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FOREWORD 
This issue of the ICF Quurterly contains seven articles that describe recent progress in 

Lawrence Livermore National Laboratory’s ICF program. The Department of Energy 
recently initiated an effort to design a 1-2 MJ glass laser, the proposed National Ignition 
Facility (NIF). These articles span various aspects of a program which is aimed at moving 
forward toward such a facility by continuing to use the Nova laser to gain understanding of 
NIF-relevant target physics, by developing concepts for an NIF laser driver, and by envi- 
sioning a variety of applications for larger ICF facilities. 

ing a more complete understanding of physics issues of importance to target ignition per- 
formance. ”Laser-Seeded Modulation Growth on Directly Driven Foils” discusses Nova 
experiments measuring the effect of beam smoothing on the growth of the Rayleigh-Taylor 
instability from laser modu1,itions. “Measurements of Radial Heat Wave Propagation in 
Laser-Produced Plasmas” describes measurements of lateral heat transport in thin foils. 
These experiments represent progress both in improving the diagnostic capability and in 
understanding the physics issues that could affect both hohlraum and capsule performance 
in an ignition facility. 

Two articles highlight efforts to incorporate the insight gained in Nova experiments into 
the design of an ignition-scale laser facility. ”Stimulated Raman Scattering in Large-Aperture, 
High-Fluence Frequency-Conversion Crystals” describes efforts to measure and model stimu- 
lated Raman scattering in frequency-conversion crystals on Nova, in order to identify a safe 
operating regime for a NIF laser system. Nova experiments and modeling have confirmed 
that beam smoothing can play a role in controlling parametric instabilities. ”Stimulated 
Rotational Raman Scattering in Nitrogen” describes a technique that could provide smooth- 
ing via an increased laser bandwidth for an NIF laser. 

Ultimately, high-gain ICF facilities will have capabilities that make them attractive 
instruments for numerous applications. ”Use of Inertial Confinement Fusion for Nuclear 
Weapons Effects Simulations” proposes the use of the NIF as a proving ground for weapons 
effects testing. ”Fission Product Hazard Reduction Using Inertial Fusion Energy” describes 
potential advantages of inertial fusion energy reactors for reducing the radioactive fission 
waste sent to geologic storage. 

Finally, ”A Maxwell Equation Solver in LASNEX for the Simulation of Moderately 
Intense Ultrashort Pulse Experiments,” describes a new LASNEX capability for modeling 
laser absorption in ultrashort pulses; this routine will enable greater quantitative analysis of 
short pulse laser experiments. 

Two of the articles describe recent theoretical and experimental activities that are provid- 

Linda Powers 
Scientific Editor 

... 
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STIMULATED ROTATIONAL RAMAN 
SCATTERING IN NITROGEN 

D. Milam 
D.  Einzed 

Introduction 
Resonant plasma instabilities such as stimulated 

Raman and Brillouin scattering in the underdense 
plasmas of ICF targets could significantly impair target 
perf~rmance?~ It is believed3r4 that these processes 
might be controlled and even eliminated through the 
use of laser light with a bandwidth 6v that is several 
percent of the central frequency v. Such bandwidths 
are much greater than those achievable with a fre- 
quency-tripled Nd:glass laser, which are no greater 
than about 0.1%. It is therefore desirable to develop a 
practical technique for generating very large band- 
width from the output typical of a frequency-tripled 
Nd:glass laser. 

One practical technique for increasing bandwidth in 
fusion lasers is to induce stimulated rotational Raman 
scattering (SRRS) in the nitrogen (or clean air) that fills 
the beam paths. This process generates closely spaced 
lines near the frequency of the input beam, carrying a 
substantial fraction of the beam energy in the beam 
direction. The gain for SRRS in nitrogen is low, how- 
ever, so one must envision seeding the scattering and 
possibly greatly increasing the length of the path to the 
target chamber, or increasing the intensity through use 
of a device such as a fly’s-eye lens to focus segments of 
the beam into the nitrogen. 

We have experimentally determined the bandwidth 
and beam quality attainable through SRRS induced in 
nitrogen by pulses with energies of 1 to 3 J, durations 
of 1.6 or 3.6 ns, and wavelengths of 1053 or 527 nm, 
parameters selected to resemble those of a beamlet iso- 
lated by a segment of a fly’s-eye lens. Bandwidths of 
about 1.5% at the second harmonic were achieved; far- 
field intensities were reduced by no more than about a 
factor of 2 by the introduction of scattering. Our exper- 
iment demonstrates that we can efficiently generate 

broadband light from a frequency-converted Nd:glass 
laser; that capability could be significant in future ICF 
experiments in which improved control of resonant 
plasma instabilities is desired. 

