor- 
roborate important aspects of our modeling of NIF 
hohlraum conditions. SBS reflectivity is <3% from an 
interaction beam that mimics the NIF laser beam inten- 
sity, focusing, and beam smoothing. 
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STIMULATED BRILLOUIN SCATTERING 
IN MULTISPECIES PLASMAS 

E. A. Williams 

Introduction 
Stimulated Brillouin scattering (SBS) is a plasma 

instability in which laser light, propagating through 
an underdense plasma, is scattered by self-excited ion- 
acoustic waves? 

In inertial confinement fusion (ICF) applications, 
backscattered laser light is wasted energy that is not 
absorbed by the target. It is neither converted to x rays 
by the laser-heated hohlraum (indirect drive) nor used 
to directly implode the target (direct drive). Energy lost 
in this manner has to be replaced by a compensating 
increase in the power of the laser. 

Scattering in directions other than backward, or near 
backward, gives rise to a different concern. This obliquely 
scattered light may be absorbed elsewhere in the 
hohlraum, or by the capsule, changing the spatial dis- 
tribution of absorbed energy and affecting implosion 
symmetry. Although scattering adds to the effective 
“‘spot motion” it can, within lirnits, be tuned away in the 
target design. The real concern is that the shot-to-shot 
variation of the scattering might exceed the tolerance 
of the design?4 

Because of this consideration, it would be highly 
desirable to limit SBS scattering to not more than a 
few percent of the incident power. Limiting laser 
intensity and the hohlraum gas density, for instance, 
are possibilities. In this article, we discuss the possible 
benefits of choosing hohlraum gases5 and/or 
hohlraum wall materials6 that contain multiple-ion 
species to increase the ion Landau damping of the SBS 
ion waves. 

Under cryogenic constraints, the only candidate 
for a mixed species gas is a hydrogen-helium 
(H-He) mixture, currently used in the National 
Ignition Facility (NIF) de~igns.2.~ Gases such as 
methane, propane, pentane, and carbon dioxide7 
have been used in Nova hohlraum and gas-bag 
experiments. Recent Nova experiments have used 
Au hohlraums with multilayers of Au and Be to coat 
the inside walls. 

Landau IDamping of Ion- 
Acoustic Waves 

Theoretically, increasing the linear damping rate of 
the SBS ion waves, all else equal, should reduce the 
amplitude to which they grow, and consequently reduce 
the amount of scattered light. If the reduction of linear 
growth rate is sufficient to force the instability to remain 
in a linear regime, there is a quantitative relation between 
growth rate and reflectivity. Conversely, if the relevant 
rates are reduced, but the ion waves are nevertheless 
driven nonlinear, then the connection between increased 
damping and reduced scatter is less direct. A connection is 
anticipated, however, and is the subject of current research. 

To our benefit, nature provides the natural phe- 
nomenon of (ion) Landau damping. This is a kinetic 
(as opposed to fluid) effect, in which ions in the distri- 
bution function whose (thermal) velocities match the 
phase speed of the ion acoustic wave, ”’surf” on the 
wave, thereby extracting energy and damping it. More 
precisely, ions slightly slower than the wave are accel- 
erated, those slightly faster are decelerated. Because, in 
a thermal distribution, the number of ions decreases 
with increasing velocity (i.e., the distribution function 
has negative slope), the net effect is damping. 

When the ion acoustic velocity greatly exceeds the 
characteristic thermal velocity, the number of ions 
available on the tail of the distribution is very small, 
and the damping is weak. In the opposite limit, where 
the ion thermal velocity greatly exceeds the acoustic 
velocity, the damping is again weak because the distri- 
bution function is locally almost flat. Maximum 
damping oicurs in the intermediate case where the ion 
acoustic velocity is two to three times the thermal 
velocity. Because, at a given ion temperature, the ion 
thermal velocity varies inversely with the square root 
of the atomic mass, the ion Landau damping can be 
controlled by judicious choice of material composition. 

In a single-ion-species underdense plasma, the ratio 
of the ion acoustic speed to the ion thermal velocity 
(ZT, /Ti)l’2is large for both mid- and high-Z plasmas, 
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both because Z>>1 and because electron-ion collisions 
are insufficient for the ion temperature Ti to equilibrate 
with the laser-heated electrons, where T, is the electron 
temperature. In Nova hohlraums, Ti/Te = 0.2; for the 
longer pulse lengths in NIF hohlraums, we anticipate 
Ti/Te = 0.5. Because of this, the fraction of ions in such 
a plasma near the phase velocity of the ion wave is very 
small, making ion Landau damping very weak. 

Typically, adding a low atomic number component, 
such as H, to a plasma modestly changes the ion acoustic 
frequency, but greatly increases the number of high- 
thermal-velocity ions, thereby dramatically increasing 
the Landau damping. This multispecies effect was first 
examined in the early days of magnetic fusion research 
and was experimentally tested in a variety of experiments? 
including an observation of reduced SBS in a microwave 
plasma? This work has been extended to consider 
plasmas of interest to ICF5 and is summarized here. 

We consider the kinetic treatment of ion acoustic 
waves in a plasma, consisting of an arbitrary number of 
ion species. We assume Maxwellian velocity distributions, 
with common ion temperature Ti and electron temper- 
ature T,. The electrostatic normal-mode frequencies of 
the plasma are then given by the zeroes of the plasma 
dielectric function E, which relates the frequency o to the 
wavenumber k, of any given mode, written as follows: 

(1) E(k, 0) = 1 + X e  + &ip = 0, 
P 

where the electron susceptibility is x, and the ion sus- 
ceptibility for species p is xip. The susceptibilities can 
be expressed as derivatives of Fried and Conte’s Z 
functionx0 

and 

in which the plasma frequency and thermal speed are 
o and v, for the electrons and opip and vip for the ion 
species. The thermal speed of species j3 is defined here 
by vp = (consistent with the practice in the 
laser-plasma literature but in contrast, for example, to 
Swansonlo), where Mp is the proton mass, and Tp and 
Ap are the temperature, in energy units, and the atomic 
mass of species p. We ignore flow. If the component 
species were to all flow with velocity u, o would be 
replaced in all of the above by (a - k u). 

The theoretical discussion is more straightforward if 
we convert to normalized units: K = khD, SZ = o/ope and 
Vp = vp/ve, with electron Debye length AD, = vJa ,. We 
take the ionic charge and the number fraction of {he p 

Pe 
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species to be Zp and fp. The total ion density ni and the 
electron density ne are related through the average 
charge z, as ne = niZ. The average charge and ion 
number densities are then related by 

Z ZfpZp and np = fpn, / E  = fpni . (3) 
P 

In these units, 

and 

(4) 

Although this dispersion relation has an infinite 
number of roots, o(k) ,  only a small number of them 
have oi << or, corresponding to freely propagating 
waves (where i and r denote the imaginary and real 
parts of the complex mode frequency). For these, their 
phase velocity ReW / k is such that it is either much 
larger than or much less than the thermal velocity of 
each species. The Landau damping contribution of 
each species is then small because the number of parti- 
cles at the phase velocity, or the slope of the particle 
distribution function, is small. 

when T, /Ti > 3(Z) /( (Z’ / A)A1)l, there is a “fast” ion 
acoustic wave that is weakly damped. The ( ) denote 
averages weighted by the ion fractions. A, is the atomic 
number of the lightest component. The condition 
implies that the sound speed is much greater than the 
thermal velocity of the lightest ion species. The sound 
speed is approximated by 

For high enough electron temperature [approximately 

where me is the electron mass. 
In un-normalized quantities, 

(6) 

The sound speed is of course much slower than the 
electron thermal velocity. The electron damping puts a 
lower limit on the total ion wave damping, which is 
approximately given by 
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which gives a minimum damping decrement of 0.01-0.015 
in cases of interest. 

The "fast" mode is the direct analog of the usual sin- 
gle-species ion wave. However, in a multi-ion species 
plasma there are possibilities for additional "slow" 
modes. These modes have sound speeds intermediate 
between the thermal velocities of a light group of ion 
species and a heavy group. In these modes, the light 
ions act like the electrons in the fast mode. They, 
together with the electrons, react so as to charge-neu- 
tralize the heavy ions. Unlike the electrons, the light 
ions are repelled by the regions of heavy-ion concen- 
tration. Their motion is thus out of phase with the 
heavy ions. This contrasts with the fast mode where 
the electron and ion species motions are in phase, so 
that the plasma is effectively a single fluid. 

A weakly damped fast mode always exists for suffi- 
ciently large Te/Ti, ,whereas slow modes exist for at most 
a finite range of Te/Ti. Detailed criteria for the existence 
of these modes have been published elsewhere.12 
Asymptotic kinetic and multifluid approximations for 
the frequency and damping decrement of the slow 
modes are readily derived, but are only modestly 
quantitatively accurate, essentially because the ratios 
of the sound speed to the ion thermal velocities are 
neither particularly large nor small. 

Figures 1 and 2 show the sound speed and damping 
decrement as a function of Ti/Te for equal mixtures of 
H with He and C-mixtures of interest for the NIF and 
ament Nova experiments. In each case, there are fast 
and slow modes. The fast mode is less damped when 

2, > 
\ > 

LOL 

Damping decrement 
0.1 = 

Fast mode 

- 

0.001 I I 1 1 
0 0.2 0.4 0.6 0.8 1.0 

Ti/Te 
FIGURE 1. A plot of the damping decrement v/o and the ion-acous- 
tic and thermal velocities normalized to the electron thermal velocity 
vs the ion-electron temperature ratio Ti/Te. The H-He plasma has 
T, = 3 keV and ne = loz1 an4. (50-01-1195-2518pbO1) 

Ti/Te is <0.2 or 0.32, respectively, with the slow mode 
becoming the lesser damped mode at higher values of 
Ti/Te. One consequence of this is that the sound speed 
of the dominant mode increases less rapidly with Ti 
than would be anticipated from the fluid result [see 
Eqs. (5) and (6)l. 