SRRS in Nitrogen 
The nitrogen molecule, treated as a rigid rotator 

with a single principal moment of inertia,5 has states 
designated by a total angular momentum quantum 
number J = 0,1,2.. . and a magnetic quantum number 
M = -1, -J + 1, . . ., +J. The corresponding energy levels 
are El = hcBJ(J + 1), where h is Planck‘s constant, c is 
the speed of light, and B = 2 cm-l. For a symmetric 
rotor such as N,, the selection rule for Raman transi- 
tions is AJ = f2, and the Raman spectrum consists of a 
series of lines separated from the pump by frequencies 
2 ~ ( 2 ~  + 3 )  cm-l. 

Because the rotor is rigid, its polarizability is inde- 
pendent of J, so the strength of the scattering depends 
only on the difference AN in level populations. Figure 1 
shows relative level populations for N2 at 290 K, and 
the population differences 

2J+1 
= NI -N1+2(=) ’ 

where J is the lower state. The strongest transitions (J = 
8 --+ 10 and J = 10 --+ 12) produce Raman lines with 
shifts of 76 and 92 cm-’, respectively. 

Given the presence in a volume of N, of an intense 
pump beam and a spontaneously scattered wave with 
Raman-shifted frequency, there is the possibility of stim- 
ulated Raman scattering, which is usually described 
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classically as the interaction of the light waves with a 
phonon wave.6 Growth of the Stokes (frequency-down- 
shifted) wave can occur because of the presence in the 
Maxwell's equation for that wave of a source term that 
is proportional to the second time derivative of the 
polarization induced by the pump wave. Amplification 
by a factor of exp(25-35) is required to increase the 
intensity of a spontaneously scattered wave to a value 
comparable with that of the pump wave. 

The coherent volume excitation in the medium 
decays in a characteristic time tr. Scattering induced by 
a pulse with a duration t < 30tr is said to be transient. P In transient scattering with a collimated pump beam, 
the amplification exponent a can be written as7 

v1 I 

d " 0  10 20 
Quantum number (J) 

FIGURE 1. Relative population vs quantum number J for the rigid- 
rotor states of N2 at 290 K, and population differences AN for ] + 
I + 2 Raman transitions. I 

FIGURE 2 .  Arrange- 
ment of the 527-nm 
Raman experiment and 
diagnostic packages on Calorim 

c 
the;nput beam 

Laser KDP 
crystal 

imeter 

Raman cell 

where G is the steady-state gain coefficient, I is the 
intensity of the pump wave, and L is an interaction 
distance. Because a must be kept near 30, this equation 
implicitly specifies the required pump intensity I as a 
function of t 

An important characteristic of transient scattering in 
the short-pulse limit can be obtained by rearranging 
Eq. (2) to yield an expression for the product I t  which 
is proportional to the pump-pulse energy density. When 
t / f  << a, we have Itp = atr/4GL. That is, in the short- 
P r  pulse limit the gain is determined by the pump-pulse 

energy. In the long-pulse limit, gain is governed by 
pump-pulse intensity. The steady-state gain coefficient 
a = GIL is obtained from Eq. (2) by setting tp/tr  = a. In 
N2 at atmospheric pressure, tr = 0.13 ns.8 

The required pump intensity is proportional to 
the G-l for all values of t . For a circularly polarized, 
527-nm pump pulse, the measured value of G for N, is 
about 6 C ~ / T W . ~  The value of G varies linearly with 
the frequency of the pump pulse, and depends on the 
polarization of the pump. For an elliptically polarized 
pump wave 

P' 

P! 

P 

E = Eo(x cos 4 + iy sin @) , (3) 

the steady state Raman gain varies as*" 

G(4, h) = G(h) sin 24 . (4) 

We specify the ellipticity of polarization by giving the 
ratio of electric field strengths, cos $/sin 4: 1 .  

Experimental Arrangement 
Figure 2 shows the arrangement used during 

Raman experiments with 1053- and 527-nm pumping 
pulses. The source laser had a single-mode Nd:YLF 
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oscillator that emitted a Q-switched pulse with a dura- 
tion of approximately 100 ns in a beam with Gaussian 
spatial profile. A Pockels-cell shutter was used to slice 
1.6- or 3.6-ns pulses from the Q-switched pulses, and a 
serrated aperture was used to convert the beam shape 
from Gaussian to super-Gaussian. Two stages of image 
relaying were used to transmit an image of the ser- 
rated aperture through the laser to the KDP frequency- 
conversion crystal. At this crystal, the 1053-nm beam 
was 12 mm in diameter and contained a low-amplitude, 
radially symmetric diffraction ripple. 

The pump beam was focused into the center of the 
Raman cell, a windowless T-tube 4 m long through 
which was passed a low-volume flow of nitrogen boiled 
from the liquid. The shape of the focused pump beam at 
several planes within the pump volume was recorded 
by a reticon camera. The variation in the shape of the 
1053-nm beam with distance from the input lens, and 
the peak on-axis fluences calculated from these beam 
shapes, agreed with theoretical values calculated under 
the assumption of negligible input phase error. For the 
527-nm beam, the measured on-axis fluences in the 
beam waist were 30% less than calculated values. 