Also shown in Figs. 1 and 2 are the thermal veloci- 
ties of the two ion species, which can be compared 
with the respective sound velocities. In contrast with 
the CH mixture, the H thermal velocity in the H-He 
mixture does not actually exceed the slow mode phase 
speed. Because of this, the ion acoustic damping for 
H-He mixtures is very strong at the Ti/Te ratios antici- 
pated for NIF hohlraums (-0.5). 

SBS in Multispecies Plasmas 
The kinetic dispersion relation for SBS is 

The frequency and wave number of the pump and ion 
wave are (mot ko) and (0, k), respectively. The simplest 
linear model to assess the effect of ion acoustic damp- 
ing on SBS is to take the plasma to be a homogeneous 
slab and the laser beam to be uniform. The time devel- 
opment of the SBS instability in such a model has been 
analyzed in detail.I3 The instability grows as if the 

h 

3 
2 
\ 

1.0 L - 
Fast mode 

Damping decrement 

0.1 Slow mode 

Fast mode 

I- 

Ion acoustic speed 

Slow mode 

0.01 

Thermal velocity 

0 0.2 0.4 0.6 0.8 1.0 
Ti/Te 

0.001 

FIGURE 2. A plot of the damping decrement v/o and the ion acoustic 
and thermal velocities normalized to the electron thermal velocity 
vs the ion-electron temperature ratio Ti/Te. The CH plasma has 
Te = 3 keV and ne = loz1 an3. (50-01-1195-2519pbOl) 
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medium were infinite for the first few light transit 
times. The appropriate growth rate is given by the root 
of Eq. (8) for complex o maximized over (real) k. 

poral growth rate is given by 

ion-acoustic velocity between that of the two ion modes. 
In curves C and D where Ti/Te increases, the peak 
shifts and narrows, reflecting a contribution only from 
the slow mode. 

Figure 4 plots the spatial growth rate (maximized 
over scattered frequency) for SBS backscatter vs Ti/Te 

In a reduced mode-coupling description, this tem- 

(9) 
1 /2  

y = -v / 2  + [$ + (v / 2)2] 

where yo is the growth rate in the absence of damping, 250 
and v is the ion-acoustic damping rate. One therefore 
anticipates that the initial growth rate is unaffected by 
damping whenever yo>>v. This result is borne out by 
solutions of the full kinetic dispersion relation [see 
Eq. (S)]. Unless the intensity is relatively low (less than 

>0.1), the kinetic temporal growth rate is essentially 

200 

c 
-l0l4W/cm2) and the damping is high (decrement 

independent of material composition. Y 

I6 v 

; 150 

8 
"a 2 loo 

1 
v) 

0 
.d 

However, provided the damping is strong enough 
to prevent absolute instability, which in the mode-cou- 
pling model requires yo e (v / 2)(c / cS)'I2 , where cs is 
the sound speed, the instability evolves into a steady 
state in which the scattered wave amplifies exponen- 
tially from noise across the plasma. The spatial growth 
rate is given by the imaginary part of the solution of 
the dispersion relation [see Eq. (S)] for (complex) k, 
maximized over the frequency shift o. 

50 

Below the absolute threshold, it is a good approxi- 0 

(A) = Ti/Te = 0.075 

- 

- 

0 5 10 15 20 25 30 
Scattered light wavelenzth shift (A) mation to neglect the imaginary part of k in evaluating 

the susceptibilities, giving the following expression for 
the spatial growth rate: FIGURE 3. A plot of the SBS backscatter spatial amplification rate 

in a CH dasma vs the waveleneth shift of the scattered light. The - I  " " 
0.35-pn IL = lOI5 W/cm2, and the plasma has T,  = 3 keV and 

2 ne = loz1 (50-01-1195-2520pbOl) 
k2vi k+CiXil Im(Xe)+IXe12Im(CiXi) (10) 

4 2  b + X e + C i X i l  
2 K=- I 

80 which is directly proportional to the Thomson cross sedion. 
It might be expected that whenever two weakly 

damped ion acoustic waves are present, the SBS (and 
Thomson) spectra would exhibit two peaks. In fact, 
except for special choices of material and electron-ion 

because it is not easy to satisfy the Rayleigh criterion 

combined widths. 
Figure 3 shows the spatial amplification rate for back- 

ward SBS from a lOI5 W/cm2, 0.35-yun laser in a fully- 
ionized CH plasma, with Te = 3 keV and ne = 1021 ~ m - ~ ,  
plotted against the wavelength shift of the scattered 
light in Angstroms. Curve A in Fig. 3 shows Ti/Te = 0.075. 
At this temperature, in comparison with Fig. 2, the fast 
mode is weaklv damDed and the slow mode is nonres- 

c 

'8 60 
Y 
c: 
0 

temperature ratio, a single peak is observed. This is 

that the separation of the peaks has to exceed their 9 
"a 40 

;;i 

g v, 

E 
.I 

20 

67% C, 33% H 

50% C, 50% H \L  

20% C, 80% H 

, 0 onant. The growth rate curve shows a sharp peak, with 0 0.5 1.0 1.5 
a shift corresponding to the fast wave ion-acoustic fre- 
quency. Curve shows = Oe2, where both modes 
are modestly (and equally) damped, but only a single 
broad peak is seen in the spectrum, with an inferred 

Ti/T,  
FIGURE 4. A plot of the maximum (over wavelength) SBS backscat- 
ter spatial amplification rate vs T ~ / T ,  for various CH mixtures for 
the conditions of Fig (3). (50-01-1195-2521pb01) 
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for various C-H mixtures. Here, adding increasing 
fractions of light H ions to the C plasma decreases the 
spatial amplification rate for SBS. In these calculations, 
the laser intensity IL = lOI4 W/cm2, Te = 3 key and 
ne = 1021cm-3. Below the absolute threshold, the 
kinetic growth rates scale as its fluid approximation, 
namely as ILne/T, keeping the material variation intact. 

Conclusion 
The Landau damping of ion-acoustic waves can be 

substantially higher in plasmas that contain mixtures 
of ionic species than that encountered in single-species 
plasmas. In multispecies plasmas, the linear spatial 
growth rate of stimulated Brillouin scattering is sub- 
stantially reduced. Despite the big gap between linear 
models of SBS in a uniform plasma and the realities of 
nonlinear saturation, structured laser beams, and 
nonuniform plasmas, the simplicity of the physics sug- 
gests that the tailoring of material compositions to 
maximize Landau damping will be a powerful tool to 
control undesired SBS in ICF applications. 
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OPTICAL SCATTER-A DIAGNOSTIC TOOL TO 
INVESTIGATE LASER DAMAGE IN KDP AND DKDP 

Introduction 

B. W. Woods 

M.  Xunkel 

M .  Yan 

J. J. De Yore0 

M.  X. Kozlowski 

Single crystals of KH2p04 (KDP) and K(D$l-x)2P04 
(DKDP) will be used for frequency conversion and as 
part of a large aperture optical switch1 in the proposed 
National Ignition Facility (NIF) at the Lawrence 
Livermore National Laboratory (LLNL). These crystals 
must have good optical properties and high laser dam- 
age thresholds. Currently, these crystals have a lower 
laser damage threshold than other optical materials in 
the laser chain, forcing designers to limit the output 
fluence of the NIF to avoid damaging the crystals. In 
addition, minimum acceptable laser fluences can be 
safely employed only after the crystals have been 
treated in a procedure known as laser conditioning? 
which has been shown to dramatically improve their 
damage thresholds. Furthermore, while more efficient 
frequency conversion schemes are being explored both 
theoretically and experimentally, the advantages of 
these schemes cannot be fully realized unless the dam- 
age thresholds of the conversion crystals are increased. 
Over the past decade, LLNL has generated an extensive 
data base on laser damage in KDP and DKDP crystals 
both at the first and third harmonics of Neodymium- 
doped yttrium-aluminum-garnet (Nd-YAG)? Over 
this time period, the damage thresholds of these crys- 
tals have increased, due in part to better filtration of 
the growth sol~t ion;~ nevertheless, the damage thresh- 
olds of the best crystals are still far below the theoretical 
limits calculated from the band structure of perfect 
crystals. Thus, damage in KDP and DKDP is caused by 
defects in the crystals. Unfortunately, little is under- 
stood about the mechanism of laser-induced damage, 
the conditioning process in the crystals, or the defects 
that are responsible for damage. 

Recently, we began an investigation aimed at under- 

of structural defects such as dislocations and crystal 
sector boundaries, and light scattering for detection of 
inclusions of the growth solution and of foreign parti- 
cles. This paper focuses on the development and use of 
light scattering to investigate laser-induced damage in 
KDP and DKDP. Both types of crystals are very similar 
in terms of defects and damage thresholds; therefore for 
clarity in this article, references to KDP include DKDP. 