Diagnostic apparatus at the output of the cell was 
often rearranged to allow measurement of the several 
parameters of interest. Figure 3 shows a generic arrange- 
ment. Output spectra were recorded by allowing the 
multifrequency beam to impinge on a grating and then 
focusing the dispersed beams onto a streak camera, a 

reticon camera, or a burn card slotted to allow passage of 
the residual pump energy to an integrating photodiode. 
The intensity distributions in the near and far fields were 
observed by reticon cameras and the streak camera, and 
output energy was measured by calorimeters placed in 
both the near and far fields. Waveforms of the 1053-nm 
pump pulses were measured by a Tektronix SDC5000 
transient digitizer and a Hamamatsu photodiode. The 
waveform of the 527-nm pulse produced by frequency- 
doubling the shorter of these pulses was measured by a 
streak camera. Figure 4 shows the waveforms, normal- 
ized by numerical integration with an assumed pulse 
energy of 1 J. 

Experimental Results 
Here we present a sampling of the data obtained 

during several months of experimentation to indicate 
the nature and quality of the data. 

Raman Spectra 
In all experiments, the energy of the pump pulses 

was sequentially increased from a low value. The scat- 
tering threshold was defined as the input that caused 
scattering of about 1 % of the pump energy into the 
Raman spectrum. In each experiment, at threshold, 
scattering into one or both of the high-gain first Stokes 
lines at 75 and 90 cm-l was observed. Scattering was 

R 

cylinder lens f = 25 cm 

spherical lensf = 139 cm 

Output lens of 
raman cell 

Raman cell f = 6 m  
h 

, 
T 

FIGURE 3. 
Arrangement for mea- 
suring in the output 
beam of the 1053-nm 
experiments the spec- 
trum, the total pulse 
energy, the residual 
pump energy, the inten 
sity distributions in the 
near and far fields, and 
the focal distribution. 

diode 
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confined to these and a few adjacent first Stokes lines 
for pump energies of 1.5 to 2.0 times threshold, but 
spread quickly to the second and third Stokes orders 
with increased pumping. 

Figure 5 shows an example of the raw, time-inte- 
grated data from the reticon. The pump was a 527-nm, 
elliptically polarized (2.2:l) pulse with an energy of 
1.05 J (8 times threshold). The spectrum contains the 
first-order Stokes lines shifted by 2B(2J + 3 )  cm-l from 
the pump; second- and third-order Stokes lines shifted 
by respectively two and three times the first-order 
shifts; and weak intercombination lines induced by 
mixing of the several Raman waves. The anti-Stokes 
scattering was essentially negligible in all experiments. 
The integral included in Fig. 5 indicates the distribu- 
tion of energy in this spectrum. 

1.0 I 
Square root 

0.8 527-nm pulse \ A 5 2 7  nm, 1.6 ns 

h - \ 
3 0.6 
u 
$ 0.4 
L 

v 
I.. 

0.2 

0 
0 1 2 3 4 5 6 7 

Time (ns) 

FIGURE 4. Waveforms of the 1053- and 527-nm pump pulses. Also 
shown is the square root of a 527-nm pulse produced by doubling 
the 1.6-ns, 1053-iim pulse at low efficiency. Waveforms were normal- 
ized to energy of 1 J 
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FIGURE 5. Time-integrated spectrum pumped by a 527-nm, 1.6-ns, 
elliptically polarized (2.2:l) pulse with energy of 1.05 J (8 times 
threshold). Integers identify some of the principal lines in the three 
Stokes orders, and the integral shows the distribution of energy. 

Figure 6 shows the streak record of the spectrum 
pumped by a 527-nm pulse with an energy of 0.8 J (5 
times threshold). Some of the lines are partially resolved 
multiplets; sometimes they appear hollow due to fluctu- 
ations of the intensities of the components. Figure 7 
shows instantaneous spectra generated by sectioning the 
streak of Fig. 6. The widths of the instantaneous spectra 
were typically 100 to 150 cm-l, somewhat less than the 
approximately 300 cm-l width of the time-integrated 
spectrum. With pump energy held constant, large shot- 
to-shot fluctuations were observed in the amplitudes of 
individual lines, while the overall distribution of energy 
among the orders was reIatively stable. The starting time 
(300 ps for the line at 90 cm-l) was partially governed by 
relatively long rise time of the pump waveform. 

Energy Measurements 
Several energy measurements were of interest. From 

measurements of the residual pump energy and the 
total output energy, one obtains the Raman yield, the 
threshold (leakage), the scattering efficiency, and the 
net loss. It was also necessary to determine whether 
the energy distributed among the several Raman lines 
could be efficiently delivered to a target. 