Laser Damage in KDP 
Laser damage in KDP typically progresses with 

increasing laser fluence from pin-point damage 
characterized by individual 1- to 10-p-diam damage 
sites, often with fractures radiating along specific crys- 
tallographic directions, to massive damage in the form 
of a continuous track of 10- to 100-pn diam scatterers 
visible to the naked eye. Historically, better solution 
preparation and growth processes have improved the 
laser damage thresholds in KDP and DKDP. Figure 1 is 

1064 Nn 

Oo :O 

e 
e 

e . .  
0 

355 nm 

- 
1 1 1 1 1 1 1 1 1 1 1 1 1 1  

standing and impr&ing laser damage and conditioning 
in KDP and DKDP. Our strategy is to use a range of 
characterization techniques to profile defects in crystals 
of both types and to perform damage and conditioning 
experiments on these well-characterized crystals to 

and conditioning* The techniques 
absorption nmmmmenb for profiling the disixhtion Of 

impurities, x-ray topography for mapping the locations unconditioned. (70-50-0296-0307pbOl) 

86 88 90 92 94 86 88 90 92 94 
Year 

FIGURE 1. Measured bulk damage thresholds vs t ime for KDP and 

and 3 0  (355 nrn). Note the general improvement in damage thresh- 
olds over the 8-year period is shown, as well as the beneficial effect 
of laser conditioning. Solid circles are conditioned; open circles are 

identify the defects that are responsible for damage D m C  scaled to3 values ' 0 5  and measured at (lo@ Nn) 
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probe 
laser 

532 nm 

a plot of laser-damage thresholds as a function of year 
measured at lo and 3o for both conditioned (R-on-1) 
and unconditioned (S-on-1) test conditions. Because 
damage thresholds are generally measured shortly 
after growth andfabrication are complete, it is evident 
that the damage thresholds have improved over time. 
This plot includes all damage tests on all crystals, so 
the median values one can deduce are not representa- 
tive of the best damage thresholds that are currently 
achieved. For example, the nominal damage threshold 
for 3-11s pulses at the third harmonic of NdYAG in 
KDP crystals that vendors have produced for the 
Beamlet laser system5 are 10 and 20 J/cm2 for S-on-1 
and R-on-1, respectively. While these thresholds could 
be controlled by typical defects in high-quality crystals 
such as point defects (impurity atoms) or dislocations, 
the well-documented improvement in damage thresh- 
olds in response to continuous filtration4 of the growth 
solution during crystal growth suggests that inclusions 
play a significant role in damage. 

High dynamic range 
CCD camera 

Scatter Measurement 
We chose light scattering as a means of characteriz- 

ing inclusions in KDP. Figure 2(a) is a schematic of the 
scatter measurement we implemented to view both 
defects and bulk damage in the crystals. We installed 
the scatter diagnostic in the ZEUS laser-damage facil- 
ity at LLNL-a system capable of delivering a usable 
high-fluence beam of 100 J/cm2 at lo and 75 J/cm2 at 
30 in an 8-11s pulse. The crystal is mounted in an X-Y 
translation stage to allow positioning of the damage 
beam at any point on the crystal. The translation stage 
is also attached to a rotary stage that allows the test 
region of the sample to be viewed under an optical 
microscope, using Nomarski or backlighting techniques 
to detect damage. This is a typical method used to dam- 

1 w 100 J/an2@ 8 ns 
3 0 75 van2 

Optical 
microscope 

age test samples. With the aid of an alignment camera, 
a probe laser is positioned collinear to the damage beam. 
To obtain an image of the scattered light from the probe 
laser, we use a high-dynamic-range 1024 x 1024 pixel, 
14-bit CCD camera with appropriate imaging optics to 
look through the edge of the crystal, horizontally. Current 
system magnification is approximately 2x, resulting in 
each pixel mapping to approximately a 1 0 - p 2  area in 
the crystal. 

Figure 2(b) is a schematic diagram of the illumination 
and imaging geometry, where the beam propagation is 
oriented from top to bottom. The nominal beam diameter 
for the ZEUS damage laser is 1 mm at l/e2 of its peak 
intensity, and the diameter of the probe beam is 2 mm 
at l/e2. We estimate that the two beams are coaligned 
to approximately k250 p at the sample plane. The 
scatter from the surface has to be avoided because it is 
much brighter than the bulk scatter and will saturate the 
camera. Signals we observe consist of several compo- 
nents: Rayleigh scatter, Brillouin scatter, Mie scatter, 
and fluorescence. Notch filters are used to eliminate the 
fluorescence and Brillouin signals. The primary focus of 
this study are Mie scatter sites and scattering off of 
index variations. The Becke line test6 has shown that all 
of the large W e )  scattering sites we have observed are 
regions with an index of refraction that is less than the 
bulk crystal. We have been able to detect many more 
defects with this scatter diagnostic than with conven- 
tional optical microscopy and have seen dramatic differ- 
ences between different vintages and types of crystals. 

Results and Development of 
Light Scattering 

Current studies include four types of crystals with 
different growth histories. Figure 3 shows the scatter 

(b) Probe laser 

Imagearea L 

FIGURE 2. Schematic of (a) scatter measurement system and (b) orientation of scatter image. (70-50-1195-2524pbO2) 
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signal from each of these different types-note the 
gray-scale adjustments for each image to emphasize 
the important features. Figure 3(a) shows the scatter 
signal from a crystal grown before continuous filtration 
increased the damage thresholds? Many large (Miel 
scatterers are visible in this type of crystal (currently in 
use on the Nova laser at LLNL). Figure 303) shows a 
crystal grown later, following improvements in solu- 
tion processing techniques. These crystals, which are 
also in use on Nova, have significantly fewer large Mie 
scattering sites and have a higher laser-damage thresh- 
old. Figure 3(c) shows one of the most recently grown 
crystals used on the Beamlet laser system both in the 
Pockels cell and as frequency converters. These crys- 
tals have very few large (Mie) scattering sites and have 
the highest laser-damage thresholds of any crystals 
tested, to date. Figure 3(d) shows a crystal grown at 
LLNL as part of a program to develop an innovative 
process for growing KDP and DKDP crystals with 
excellent optical properties at growth rates up to lox 
faster than conventional techniques7 This process 
includes filtration of the solution prior to the start of 
crystal growth. These crystals have fewer scattering 
sites than the early Nova crystals, but the sites are 
typically larger. 

During laser-damage tests, we see increases and 
decreases in the scattering intensity from Mie scatter- 
ers. Figure 4 shows a sequence of images in which 
most of the initial scatter sites diminish in intensity or 
disappear while one scatter site increases dramatically 
in intensity, generating what we would traditionally 
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refer to as damage. These images may represent our 
first glimpse at both the defects that induce damage 
and the process of laser conditioning. However, while 
we typically see that nearly all pre-existing scatter sites 
diminish in intensity or disappear during damage test- 
ing, when laser damage occurs, it often does not initiate 
at an obvious pre-existing scatter site (illustrated in Fig. 5). 
This unexpected result has four possible explanations: 
(1) Defects other than inclusions, such as dislocations and 
point defects, may induce damage. (2) The damage 
may initiate at features that are below our spatial or 
intensity resolution. To address this possibility, our 
detection system currently incorporates microscopy, 

FIGURE 4. Scatter signal from KDP crystal (a) before exposure to 
the damage beam and after, (b) at one 10.2-J/cm2pulse, (c) at one 
11.1-J/an2 pulse, and (d) at 600 10-J/an2 pulses. (70-50-1195-2523pbo1) 

FIGURE 3. Scatter signals from (a) Nova pre-continuous filtration 
(b) post-Nova, (c) Beamlet, and (d) rapidly grown Crystals. 
(70-50-1195-2525pbOl) ter sites. (70-50-1195-2526pbOl) 

FIGURE 5. Images showing (a) the scatter signal before illumination 
and (b) heavy laser damage initiated in areas that had no initial scat- 
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allowing us to obtain magnifications of up to 900x. 
Using these higher magnifications should also help us 
develop insight into the conditioning process and 
determine why the amplitude of some scatter sites 
decreases dramatically when subjected to a high-fluence 
beam. (3) Damage may be caused not by defects per se 
but rather initiates in regions that have high stress 
fields due to defects. Therefore, we plan to develop 
micrometer-size strain maps for the crystals and to cor- 
relate them to optical damage. (4) The illumination 
angle, viewing angle, or polarization direction of the 
probe beam might not be optimal to detect the sites 
where damage initiates. 