The residual pump energy was recorded by a cali- 
brated photodiode that observed the pump line in the 
output spectrum (see Fig. 2). Raman yields were then 
calculated by subtracting the residual pump energy 
from the total output energy. A scattering threshold ET 
was defined as the value of E, identified by fitting a 

3.5 

3.0 

2.5 

h 2 2.0 

z 
v 

g 1.5 

1 .0 

0.5 

n 

. . . . .  . . . . . . .  . .. .... t.:*. , 1 . . . . .  .:: ' . , .  ,..i . . . . . .  ... . :. 

t I I I I I I 
0 50 100 150 200 250 

Wave number (cm-') 

FIGURE 6. Streak record of the Ranian spectrum pumped by a 527-nm, 
elliptically polarized (2.2:l) pulse with energy 0.8 J (5 times threshold). 
Horizontal axes indicates the magnitude of the Stokes shift. 
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quadratic equation to the Raman yield and extrapolat- 
ing to zero yield. Table 1 gives threshold energies 
determined during four careful experiments, and one 
estimated threshold. 

lie on a single curve when the measurements were plot- 
ted against pump energy and when gain differences 
due to wavelength and polarization were hidden by 
plotting input energy as a multiple of the correspond- 
ing threshold. As an example, Fig. 8 shows the relative 
values of residual pump energy measured during three 
experiments with 1.6-11s pulses and one with 3.6-ns 
pulses. For the shorter pulses, in experiments with 
pumping at 8 to 10 times threshold, 90% of the pump 
energy was consumed. The limited data for the 3.6-ns 
pulse indicates greater depletion for comparable pump- 
ing, presumably because scattering by this pulse was 
more nearly in the steady state and its intensity was 
more nearly constant during the pump interval. 

All energy measurements of one type were found to 

(a) 

0.82 ns 

I 0.74 ns 

0.66 ns 

- 
0.58 ns 

0.50 ns 

0.42 ns 

0.33 ns 

1 
0.25 ns 

I I I Ons 

0 100 200 300 
Wave number (cm-') 

Similarly, Fig. 9 shows two measurements of total 
output energy. Each datum is a ratio of absolute mea- 
surements of input and output energy, and is thought 
to be accurate to within *2% except at the lowest ener- 
gies. Even with pumping at 10 times threshold, the 
multifrequency beam contained more than 95% of the 

TABLE 1. Measured thresholds for SRRS in N2 at 1 atm and 290 K 
using an F = 500 pumping geometry. 

Pulse 
Wavelength (nm) duration (ns) Polarization Threshold (J) 

1053 3.6 circular 0.88 * 0.01 
1053 1.6 circular 0.465 * 0.01 
1053 1.6 elliptical (2:l) 0.61 * 0.01 
527 1.6 elliptical (2.2:l) 0.16 2 0.005 
527 1.6 elliptical (1.3:l) 0.125a 

a Estimated from incomplete data 

1.87 ns 

c -  - 
1.79 ns 

- n -  

1.71 ns 

1.62 ns 

1.54 ns 

5 
E 

1.46 ns 

1.38 ns 

1.30 ns 

A -  

1.22 ns 

1.14 ns 

1 .Oh ns 

0.98 11s 

- 
I 0.90 ns 

Wave number (cm-') 

FIGURE 7. 
Instantaneous Raman 
spectra for the streak in 
Fig. 6. Zero in time was 
arbitrarily selected. 
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energy of the pump. A similar family of curves for the 
Raman yield can be obtained by subtracting the curves 
in Fig. 8 from unity and accounting for the net loss 
given in Fig. 9. 

To determine the focal-spot intensity distribution of 
the multifrequency output beams pumped by 1053-nm 
pulses, we passed a portion of the output beam through 
a lens with focal length of 12 m, centered an aperture on 
the beam waist, and measured the transmittance of the 
aperture as a function of pump energy. Figure 10 shows 
the results of this experiment. As the pumping was 
increased to 4.7 times threshold, the transmittance of the 
aperture decreased from 94 to 80%. 

In an experiment with 527-nm pump pulses, we 
attempted to combine measurements of the transmit- 
tance of an aperture placed in the far field with observa- 
tions by the streak camera of the temporal evolution of 

1 .o 
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m 
I 
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0.4 
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n 

0 1053 nm, 3.6 ns, circle 
A 1053 nm, 1.6 tis, circle 
0 1053 nm, 1.6 ns, ellipse 
0 526 nm, 1 .h ns, ellipse 

-% 
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FIGURE 8. Composite depletion data. Pump energy for each experi- 
ment was scaled as multiples of the threshold. 
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FIGURE 9. Total output energy measured as a function of input 
energy measured in two 527-m experiments. 

the far-field intensity distribution. Many of the beams 
were not correctly centered in the aperture because of 
variation of the beam pointing by up to 40 prad (almost 
half of the beam divergence) over the course of the 
experiment. Figure 11 shows streak records for centered 
beams at E = 0.8 and 4.0 times threshold, and the on- 
axis waveforms whose amplitudes were adjusted to 
provide closest agreement at early and late times. The 
relative, instantaneous, on-axis intensity in the focus of 
the multifrequency beam was at times less than 50% of 
that in the waist of the pump. The roughly 30% differ- 
ence in the integrals of the waveforms is in reasonable 
agreement with the 22% measured decrease in the trans- 
mittance of the aperture. 

P 

Near-Field Intensity Distributions 
If the near field of the beam were reshaped as a 

result of SRRS, this would have considerable impact 
on the design of a fly's-eye SRRS optical system. 
Using streak and a reticon cameras, we recorded the 
effect of increasing the input energy on the intensity 
distribution in the output beam. Figures 12 and 13 
show the streak records of the near-field distribu- 
tions recorded in 527-nm experiments at E = 0.8 and 

I! 4 times threshold. Figure 14 contains a section through 
the time-integrated profile generated at E = 5.7 times 
threshold. The multifrequency beam evolved from a 
nearly rectangular shape 12 mm wide into an approx- 
imately Gaussian shape with baseline width greater 
than 30 mm, and an intense central spike appeared . 
in the time-integrated section. The beam shape 
was relatively stable for E ranging from 4 to 8 
times threshold. 

P 

P 

w 

5 n 7 J  "., - 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Input 1053-nm energy (J) 

FIGURE 10. Energy-in-a-bucket evaluation of the far-field distribu- 
tion of the multifrequency beam in an experiment with 1.6-ns, 1053- 
nm, elliptically polarized (2:1) pulses. The diameter of the aperture 
was 1.3 x 2.44 Fh/D.  
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Principal Results 
1. 

Raman lines was comparable with that in the resid- 
ual pump line. Scattering into the anti-Stokes spec- 
trum was negligible. Similar results were obtained 
with pumping by 1053-nm, 1.6-11s pulses with ener- 
gies of 1 to 3 J. 
With pumping of 8 to 10 times threshold, the 
scattering efficiency was 85 to 88%, the net loss 
was about 4%, and 8 to 12% of the energy was 

Spectra with time-integrated widths of 300 cn1-l and 
instantaneous widths of 100 to 150 cm-l were pro- 
duced by unseeded SRRS in N, pumped by focused 
527-nm, 1.6-11s pulses with energies of 0.6 to 1.0 J,, 
Most of the energy was contained in about 10 to 12 
Stokes lines, and the energy in each of the strongest 
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FIGURE 11. Streaks of 
the output far-field dis- 
tribution with 527-nm 
pumping at (a) 0.13 J = 
0.8 times threshold and 
(c) 0.58 = 4 times 
threshold. (b) On-axis 
intensities averaged 
over a width of 24 prad. 

FIGURE 12. (a) Streak 
of the near-field distri- 
bution of a 527-nm 
pump beam with 
energy of 0.13 J = 0.8 
times threshold. 
(b) Sections of beam 
at times indicated by 
hash marks in streak. 
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contained in the residual pump beam. The effi- 
ciency, loss, and residual pump energy depended 
primarily on the factor by which threshold 
was exceeded. 
First Stokes scattering pumped by pulses with rel- 
atively long rise time and energies of 4 to 8 times 
threshold began after 250 to 400 ps, and scattering 
in the second and third orders began after about 
another 300 ps. Changing the polarization of the 
pump from circular to elliptical reduced the time 
required to spread the spectrum into the higher 

3. 

orders, but this change caused an undesirable 
bunching of the light in those orders and did not 
foster production of anti-Stokes scattering. 

These initiation times could be decreased by 
using a pump pulse with more energy or faster 
rise, but neither of those options would signifi- 
cantly change the pump energy leaked before initi- 
ation of scattering. For high pump energies, the 
measurements of pump residual were essentially 
measurements of leakage, because scattering com- 
pletely extinguished the pump. Figure 8 indicates 

FIGURE 13. (a) Streak 
of the near-field distri- 
bution pumped by a 
527-nm, 1.6-ns, ellipti- 
cally polarized (2.2:l) 
pulse with energy of 
0.59 I = 4 times thresh- 
old. (b) Sections of the 
beam at times indi- 
cated by hash marks - 
on the streak. v 
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FIGURE 14. (a) Near- 
field fluence distribu- 
tion at the output lens 
of the Raman cell in the 
multifrequency beam 
pumped by a 527-nm, 
0.7 J (5.7 times thresh- 
old) pulse. (b) Vertical 
section of the beam. 
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that the leakage for any pump energy is always 
about equal to the threshold energy. 
The combined goals of obtaining minimal leakage 
(minimum threshold) and a uniform distribution of 
energy among the Raman lines are probably besi 
satisfied by use of pump light that is nearly circu- 
larly polarized. It is also apparent that even slight 
seeding would greatly reduce leakage. Seeding a t  
an intensity of lo4 of the pump would reduce the 
required gain and the leakage by a factor of 2. 
The multifrequency output beam has a tight focal 
spot. In these experiments, where the pump was 
nearly diffraction limited, the relative, on-axis instan- 
taneous intensity in the far field was equal to 1 hat in 
the far field of the pump to within a factor of 2. 
The width of the near-field intensity distribution in 
the output beam increased by a factor of 2 with the 
onset of strong scattering. The immediate irnplica- 
tion is a requirement for focusing elements with 
differing focal lengths at the two ends of the 
Raman gain volume. The threat of damage to the 
output lens is increased by the presence of a cen- 
tral spike in the time-integrated fluence profile of 
the output beam. 