We investigated item (4) above and found scatter to 
be quite sensitive to both the angle at which we illumi- 
nate the sample and the angle at which we view the 
scatter signal. Figure 6 shows the scatter signal from a 

FIGURE 6. Scatter signal from crystal (a) at normal incidence and 
(b) at 5' from normal. (70-50-1195-2527pbOl) 

FIGURE 7. Schematic of KDP (a) 
crystal showing (a) orientation A 
ofthe growth Gont relative to 
plates cut for damage testing, 
(b) arrangement of laser, crystal, 
and camera which generates 
(c) strong scattering from growth 
planes (d) scattering at sector 
boundaries, and (e) Rayleigh 
and Mie scattering only. 
(70-50-1195-2528pbO1) 
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crystal under illumination at normal incidence and at 
5" off of normal incidence. The scatter signal from the 
region near the center of the image nearly disappeared 
when the crystal was tipped by 5". This result suggests 
that there were planar scatterers in the crystals that 
could only be detected at certain angles. Because KDP 
grows as a faceted crystal, one might expect to find 
planar features in the crystals known as growth stria, 
which lie parallel to the growth front and correspond 
to variations in growth rate, inhomogeneities in impurity 
incorporation or sporadic incorporation of particles, 
and/or solution inclusions. We found that this effect is 
pronounced in crystal plates cut from the upper por- 
tion of KDP boules when the normal to the plate lies 
along the < O O b  axis of the crystal, as shown in Fig. 7(a). 
Such crystals typically contain four separate sectors to 
which material was added during growth, correspond- 
ing to the four {101} faces of the crystal. If the laser is 
incident normal to the face of the crystal and the camera 
views the crystal along the normal to one of the edges 
[see Fig. 7(b)], then the normal to the growth front will 
be at 45" to both of these directions in one and only 
one sector. As Fig. 7(c) shows, under these conditions 
we observed strong scattering with a lineation parallel 
to the growth front. In other words, we observed scattering 
from planar variations in the crystal. At the boundary 
between two adjacent growth sectors, this scattering 
suddenly disappears and in the adjacent sectors, only 
Rayleigh and Me  scattering can be observed [see Fig. 7(d) 
and 7(e)l. Successive rotations of the crystal by 90" 
result in the same progression of scattering across each 
of the four growth sectors. Figure 8 shows the scatter 
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FIGURE 8. Comparison of scattering from growth stria in (a) rapidly 
grown and (b) Beamlet-vintage crystals. The most intense scattering 
in (a) is about 20x that in (b). (70-50-1195-2462pb01) 

signal generated by these features in a fast-grown crystal 
as well as one grown for Beamlet. The intensity of the 
brightest features are about 20 times greater in the fast 
grown crystal than in the Beamlet crystal. At this time, 
we do not know if these features consist of planar 
arrays of inclusions or are simply variations in refrac- 
tive index which produce a series of dielectric mirrors 
within the crystal. We also do not know how these fea- 
tures affect the damage threshold of the crystals. 

Conclusion 
The scatter diagnostic installed on the ZEUS laser- 

damage facility at LLNL allows us to view scatter and 
optical damage in bulk KDP. The historical record of 
damage shows a correlation between the level of filtra- 
tion and solution processing, number of scattering 
sites, and optical damage. However, damage often ini- 
tiates in regions where no initial scatter site is observed. 
The amplitude of the scatter signal from large (Miel 
scatter sites often decreases when subjected to a laser 
pulse. These sites may be providing our first glimpse 
into the conditioning process. When the crystals are 
properly oriented relative to the probe beam and the 
camera, we observe strong scattering with a lineation 
perpendicular to the growth direction. We interpret 
this to be scatter from growth stria-planar variations 
in crystal homogeneity produced at the growth front of 
the crystal during growth. Positive identification of the 
defects that cause laser damage in KDP is crucial to 
improving damage thresholds for the NIF. 
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Introduction 
In the study of laser-produced plasmas, optical inter- 

ferometry plays a key role in accurately measuring 
electron density profiles for a variety of target conditions. 
Attwood et al? were the first to quanixfy profile steep- 
ening due to radiation pressure using a short pulse 
2650-A optical interferometer. This method was used to 
measure electron density profiles in exploding foils under 
conditions relevant to x-ray lasers? Young et al.3.4 also 
used optical interferometry to investigate the filamen- 
tation instability in laser-produced plasmas. Nevertheless, 
the size of the plasma and the peak electron density 
accessible in all these cases were severely restricted by 
absorption and refraction. Inverse bremsstrahlung 
absorption becomes significant for optical probes at 
electron densities exceeding 1020 Refraction of 
the probe beam is sensitive to electron density gradients 
and ultimately affects spatial resolution and data inter- 
pretation? These problems are particularly sigruficant 
as we progress in producing and studying large (3 mm) 
and high-density (loz ~ m - ~ )  plasmas relevant to Inertial 
Confinement Fusion (ICF) and astrophysics. Therefore, 
we need to develop interferometry techniques at soft 
x-ray wavelengths where hbsorption and refraction 
effects can be mitigated. 

This article describes the use of interferometry at soft 
x-ray wavelengths to probe laser-produced plasma. We 
discuss the properties and characteristics of existing soft 
x-ray lasers that make them well suited to probe laser- 
produced plasma. The design and performance of a 
multilayer-optic-based interferometer is presented along 
with results of its use to probe millimeter-size plasmas. 

Advantages and Properties of 
Collisional X-Ray Lasers 

Worldwide6 research demonstrates soft x-ray lasers 
that operate from 400 to 35 A (30 to 350 ev>. These systems 
use high-power optical lasers to produce a hot and 
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uniform plasma suitable for laser amplification and 
propagation. Recently, the efficiency and range of colli- 
sionally pumped systems has been increased using 
multipump pulse techniques? Although recombination 
schemes have also been used, the highest gain-length 
products, and consequently output powers, have been 
observed for neon-like collisionally pumped lasers. 
Saturated output has been reported in selenium? ger- 
manium? and yttriumlO using optical pumping and in 
argon using capillary discharges." The high brightness 
and comparatively routine operation of existing soft 
x-ray lasers offer an opportunity to use these systems 
for a variety of applications. These applications include 
the use of a Ni-like tantalum x-ray laser for biological 
imaging,'2 which allows us to study biological speci- 
mens in a natural environment with resolutions far 
exceeding those possible with optical techniques. 
The high brightness of saturated x-ray lasers also 
makes them an ideal tool for probing high-density 
and large plasmas relevant to astrophysics and ICE 
In addition, the wide range of available x-ray laser 
wavelengths (Fig. 1) now makes it possible to take 
advantage of absorption edges to enhance contrast. 

100 I 

I I I 1 I I I 
0 50 100 150 200 250 300 350 400 

Wavelength (A) 
FIGURE 1. Measured (filled symbols) and calculated (open symbols) 
wavelengths as a function of atomic number for primary neon- 
( 3 ~ 3 s )  and nickel-like (4d-4~)  collisionally pumped x-ray laser 
lines. (Of3-00-1295-2637pbOl) 
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This article focuses on the use of soft x-ray lasers to 
study laser-produced plasmas. 

Absorption and Refraction Effects 
Two main effects ultimately limit the plasma condi- 

tion that can be probed with any laser source. The first 
is absorption, which limits the density of the plasma; the 
second is refraction, which limits the density gradients. 
In a plasma with electron density n,' the index of refrac- 
tion nref is related to the critical electron density 
n, = 1.1 x lo2' t2 ( ~ m - ~ )  (h in p) by n,,f = dl-2 . In 
an interferometer, the number of fringe shifts, NF.i.g,' is 
then given by 

where the integral is along ray trajectories through the 
plasma. dl is the differential path length, L is the plasma 
length, and we assume refraction effects are negligible. 
Experimentally, the maximum number of fringe shifts 
measurable is usually constrained by detector resolution 
and is rarely greater than -50. This imposes a constraint 
on the product neL for a given wavelength. However, 
absorption is a more significant constraint on the 
accessible plasma density and size. We can estimate 
this parameter space by considering only free-free 
absorption. For most high-temperature plasmas of 
interest, the level of ionization is sufficient t.0 eliminate 
any bound-free absorption in the soft x-ray region. 
Resonant line absorption is possible but very unlikely 
given the narrow bandwidth (-10 &)I3 of the x-ray 
laser. Under these conditions the absorption coefficient 
a is approximately given by14 

Here, the electron temperature Te and photon energy 
hv are in electron volts, and ne and ion density ni are 
in ~ m - ~ .  The strong scaling with photon energy 
shows the advantage of probing with soft x-ray 
sources. Using Eq. (1) if we consider only free-free 
absorption in a plasma with 1-keV temperature and 
average ionization of 30 (mid-Z plasma), we obtain 
a = 2.6 x ne2 for h = 155 A. If we allow for one 
optical depth (i.e., aL = 1) of absorption, we obtain n5L  = 3.8 x Figure 2 compares the electron den- 
sity and plasma dimension accessible with a soft 
x-ray laser source (155 A) and an optical laser source 
(2500 A). Clearly, the strong wavelength scaling 
(= h2) shows the advantage of probing with shorter 
wavelengths. The parameter space accessible with a 
155-A probe easily covers the plasmas normally pro- 
duced in the laboratory. 

Refraction of the probe beam is sensitive to electron 
density gradients and ultimately affects spatial resolution 
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and data interpretation? At 155 A, nc = 4.6 x 
which is well above that of most plasmas of interest. 
For a simple plasma with a linear density gradient 
ne = no [l - (y/yo)], the deflection angle 0 scales as 
8 = h2 L/yo. This strong scaling supports the advantage 
of using a short wavelength probe. Figure 3 compares 
the deflection angle after propagating through a 3-mm 
plasma for an optical (2650 A) and soft x-ray (155 A) 
probe source. At a fundamental level, large deflection 
angles imply significant spatial blurring and reduced 
spatial resolution. In addition, since probe rays propagate 
through a range of electron densities, interpretation is 
more difficult. 

(an4), 

10 

1 
h 

E 
E v 
4 

0.1 

0.01 
lozo lo2* loz lo= ioz4 

-3 n,(cm 1 
FIGURE 2. Parameter space accessible for plasma probing, using an 
optical laser (2500 A) and a soft x-ray laser (155 A). Only free-free 
absorption is considered. (08-00-1295-2638pb01) 
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FIGURE 3. Calculated deflection vs path displacement normal to 
the target surface for an optical (dark gray line) and an x-ray laser 
(light gray line) probe traversing 3 mm of plasma (produced by driv- 
ing a 50-pn thick CH target with a I-ns square 0.53 p laser pulse at 
2.0 x W/cm*). The target surface was at 25 pn prior to the pulse. 
Also shown is the calculated electron density (solid line). 
(08-00-1295-2639pbO2) 
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The strong wavelength scaling of absorption and 
refraction (= h2) counters the loss in sensitivity caused 
by the linear scaling of fringe shift with probe wave- 
length. This difference in scaling makes the soft x-ray 
regime an attractive area in which to operate. To date, 
all our experiments for probing plasmas have used the 
yttrium x-ray laser. This neon-like collisionally 
pumped x-ray laser is well suited to this application by 
virtue of its high output power (Fig. 4) and monochro- 
matic output (i.e., dominated by a single line at 
155 A)>0 The wavelength is also well suited to existing 
multilayer mirror technologies, which have demon- 
strated reflectivities of -60%. At Lawrence Livermore 

1 -100 -50 0 50 100 150 

FIGURE 4. Measured output power of 3-cm-long yttrium exploding 
foii x-ray laser. (08-00-1295-2640pb01) 

f (ps) 

National Laboratory (LLNL), we use this system to 
image accelerated foilsl5 and measure electron density 
profiles in a laser irradiated target using moire deflec- 
tometry.16 More importantly we have developed the 
necessary technology to perform x-ray laser interfer- 
ometry. In contrast to other techniques, interferometry 
offers the possibility of directly measuring the two- 
dimensional (2-D) electron density profile. 

Interferometry Using Soft 
X-Ray Lasers 

Extending conventional interferometric techniques 
into the soft x-ray range has been difficult because of 
the problems with designing o tical systems that 
operate in the range of 40-400 x . Reflective/grating 
systems have been used successfully at 1246 A>7 
Svatos et a1.18 have demonstrated a purely reflective 
Fresnel bimirror setup at 48 A. Both techniques, 
however, lack some of the advantages of standard inter- 
ferometer geometries. Fortunately multilayer mirror 

technology now allows us to have artificial structures 
that can be routinely fabricated with reflectivities as high as 
65% at 130 
required by more conventional interferometers. 

Figure 5 is a schematic of the experimental setup 
used to probe plasmas. The system consists of a colli- 
mated x-ray laser source, an imaging mirror, and an 
interferometer. For our experiments, we chose to 
employ a skewed Mach-Zehnder interferometer, con- 
sisting of two flat multilayer mirrors and two multilayer 
beamsplitters (the most critical element in the system). 
The polarizing properties of multilayer mirrors, when 
operated at 45", prevented us from using a more con- 
ventional Mach-Zehnder geometry. Each multilayer 
mirror consisted of a superpolished (<1 A rms rough- 
ness) fused silica blank coated with 30 layer pairs of Si 
at 55.9 A and Mo at 23.9 A. The mirrors had a peak 
reflectivity of 60 +.5% at 155 A. Although soft x-ray 
beamsplitters with small apertures have previously 
been used in x-ray laser cavities?O comparatively large 
open areas were necessary for our application. The 
active region of the beamsplitters used in the interfer- 
ometer was 1.2 x 1.2 cm and consisted of 1000 A of 
Si3N4 overcoated with 8 to 12 layer pairs of Mo/Si. The 
beamsplitters were fabricated from polished Si wafers 
overcoated with 1000 A of Si3N4' The Si substrate 
thickness was varied from 0.40.8 mm, with the best 
results at thicker samples. The coated wafers were 
annealed to achieve maximum tension in the Si3N4. 
Anisotropic Si etching techniques were used to remove 
the Si substrate from a 1.2- x 1.2-an area. The flatness 

and with the overall uniformities 
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FIGURE 5. Experimental setup showing the optical components for 
plasma probing using a soft x-ray Mach-Zehnder interferometer. 
(08-00-1295-264lpbOl) 
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of the beamsplitters was subsequently measured with 
an optical interferometer. Over the clear aperture, the 
figure error was typically less than 5000 A for highquality 
Si substrates but could be significantly worse 
(10000 A) for conventional thin (0.4 mm) Si wafers. The 
figure quality was also extremely sensitive to the ten- 
sion of the Si3N4 membrane. The best results were 
obtained with high-stress membranes (-200 m a ) ,  
which had a manufacturing yield of approximately 
30%. The measured reflectivity and transmission for 
these beamsplitters at 155 8, were 20% and 15%, respec- 
tively. The overall throughput of each arm, accounting 
for the mirror and beamsplitter (one transmission and 
one reflection), was -0.6 x 0.20 x 0.15 = 0.018. 

The probe source consisted of a collisionally pumped 
neon-like yttrium x-ray laser, operating at 155 A. The 
x-ray laser was produced by irradiating a solid 
3-cm-long yttrium target with one beam from Nova 
(Ilaser = 0.53 pm, 600 ps square) at an intensity of 
1.5 x W/cm2. In this pumping geometry, the x-ray 
laser has an output energy of 3 k 2  mJ, a divergence 
of approximately 10-15 mrad (FWHM), and an output 
pulse width of 250 ps. The short pulse width allowed 
us to obtain an interferogram in a single 250-ps exposure, 
thereby reducing the effects of vibrations. A spherical 
multilayer mirror, placed 50 cm from the x-ray laser, 
collimated the beam and injected it into the interfer- 
ometer. The transverse coherence length, after beam 
collimation, was calculated to be Ls = 50-100 p, and 
the longitudinal coherence length was measured to be 
L,  = 150 pm. The limited transverse and longitudinal 
coherence constrains us to match the two paths of the 
interferometer to maximize fringe visibility. The inter- 
ferometer was prealigned on an optical bench, using a 
200-pm optical fiber and a white light source. Observation 
of white light fringes matched the optical path lengths 
to better than 2 pm. 

The plasma to be probed was imaged onto a charge- 
coupled device (CCD) using a 100-cm radius of 
curvature multilayer mirror with an effective f number 
of 25. The CCD was a back illuminated TEK1024B with 
1024 x 1024 24-pm pixels and a measured quantum 
efficiency of 40 &lo% at 155 A. A filter consisting of 
1000 8, of A1 and 2000 8, of lexan directly in front of the 
CCD eliminated stray optical light. To reduce back- 
ground self-emission, a series of three multilayer mirrors 
reduced the bandpass of the system. The effective band- 
pass of this system was 4 & which is sigruficantly 
broader than the 1 0 - d  spectral width of the x-ray 
laser source. The image magrufication was 19, giving a 
pixel limited resolution of -1.3 p. Figure 6 shows a 
typical interferogram obtained using this system. In 
this figure, there is no target plasma; the dark band is 
an alignment reference positioned at the object plane 
of the imaging optic. Analysis of the fringe pattern 
gives a maximum figure error of 300 8, over the full 
3-mm field of view and a fringe visibility of 0.7 k0.2. 
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Figure 7 shows the interferogram of a plasma pro- 
duced by irradiating a Si wafer overcoated with 10 p 
of CH. The triangular shaped target allows a range of 
plasma lengths to be probed simultaneously. The Si 
substrate was polished to -7 A rms roughness to 

1.0 1.5 
x (mm) 

FIGURE 6. Soft x-ray (155 A) interferogram showing a fringe visi- 
bility better than 0.5. The horizontal bar is an alignment reference at 
the object plane. (0&00-1295-2642pbOl) 
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FIGURE 7. Interferogram of CH target irradiated at 2 .7~ lOI3 W/cm*. 
The vertical line shows the position of the lineout in Fig. 8. The inset 
shows the target geometry. (OS-00-1295-2643pbOl) 
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produce a clean flat surface. The CH side was irradiated 
by a beam smoothed with random phase plates (RPPs) 
and segmented with wedges to produce a flat-top inten- 
sity distribution over a 0.7-mm-dim spot?' A 1-ns 
square laser pulse with a wavelength of 0.53 p m  pro- 
duced an intensity on target of 2.7 x lOI3 W/cm2. The 
target was backlit edge-on by the x-ray laser beam 1.1 ns 
after the start of the laser pulse. The image shows excel- 
lent fringe visibility and very little self emission from 
the plasma. 

Figure 8 shows the measured electron density as cal- 
culated from the interferogram at a distance of 0.35 mm 
from the tip of the target where the probe length is 
0.7 mm. Fringes are clearly resolved as close as 0.025 
mm from the initial target surface. The fast evolution of 
the density profile, close to the critical surface, causes 
motion blurring of the fringes within the 250-ps x-ray 
laser frame time. Figure 8 also shows the calculated 
electron density profiles obtained from a one-dimen- 
sional(1-D) LASNEX simulation. The simulation results 
predict higher electron densities than measured with 
the discrepancy, increasing as we move away from the 
surface. This trend is consistent with the plasma expan- 
sion not being 1-D, which leads to significant lateral 
expansion and lower electron densities. We chose a tri- 
angular target geometry to illustrate the range of 
plasma lengths that can be easily probed with a soft x- 
ray laser. Unfortunately this geometry leads to a three- 
dimensional expansion, which is difficult to simulate. In 
the near term, we plan to improve both the target geom- 
etry and laser uniformity to generate a fmdy 2-D profile, 
which can be accurately compared with simulations. 
However, the magnitude of the discrepancy we observe 
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FIGURE 8. The thin solid l i e  is a lineout through the interferogram 
of Fig. 7 at a position x = 0.35 mm. The thick solid line shows the cal- 
culated electron density profile and estimated error bars. The gray 
line is the electron density profile as calculated by one-dimensional 
LASNEX simulation. (08-00-1295-2644pbOl) 
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between the and simulations is similar to FIGURE 9. Target geometry for studying colliding plasmas. 
that measured using soft x-ray deflectometry.16 (OS-OO-1295-2645pbOl) 

b) 
FIGURE 10. (a) Interferogram 
obtained of Au colliding plasma. 
(b) Electron density calculated 
from interferogram along line 
A-A'. (0800-1295-2646pbO1) 
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More recently, we used this interferometer to probe 
colliding plasmas that have relevance in ICF hohlraum 
experiments. The target consisted of two pieces of 
3- x 2-mm polished Si, which were coated with 2 p 
of Au and positioned as shown in Fig. 9. The target 
was irradiated at an intensity of 3 x lOI4 W/cm2 
(h1,,,, = 0.53 pm, 1 ns square), with a focal spot 2 mm 
high and 0.5 mm wide produced by combining cylinder 
lenses and RPPs. Figure 10 shows an interferogram at a 
time 1.0 ns after the start of the driveproviding clear 
evidence of interpenetrating plasmas. Figure lob) shows 
the measured electron density profile along the line 
A-A' in Fig. 10(a). The region of plasma stagnation and 
interpenetration is -100 pm, which is larger than pre- 
dicted by simple fluid codes. We are currently modeling 
this experiment, and we plan to publish the results in 
the future. 