Several mechanisms might explain the all er- 
ation of the near- and far-field distributions during 
SRRS. The nonlinearity of scattering causes the 
Raman waist to be smaller than that of the pump 
beam, wave matching requires a deviation by 
about 60 prad per Raman order, and with pump- 
ing well above threshold some of Raman radiation 
may be generated in the near field. Our observa- 
tions are not capable of distinguishing between 
these mechanisms, but the development of a cen- 
tral intensity spike in the near field is almosi cer- 
tainly due to the extended length of the interaction 
zone for Raman waves with divergence matched 
to the pump. 
Breakdown was not observed in nitrogen boiled 
from the liquid during 1.6-11s experiments with 
energies of up to 3 J at 1053 nm and up to 1.5 J at 
527 nm, but was observed in room air during simi- 
lar experiments. 

Summary 
We have demonstrated that pulses with a band- 

width of 300 cmpl in a beam that can be tightly focused 
can be efficiently produced by stimulated rotational 
Raman scattering in N,. This method of bandwidth 
enhancement could be used in existing fusion lasers. 
The principal difficulties are the requirement for large- 
aperture fly's-eye lenses and the leakage of the nar- 
rowband pulse before initiation of scattering. Seeding 
the scattering could reduce the leakage and decrease 
the time required to initiate scattering. 
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A MAXWELL EQUATION SOLVER FOR THE 

ULTRASHORT PULSE LASER EXPERIMENTS 
SIMULATION OF MODERATELY INTENSE 

W. E .  Alley 

Introduction 
A subroutine which calculates the absorption of short 

pulse electromagnetic radiation in a material has been 
added to the laser fusion modeling program LASNEX. 
Calculational results for high-Z materials show the 
necessity for nonlocal thermodynamic equilibrium 
(NLTE) physics to account for the correct ionization, the 
development of nonexponential density profiles for the 
expanding plasma, and the movement of the critical sur- 
face that results in Doppler shifts of the reflected light. 
Comparisons of the calculations of local scalelengths and 
Doppler shifts of reflected light with experiments show 
good agreement. 

The interaction of intense, ultrashort-picosecond 
and subpicosecond-laser pulses with solid targets is 
currently a topic of great interest.l This is due largely 
to the possibility of obtaining short bursts of x rays 
from the plasmas that are formed from the interaction. 
Such bursts of x rays can be used as a pump for x-ray 
lasers2 or as a subpicosecond plasma probe. In fact, an 
ultrashort laser itself can be used as an optical plasma 
probe of a temporal resolution unmatched by the 
fastest current electron  device^.^ For instance, while 
the temporal resolution of an ultrashort laser probe can 
currently be as short as a few hundred femtoseconds, 
the resolution of the fastest electronically gated x-ray 
detector, called a gated microchannel plate, is limited 
to about 30 ps. This limitation is due to the finite tran- 
sit time of the secondary electrons through the gated 
element.4 As another example, the temporal resolution 
of a streak camera is limited by the width of the energy 
distribution of the secondary electrons leaving the pho- 
t~ca thode .~  This energy uncertainty limits the temporal 
resolution of the streak camera to greater than 1 ps. 
Ultrashort laser pulses also allow the study of uniform, 
solid density plasmas before expansion occurs, where 

the scalelengths of these plasmas can be as short as 30 A. 
Interferometry measurements cannot resolve scale- 
lengths smaller than the wavelength of light used, 
which, in the case of visible light, is of the order of 
10,000 A. Furthermore, interferometry experiments are 
performed at an angle of 90" from the normal to the 
critical surface, which means that the light probe will 
refract away from the critical surface, making it diffi- 
cult to sample the critical surface in all but very low 
density plasmas. Another interesting use of ultrashort 
lasers is the possibility of accessing high irradiance 
(intensities greater than 10l6 W/cm2) for lasers of 
modest power. For instance, a 125-fs laser pulse of 
energy 100 mJ with a spot size of 10 pm results in a 
peak intensity of about 1018 W/cm2. 

Not surprisingly, the modeling of intense, ultrashort 
laser pulses incident on solids and plasmas is also of 
much interest. This is mainly because the instrumenta- 
tion cannot follow the rapid development of the plasma 
at subpicosecond time scales. Thus, the scalelength of 
the plasma must be determined from the angle of inci- 
dence at which the peak of P-polarized absorption of 
the pulse occurs. In order to derive the relations 
between the absorption peak of P-polarized light and 
the scalelength of the plasma, simple assumptions 
based on physical models are often made about the 
density and temperature profiles of the expanding 
plasma.6 These theoretical results are then used to infer 
the plasma ~calelength.~ It is, therefore, desirable to 
constantly improve the theoretical modeling of the 
plasma so that, along with a better understanding of 
the general physics issues, more reliable diagnostic 
relations can be developed. 