Conclusion 
The high brightness and short wavelength of x-ray 

lasers make them ideally suited for studying long 
scalelength and high-density plasmas. Our results 
illustrate the importance of soft x-ray interferometry 
in diagnosing laser-produced plasmas by reducing the 
effects of absorption and refraction. Detailed compar- 
isons of 2-D electron density profiles obtained from 
the x-ray laser interferogram and profiles obtained 
from radiation hydrodynamics codes, such as LAS- 
NEX, will allow us to study the physics of 
laser-plasma interactions in more detail. Ultimately, 
our motivation for developing x-ray laser interferome- 
try is to provide a mechanism to probe the deficiencies 
of our numerical models in areas such as laser deposi- 
tion by both resonance and inverse bremsstrahlung 
absorption, flux-limited heat conduction, hydrody- 
namics, and non-LTE (local thermodynamic equilib- 
rium) atomic kinetics. In the near future, this 
technique will be used to diagnose the plasmas pro- 
duced in ICF hohlraum targets, which has been 
impossible with conventional optical interferometry. 
In addition to probing laboratory plasmas, an x-ray 
interferometer can be used to characterize the figure 
and phase properties of multilayer mirrors near the 
intended operating wavelength. Measurement of 
spectral lineshapes with unprecedented resolution is 
also p o ~ s i b l e . ~ ~ ) ~ ~  
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METASTABLE CRYSTAL STRUCTURES OF SOLID HYDROGEN 

G. W. Collins 

W. G. Unites 
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T. P. Bernat 

Introduction 
All current ignition target designs for inertial con- 

finement fusion (ICF) require a uniform cryogenic 
(liquid or solid) deuterium-tritium (DT) fuel layer. 
However, it is difficult to support a uniform liquid DT 
layer inside a capsule in the presence of gravity.l 
Fortunately, a solid DT layer is stable in the presence of 
gravity and self-symmetrizes due to the natural heating 
from tritium beta decay (beta-layering)? Recent exper- 
iments show that beta layering can produce a surface 
roughness of 1 pn rms, which is smooth enough for 
current National Ignition Facility ignition target designs. 
The surface roughness of these polycrystalline DT lay- 
ers is determined by the way crystal facets stack up to 
conform to the 1-mm radius of curvature. If we could 
produce a stable amorphous DT layer, the surface 
roughness could be reduced significantly. Alexandrova 
et al. claim to have observed such an amorphous layer 
of Hr3 In this article, we describe the equilibrium and 
metastable structures of solid hydrogen. Since the crys- 
tal structure of all the hydrogen isotopes is the same, 
we work with H2 and D2 instead of DT. 

hydrogen. Because the interaction between hydrogen 
molecules is weak, the rotational quantum number is 
well defined in the low-pressure solid at temperatures 
above 0.2Tp and most of the molecules are either in 
the ground (J = 0) or first excited (J  = 1) rotational state. 
Ttp is the triple-point temperature for a particular 
hydrogen isotope or mixture: T (J = 0 H2) = 13.8 K 
and Ttp (J = 0 D2) = 18.7 K? All the hydrogens typically 
form an hcp structure near their respective Ttp;5f6 
however, at low enough temperature and large J = 1 
concentration ( [ J  = 11 > 55%), the lattice transforms to 
fcc with the molecules oriented. This phase transition 
lowers the electric quadrupole-quadrupole energy for 
J = 1 molecules by about 5 K/molecule, which is much 

We begin by reviewing some basic properties of solid 

tP 

greater than the -1 mK/molecule energy difference 
between disordered hcp and fcc structures. In J = 0 
hydrogen, the free energy difference between hcp and 
fcc is not well understood, but the equilibrium crystal 
structure at all temperatures and pressures below 
-100 GPa is h ~ p . ~  

Rare gas solids also form simple molecular solids 
with lattice potentials similar to hydrogen. However, 
Ne, Ar, Kr, and Xe crystallize into fcc at low pressure, 
while the lightest rare gas, 4He, primarily forms an hcp 
structure at low temperature and pressure, and fcc 
only at high temperature and pressure. The hcp struc- 
ture forms in low pressure 4He and possibly J = 0 
hydrogen because the dispersion interaction for the 
closed shell S state orbital is comparatively smalls 

While hcp is the equilibrium structure at low J = 1 
concentrations, nonequilibrium hydrogen fcc struc- 
tures have been observed? In this article, we describe 
the temperature'dependence and crystal morphology 
of metastable phases of J = 0 H2 and D2.lo We also 
show that (1) the metastable fcc phase is separated 
from hcp by a spectrum of energy barriers, (2) the fcc 
phase is less stable in H2 than in D2, (3) the structural 
symmetry decreases as the deposition temperature Td 
decreases, and (4) the crystallite length scale decreases 
with decreasing Td. However, we find no evidence that 
an amorphous phase of hydrogen can be produced at 
temperatures as low as 0.18TtP. 

To determine lattice structure, we detect the 
J = 0+2 signal of the rotational Raman spectrum. In 
pure J = 0 solids, this signal produces a multiplet that 
can be a unique signature of the crystal lattice. A triplet 
is unique to hcp, whereas fcc symmetry produces a 
doublet. Van Kranendonk7 outlines the calculational 
procedure for determining the spectral positions and 
intensity ratios. Some of our observations may be 
related to those of Silvera and Wijngaarden" and 
Durana and McTague,'2 who observed a four-peak 

38 UCRL-LR-105821-96-1 



METASTABLE CRYSTAL STRUCTURES 

spectrum in rapidly pressurized hydrogen. Four peaks 
are expected if the Raman signal results from both hcp 
and fcc crystals because the high-energy shifted peaks 
for both hcp and fcc are close together and the low- 
energy shifted fcc signal is at lower energy than the 
other hcp lines. 

Exp erirnental Details 
For these experiments, a Cu sample cell is fitted 

with two opposing vertical MgF2-coated sapphire win- 
dows that serve as the hydrogen substrate and permit 
optical access. The cell is connected to the cold tip of a 
He flow cryostat. Both a 30-K radiation shield and the 
outer vacuum jacket contain sapphire windows for 
optical access. A calibrated germanium resistance ther- 
mometer (GRT) is fitted on the Cu sample cell and 
checked against Ttp of D2 and H2. At T > 0.5 Ttp' we 
compare the thermometer temperature with the tem- 
perature calculated from the hydrogen vapor pressure>3 
as measured by a capacitance manometer. The agree- 
ment between the vapor pressure and the GRT shows 
the accuracy of the temperature measurement to be 
better than 0.05 K. 

The H2 and D2 gas were high-purity research grade, 
with an isotopic purity of 99.9% and 99.8% respectively. 
The samples studied contained a J = 1 concentration 
less than -1%. The rotational and isotopic concentrations 
are determined by comparing the Raman line intensities 
for the J = 0+2 and J = 1+3 transitions. The hydrogen 
gas was cooled to -20-30 K just before deposition. The 
deposition rates are determined from the layer thickness, 
measured by interferometry, vs time. All the samples 
were between 30 and 300 p thick. 

an Ar ion laser in a back scattering geometry with a 
modified 0.5-m SPEX 1870 spectrograph fitted with a 
liquid-nitrogen-cooled CCD having a 22.5-pm pixel 
width. We usedf/3 optics to couple light in and out of 
the sample. Our spectral resolution was -0.4 cm-l. 
Line positions were determined from both a calibrated 
Th lamp and the triplet structure of H2 or D2 crystal- 
lized through the triple point, with their line positions 
as measured by Bhatnagar et al.I4 The laser power 
level (-1 to 100 mW in -40 pm2) did not influence the 
lattice structure or visually change the layer morphology 

We measured the Raman shift of the 488-nm line of 

Raman Data 
Figure 1 shows several different Raman spectra for 

vapor-deposited H2 or D2 layers. The spectra on the 
left and right are from H2 and D2 respectively. The 
three-peak spectrum in Fig. l(a) is typical of H2 or D2 
at Td > 0.3Ttp. The four-peak spectra in Fig. l(b) and 
l(e) are typical of 3.5 K 5 Td (H2) < 4 K and 4 K < Td (D2) 
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- < 6 K, and of deposition rates of 0.1 < R (p /min)  < 40. 
Figure l(d) is typical for 3.5 5 Td (D2! < 4 K, where it 
appears that the peaks in Fig. l(e) s M  toward an unre- 
solved lineshape with two main branches. Figures l(c) 
and l(f) show the signals several minutes after rapidly 
warming H2 and D2 respectively. The quadruplet in 
Fig. l(b) and l(e) and the unresolved "doublet" in Fig. l(d) 
transform to a triplet within minutes upon warming the 
sample rapidly through -0.5 Ttp- At constant temperature 
the Raman spectra in Fig. 1 are stable for at least two 
days, the maximum duration of observation. Figure 2(a) 
shows the temperature dependence of the Raman 
spectrum of D2 for Td = 5.3 K. The steady decrease in 
the relative intensity of the first and fourth peaks with 
increasing temperature is not reversible upon cooling. 
There is a slight shift in the spectrum of -4.45 cm-l 
upon warming.from 5 to 7 K. The high-energy peak is 
shifted slightly more (4 .70  to 4.90 ad) than the other, 
low-energy peaks. The quadruplet signal in H2 also 
transforms to a triplet upon slowly raising T to -5.5 K. 

339 346 353 360 367 165 172 179 186 193 
Raman shift (a+) 

FIGURE 1. = 0 3 2  Raman signal for (a) H2 deposited at 5.5 K and 
5 p / m i n ,  (b) H2 deposited at 3.5 K and 2 pm/min, (c) same sample 
as Fig. l(b) after warming from 3.5 K to 7 K, (d) D2 deposited at 3.5 K 
and 0.2 p/min ,  (e) D2 deposited at 5.2 K and 0.4 p / m i n ,  (0 same 
sample as Fig. l(e) after warming from 5.2 K to 11.4 K. 
(10-06-02964312pb01) 
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In Fig. 203) we plot the intensity ratio of the low-energy 
Raman peak of the quadruplet divided by the average 
of the other three peaks, Xfcc/hcp, vs temperature (all 
values, not just the steady state value) from two differ- 
ent experiments. The large scatter of points at each 
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FIGURE 2. Temperature and time dependence of the J = 0+2 Raman 
spectrum, upon warming solid J = 0 D2. (a) D2 deposited at 5.3 K and 
2.2 p / m i n  (from bottom to top) (i) after deposition at 5.3 K, (ii) after 
raising T to 6.9 K, (iii) after waiting at 6.9 K for 34 min, (iv) after raisiig 
Tto 7.4 K and waiting 8 min, (v) after 13 min at 8.1 K, (vi) after 5 min 
at 9.1 K, and (vii) after 2 min at 10.4 K. (b) The low-energy Raman 
peak divided by the average of the other three peaks (Rfcc,h,.J vs T 
from two different experiments. The circles show the same experiment 
as in Fig. 2(a). The squares show a similar experiment with J = 0 D2 
deposited at 5.1 K and 0.4 p / m i n .  After deposition, the sample sat 
at -5.3 K for 23 h, and then we began raising Tat  -0.5 K/20 min. 
(10-06-0296-0312pbOl) 

temperature is due primarily to the complicated time 
dependence at constant temperature. The lowest value 
for XfCc/hcp is the steady state value. The plot is approxi- 
mately linear from 6 K to 11 K. For D2 deposited between 
5.1 K and 5.5 K and held at constant temperature for 
about two days, there is no change in Xfcc/hcp. Thus, 
after relaxation, Xfcc/hcp is roughly constant at constant 
temperature and decreases with increasing temperature. 

The Raman spectrum of D2 deposited at 3.5 K [see 
Fig. 1 (d)] behaves differently. As T is increased from Td 
to 7 K, the two overlapping lines in the right branch 
separated slightly but the general structure still consisted 
of two main branches. Upon increasing T to -10 K, the 
structure transformed into a well resolved triplet, simi- 
lar to that shown in Fig. l(f), within -10 min. 

Discussion of Raman Data 
In Table 1 we list the theoretical and measured line 

positions for the Raman multiplet for both hcp and fcc 
crystal structures. We calculate the theoretical values 
from Van Kranendonk? The measured values are from 
the present work and Bhatnagar et The calculated 

TABLE 1. Calculated and measured J = 0 Z Raman line positions 
(in cm-l) for H2and D2 in hcp and fcc phases. 
, 1 

H2 D2 
Calculated Ref. 15 Fig. 1 Calculated Ref. 15 Fig. 1 

hcp 
mi=2 354.5 353.85 354 179.6 179.4 179 
m.= 1 352.0 351.84 352 176.5 176.8 177 
mi=O 357.0 355.83 356 182.7 182.0 182 

1 

fcc 
El 349.6 350 173.6 175 
E2 356.9 356 182.6 182 

values for the hcp lattice are close to the measured val- 
ues. The calculated low-energy line of an fcc structure 
is at the same position as the low-energy line of the 
quadruplet spectra in Fig. l(b) and l(e). The calculated 
high-energy line of the fcc lattice would be unresolved 
from the high-energy hcp line given our resolution. 
Because of the low-energy line position in the quadruplet 
spectrum and the change in intensity of the high-energy 
line upon warming to T = 0.5T we interpret the 
quadruplet spectrum to be the signature of a mixed 
hcp and fcc lattice. Thus, the narrow-line resolved 
spectra of Fig. l(b) and l(e) reflect the presence of both 
hcp and fcc crystallites. 

The relative mi = 1,2,0 intensity ratios for Fig. l(a), 
l(c), and 1Q are 0.33:1:0.15,0.55:1:0.21, and 0.64k0.34. 
The relative mi intensities depend on crystal orientation 
with respect to the incident and scattered electric field 

tP' 

. 
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 polarization^?!^^ Assuming the incident light is colli- 
mated, a powder average of hcp crystallites yields 
1:1:0.5, and a crystal with its c axis perpendicular to 
the substrate yields 0:l:O. Thus, there is a preferential 
c-axis alignment perpendicular to the substrate. 
Although a preferential growth along the c axis has 
been observed near the triple point, it is unclear why 
these small crystals would grow in a preferred direction 
or transform from fcc to hcp in a preferred orientation. 

As Td decreases in the range 0.2 < T d / T  < 0.3, the 
intensities of the low- and high-energy pea %s increase 
relative to the two central peaks. After deposition, as T 
is increased towards 0.5 Ttp , the low- and high-energy 
peaks decrease. This is expected i f  an fcc component 
occurs at Td/Ttp c 0.3 and increases with decreasing 
Td. Thus, the ratio Rfccihcp is a relative measure of fcc 
to hcp structure in the sample. The irreversible decrease 
in Rfcc/hcp with increasing temperature suggests that the 
fcc component, once formed, is metastable at 220.5 Ttp. 
The equilibration of Rfccjhcp after each temperature 
increase suggests that the fcc phase is separated from 
the lower-energy hcp phase by many different barrier 
energies. At constant Td, we also see a slight increase 
in the fcc component with decreasing R. This implies 
that the fcc component may be found at Td/Ttp > 0.3 if 
we deposited at lower R. This effect may be due to 
sample heating. 

Relative to their triple points, the temperature at 
which the mixed fcc + hcp structure is formed is lower 
in H2 (-4 K) than in D2 (-6 K). Also, the mixed phase 
transforms to pure hcp at a relatively lower tempera- 
ture in H2 (-5.5 K) than in D2 (-10.5 K). Thus the fcc 
phase is less stable in H2 than in D2' If the fcc phase is 
metastable and separated from the hcp phase by a 
spectrum of energy barriers, and if tunneling is a dom- 
inant mechanism for molecular motion at these low 
temperatures, then H2 would be able to cross the energy 
barriers to reach the lower-energy hcp phase more 
rapidly than D,. Although tunneling diffusion has been 
observed for hydrogen atoms in solid hydrogen,16 tun- 
neling of molecules in solid hydrogen has not been 
clearly ~bserved.'~ 

The unresolved lineshape of Fig. l(d) is sigruficantly 
different than the other narrow line spectra in Fig. 1. 
Tlus broad lineshape indicates that the lattice structure 
of samples deposited.at Td c 0.2 Ttp have less symme- 
try than pure hcp or fcc. The broad lineshape may 
result from a randomly stacked close-packed lattice or 
very small crystallites, but probably not an amorphous 
structure, which would give rise to a single broad line 
similar to that of the liquid phase. 

Crystal Morphology 
Figure 3(a) and 3cb) show shadowgraph images of H2 

crystallites deposited at R = 40 p / m h  and Td = 3.6 K 

UCRL-LR-105821-96-1 

and 7.0 K. These and similar experiments qualitatively 
show that the average crystal size decreases rapidly 
with decreasing temperature and increasing deposition 
rate between 3.6 < Td < 11 K and 0.1 < R (p /mh)  C 40. 
Figure 4 shows the change in the average crystal diam 
vs different Td. The smallest crystal diam is at the limit 
of our optical resolution (-3 p) and is thus a very 
rough estimate.18 

Since the deposition temperatures used here are 
below the roughening transition temperatures for the 
low-energy crystal facets,19 the lowest-free-energy con- 
figuration is in the form of faceted crystallites. The 
appearance of smooth rounded crystallites as in Fig. 3(b) 
implies that the crystal morphology is nonequilibrium 
and is determined by kinetics. To qualitatively under- 
stand the dependence of crystal size on temperature 
and deposition rate, we assume that the temperature 
controls the rate at which molecules relax from a high- 
energy to low-energy configuration. We expect the 

FIGURE 3. Shadowgraph images of H2 deposited at 40 pm/min and 
(a) 3.6 K and (b) 7.0 K. The horizontal field of view is 1.7 mm. 
(10-06-0296-0312pbOl) 
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T* 
FIGURE 4. Average crystallite diam vs Td for H2 deposited at 
0.2 p / m i n  (squares), 2 p / m i n  (circles), and 40 p / m i n  (triangles). 
(10-06-02964312pb01) 
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lowest-energy site to be that with the maximum number 
of neighboring bonds, such as a step edge of a crystal. 
As the temperature decreases or the deposition rate 
increases, there is less chance of finding a low-energy 
site before the next layer of material covers the substrate. 