The usual methods of modeling laser absorption by 
geometric optics break down when the scalelength of 
the plasma is comparable to the wavelength of the laser 
light. In ultrashort-laser pulses, where the scalelength 
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of the plasma can be smaller than the wavelength of the 
laser light, it is therefore necessary to solve Maxwell's 
equations directly to obtain the absorption. To thifi end, 
we have enhanced the laser fusion modeling program 
LASNEX8, by installing a subroutine that calculates the 
absorption of ultrashort-pulse electromagnetic radia- 
tion in a material by solving Maxwell's equations. The 
subroutine is designed to simulate experiments of 
moderate intensities: Ih2 Wc(m2/cm2. If the criti- 
cal density surface moves less than a few percent of the 
spot size, the numerical model is well approximated by 
a one-dimensional simulation; that is the assumption 
made here. Indeed, in the experiments used to develop 
the model, the critical density surface moved less than 
5% of the spot size during the times of interest (the spot 
size was -100 pm). Furthermore, at these intensities 
and short scalelengths, absorption is well modeled by 
Ohm's law alone (neglecting resonance absorption). At 
higher intensities, anomalous absorption effects due to 
a large electron oscillation amplitude become impor- 
tanty. At longer scalelengths, substantial hot electron 
production, due to such parametric instabilities as 
Raman scattering and two-plasmon decay, is an addi- 
tional source of absorption.'" Finally, at these moderate 
intensities, ionization is due solely to collisions; above 
intensities of about 10l6 W/cm2, multiphoton ioniza- 
tion begins to play an important role." 

By installing this subroutine, we will be able to take 
advantage of the many physics options available in the 
LASNEX code, such as time-dependent Lagrangian 
hydrodynamics, NLTE atomic physics, flux-limited 
and nonlocal electron conduction, and various types of 
radiation transport (Flux-limited diffusion is used for 
the examples presented herein.). 

Physics 
The period of light-wave oscillation of interest is on 

the order of a few femtoseconds. However, the hydro- 
dynamic time scales are two to three orders of magni- 
tude longer. It is clearly a computational advantage to 
average over the short time scales so as not to follow 
physical processes with time scales that are shorter 
than the hydrodynamic time scale. Thus, the phase 
velocity of the light wave is not followed, nor is the 
motion of the plasma waves. Losses due to the genera- 
tion of plasma waves at the critical surface (in the case 
of obliquely incident P-polarized light) are added as a 
sink of energy in the same manner as collisions. When 
Maxwell's equations are Fourier-transformed in time 
and a one-dimensional model in space is used, the 
results are the Helmholtz equations. Our numerical 
algorithm for the solution of these equations reproduces 
the results of previous work.12 For S-polarized light 
(having the electric vector perpendicular to the plane of 

incidence) with a density gradient along the z- 
direction (Fig. l), solving Maxwell's equations for the 
electric field results in 

- + T [ ~ x ( z , ~ ) - s i n  d 2 E x  o2 2 l  8 E,  = O  , 
d z 2  c 

where Ex(z) is the complex electric field along the x- 
direction, o is the angular frequency of the light wave, 
8 is the angle of incidence, E.(z,o) = 1 + 4nio.(z,o)/o is 
the dielectric function in the j-direction, and o.(z,o) is 
the complex conductivity. Finally, for P-polarized light 
(where the electric vector is parallel to the plane of 
incidence) with a density gradient along the z-direc- 
tion, solving Maxwell's equations for the magnetic 
field results in 

1 I 
1 

' I  oL + T[E,(z ,o)-s in  C 8 B,  = O  , 

where Bx(z) is the complex magnetic field along the 
x-direction. The appearance of the dielectric function in 
the denominator of the first term in Eq. (1b) is the source 
of the phenomenon of resonance absorption that occurs 
when the dielectric function becomes small. 

The function that defines the plasma properties is 
conductivity. Evaluating the conductivity requires 
some care because, during the short-pulse period, the 
state of matter with which the pulse of light interacts 
changes drastically from solid to dense plasma and 

, 
1 

Incident ',,A Reflected light 

/ 
light 

/ 

FIGURE 1. The electromagnetic radiation plane of incidence. The 
density gradient is along the z-direction. The x-axis is normal to the 
plane and is directed out ot the graph. 

161 



MAXWELL EQUATION SOLVER 

then, as the surface expands, to low-density plasma. 
The conductivity must reflect all of the various proper- 
ties of the matter as it goes through each of these tran- 
sitions. Lee and Morel3 developed such a model for 
d.c. or zero frequency conductivity. At intermediate 
densities, their conductivity model accounts for elec- 
tron-degeneracy effects. At high densities, it accounts 
for solid-state effects by adjusting the calculated colli- 
sion rate (the collision rate is inversely proportional to 
the conductivity) to be consistent with the electron 
mean-free path in the material. In addition, the mean- 
free path of the electrons must not become smaller 
than the spacing between ions. This restriction is due 
to Mott.14 These solid-state effects result in a falling off 
of the resistivity (which is the reciprocal of the conduc- 
tivity) at high temperature, which has been observed 
e~perimenta1ly.l~ We are left to generalize the d.c. con- 
ductivity to nonzero frequency. This is done by inter- 
polation between the d.c. resistivity and the 
high-frequency, free-electron gas resistivity: 

where v(z) = v,(z) for j = x, y, and v.(z) = vt(z) when 
j = z.  In the above, v, is the electron-ion collision rate 
and vt is the electron-ion collision rate plus other loss 
rates due to plasma waves. 