Summary 
In summary, using Raman spectroscopy we find 

that J = 0 D2 or J = 0 H2 forms a mixed fcc/hcp struc- 
ture when deposited at 0.2 < Td/Ttp. < 0.3. The fcc 
phase is less stable in H2 than D2. llus fcc component 
transforms continuously and irreversibly to hcp upon 
increasing the temperature through 0.5TQ, suggesting 
that the fcc phase is separated from the lower-energy 
hcp phase by a spectrum of barrier energies. As Td 
decreases below -0.2 Ttp’ the lattice structure has less 
symmetry than fcc or hcp and possibly resembles a 
randomly stacked close-packed phase. Finally, the 
crystallite size decreases with decreasing Td from d- 
limeter scale at a few degrees below T to micrometer 
scale at -0.3 TY 

The metastable hydrogen structure described here 
may elucidate several recent experiments. D atoms in 
solid deuterium deposited from the gas phase at -3 K 
have a significantly different activation energy than 
expected for the equilibrium hcp ~ t ruc ture . l~*~~ Also, 
surface-state electron mobility2’ shows an increased 
conductivity after annealing vapor-deposited films. 
These observations can be at least qualitatively explained 
by the metastable structures described here and those 
that may be found at lower deposition temperatures. 

Q 
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NOVA/BEAMLET/NIF UPDATES 
OCTOBER-DECEMBER 1995 

G. HermeslR. SpecklS. Kumpan 

Nova Operations 
During this quarter, Nova Operations fired a total of 

294 system shots, resulting in 324 experiments. These 
experiments were distributed among inertial confinement 
fusion (ICF) experiments, Defense Sciences experiments, 
X-Ray Laser experiments, Laser Sciences, and facility 
maintenance shots. 

A second, 8x magrufication, x-ray charge-coupled 
device (CCD) camera was installed and activated on the 
10-beam chamber. The east and west 8x CCD cameras 
will replace the film based pinhole cameras currently 
being used to acquire x-ray images from precision 
pointing shots. We are currently characterizing these 
cameras and doing a direct comparison of the data 
with the existing pinhole cameras. Using the CCD 
cameras will greatly reduce the time required to ana- 
lyze data from the pointing shots. 

A complete design review is planned for the second 
quarter to examine the design requirements and cost of 
upgrading Nova to have spatial beam smoothing capa- 
bilities on all 10 beamlines. Currently, only beamlines 
6 and 7 (BL-6 and -7) have the capability of smoothing 
by spectral dispersion (SSD). Adding SSD to all beam- 
lines will require modification to the pre-amplifier 
beamline and the addition of 10 phase plates on the 
target chamber. 

We are also reviewing the design requirements that 
would provide beam phasing capability to the Nova sys- 
tem. Beam phasing would allow us to divide each Nova 
beamline spatially into two halves and then to propagate 
two different pulse shapes through each half. At the tar- 
get chamber, we would use phase plates to separate and 
position the beams, as required, to provide two uniform 
rings of illumination at each end of a hohlraum target. 
Each of the two rings could have a different pulse dura- 
tion and shape and could be separated temporally to pro- 
vide the desired laser irradiation. We are also looking 
into combing the capability of beam phasing with SSD. 

UCRL-LR-105821-96-1 

In support of the ongoing Petawatt project, the com- 
pressor vacuum chamber was installed in the 10-beam 
target bay. This vacuum chamber (9 f t  i.d. and 43 f t  
long) contains an input and output turning mirror, the 
diffraction gratings used for pulse re-compression, a 
diagnostic beam-reducing telescope, and other optics 
to direct the diagnostic beam outside of the chamber. 
An initial set of large aperture (475 cm) gratings are 
being fabricated for installation into the compressor, 
planned for the second quarter. A preliminary set of 
laser output diagnostics was designed and component 
orders have been placed. This system will also be 
installed and activated next quarter. 

designed for injecting the pulse from the Petawatt 
Master Oscillator Room into the Nova laser. The 
optics, mounts, and associated equipment for this 
beamline should be available for installation and acti- 
vation during the third quarter. We are planning for a 
series of test shots late second quarter that demon- 
strate pulse compression with this system at low 
energy. The compressor chamber will not require . 
vacuum for this series and the pulses will not be prop- 
agated to the target chamber. 

We continued the activation and characterization of 
the 100 TW system. The focal spot size at the center of 
the 2-beam target chamber was measured to be 
approximately 16 pn x 22 pn using an attenuated 10 Hz 
(short pulse) beam. This results in about lozo W/cm2 
at 40 J in 400 fs. 

Also for the Petawatt project, a new beamline was 

Beamlet Operations 
During this quarter, we completed the installation, 

alignment, and activation of a major addition to 
Beamlet-a large vacuum tank equipped with optics to 
focus and characterize the third-harmonic beam (30) 
generated at the output of Beamlet. We also installed 
and activated a number of diagnostics associated with 
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this system that will measure the properties of the 
beam at the plane of an inertial confinement fusion 
(ICF) target. We plan to use these systems to evaluate 
the effectiveness of focal-spot beam-smoothing 
schemes proposed for the National Ignition Facility 
(NIF), including phase plates and smoothing by spec- 
tral dispersion (SSD). The system will also provide 
the opportunity to test the focusing optics to be used 
on the NIF at operating fluences. In initial experi- 
ments done during this quarter, we measured the 
prime focus of the 30 beam both with and without a 
phase plate. The diagnostics ready for these initial 
experiments included: 

Energy diagnostics consisting of a whole-beam 
calorimeter that measures the sum of all wave- 
lengths, and a set of small calorimeters and diodes 
that measures individually the lo, 20, and 30 
energy and power. 
lo pointing and centering diagnostics to establish 
and maintain beam alignment to the focusing optics. 
Medium and narrow field-of-view imaging diag- 
nostics to record the focal spot. 
A temporary imaging diagnostic to record the 30 
near-field beam. 
At the end of the quarter, we performed several 

shots at 200-ps pulse duration to extend our study of 
lo near-field beam modulation at the Beamlet output. 
By analyzing these shots, we can determine the power 
threshold for severe beam breakup and filamentation 
that could damage Beamlet optics and can aid in 
determining the performance limits of the NIF laser 
design. In this series, we propagated a short (200 ps 
FWHM) high-power pulse from the cavity amplifier 
through the unpumped booster amplifier to sirnulate 
the conditions at the end of a long, highly saturating 
pulse and examined the near-field output beam care- 
fully for evidence of breakup and filamention. We 
obtained higher resolution images, using an improved 
near-field imaging system. The system consists of a 
CCD camera with 1024 x 1024 pixels to record a 25 cm 
square portion of the beam and optics with a wider 
angular acceptance. In the December series of shots, 
we obtained data from several image planes between 
the frequency converters and 11.5 m beyond the 
converter location. These data will be helpful in deter- 
mining the optimum location of the frequency con- 
verters, and the length of the NIF transport spatial 
filter. An analysis of the data is being performed. 

We finished the design and initiated procurements 
I for diagnostics to do central dark-field imaging of the 

lo focal spot at the Beamlet output. The purpose of 
these measurements is to determine the distribution 
of scattered light at small off-axis angles. We plan to 
install and activate this diagnostic during the sec- 
ond quarter. 

NIF Design 
This quarter, the Department of Energy (DOE) 

authorized funding to begin the Advanced Conceptual 
Design (ACD) for the NIF Project. Due to the delays in 
the FY 1996 congressional budget process, the Title I 
Design work was postponed until late December, at 
which time.the full $61M for the fiscal year was received. 

The ACD prepares the Project for the engineering 
design activity to be conducted during Title I. By the 
end of the quarter, the Project organization was in place 
and the NIF staff exceeded 75 people. Major contractors 
were chosen for the building architectural design and 
for engineering support. The Ralph M. Parsons 
Company was chosen for design of the Laser and Target 
Area Building (LTAB) and A.C. Martin for the design of 
the Optics Assembly Building. Master Task Agreements 
for engineering support were placed with TRW, SAIC, 
Westinghouse, and Physics International. Engineering 
tasks were assigned to the participating ICF laboratories 
(Los Alamos National Laboratory; Sandia National 
Laboratory, Albuquerque; and the Laboratory for Laser 
Energetics at the University of Rochester. 

The ACD engineering activity centered around 
several major tasks, all leading to the general 
arrangement of the special equipment and the 
overall size of the LTAB. These tasks include: the 
design impact of incorporating capability for 
direct-drive physics experiments, determination of 
the need for beam expansion at the end of the 
laser, the length of the spatial filters, and the 
accommodation of requirements for the radiation 
effects users. Another important activity was the 
preparation of requirements and design concepts 
for assembly and maintenance of the laser system 
optical components and for the Optics Assembly 
Building. A review will be held in February to dis- 
cuss the design work conducted during the ACD. 
Concurrent with ACD activity the NIF Project’s 
Primary Criteria and Functional Requirements top- 
level document, which provides a hierarchy of all 
design requirements, was reviewed and revised. 
During the second quarter, the DOE will review 
proposed changes to this document. 
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