For obliquely incident P-polarized light waves, we 
must consider losses due to the generation and decay 
of plasma waves in addition to the usual electron-ion 
collisions.16 Although it can be shown that, in a linear 
density profile, the total absorbed intensity of radiation 
due to the resonance is independent of the damping 
rate v, the dynamic behavior of the plasma is affected 
by the width of the resonance through the pondermo- 
tive force.1° To account for losses due to plasma waves 
without explicitly following the waves in the plasma, 
we modified the total collision rate in the resonance 
region along the z-direction 

1 I. 

where vc(z) is the electron-ion collision rate, vL is the 
Landau damping ratel" at the critical point, v,,, is 
the rate at which plasma waves leave the resonance 
region,16 and vwb is the loss rate due to the wavebreak- 
ing of the plasma  wave^.'^('^ The function $(z - zc) is a 
Lorentzian function that is equal to unity at the critical 
point z = z ,  and has a width equal to vt(z,)L/o, where L 
is the scalelength. The d.c. conductivity is then direc- 
tional with a,(z, 0) = 0 (z ,  0) = d ( z ,  O), where d (z ,  0) = 
n,(z)e*/rn,v,(z) is the d.c. conductivity due to electron- 
ion collisions, and oz(z,  0) = d ( z ,  O)v,(z)/v,(z). Landau 

Y 

damping is a well-known phenomenon in plasma 
physics and will not be discussed further here. However, 
to gain a physical understanding, we will discuss the 
rates associated with plasma waves escaping from the 
resonance or breaking. 

and down the density gradient and eventually leave 
the resonance region; when they leave the resonance 
region, they are effectively decoupled from the laser 
light. The plasma waves carry energy and therefore 
represent a loss of energy to the light wave. The rate 
veSc at which a plasma wave of angular frequency w 
and wavenumber k carries energy away from the reso- 
nance region is equal to v /6z, where v = dw/dk is the 
group velocity of the wave and 6z is the width of the 
resonance. The group velocity of the wave is 3kv:/o, 
where vg is the mean-squared thermal velocity of the 
electrons.1° If the width of the resonance were deter- 
mined solely by this mechanism, then 6z = veSC L / w ,  
where L is the scalelength. Setting k = 1 /6z results in 
an equation for the rate of energy loss, (yes, / o ) ~  = 

3 ~ 2 , / ( w L ) ~ ,  which is Denisov's result.16 

placement of particles of different initial positions in a 
plasma 0ver1ap.l~ Simple arguments show that the 
oscillation velocity above which wavebreaking occurs is 
related to the driving intensity as vk,, = 2vdwL. 
velocity U, is the electron oscillation velocity due to the 
driving electric field E ,  = B,  sin (e), where €3, is the 
solution of Eq. (lb) at resonance and 8 is the angle of 
incidence of the laser light. The driving electric field is 
the value that the electric field would have if the reso- 
nance were absent. Because of the resonance, the electric 
field is larger than the driving field and the actual oscil- 
lation velocity of the electrons located in the resonance 
is larger than u,. If the oscillation velocity becomes 
larger than vWb, the plasma waves generated by the 
electric field will break and dissipate their energy into 
heat. This energy drain tends to maintain the electric 
field in the resonance at a value that corresponds to the 
wavebreaking velocity vwb and corresponds to a loss 
rate equal to v,,,/L?~ When this rate is used in the wave 
equation, the dependence of the wavebreaking rate on 
the driving intensity results in a nonlinear equation for 
the intensity of the wave; therefore, the system must be 
iterated to find a self-consistent solution. 

Plasma waves generated at resonance propagate up 

g g 

Wavebreaking of plasma waves occurs when the dis- 

The 

Numerical Method 
The LASNEX code structure facilitates the addition 

of new physics processes because each process in LAS- 
NEX is assumed to be independent for the solution 
time step. During each LASNEX time step, or cycle, the 
new subroutine solves Maxwell's equations for the inci- 
dent wave in S- and/or P-polarization then calculates 
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the rate of Ohmic energy absorption I J .  E I = orE2/2, 
where the vertical bars indicate a time average, or is the 
real part of the conductivity, and E is the amplitude of 
the electric field. The calculated energy-absorption rate 
along with the pondermotive force is then passed to 
LASNEX as a source. 

with zone boundaries, temperatures, and electron m d  
ion densities. Then, by remaining in complex space, 
Eqs. (la) and (lb) are solved by a finite-difference 
method resulting in a tri-diagonal linear system. The tri- 
diagonal matrix of this system is rapidly inverted and 
results in the propagating electric or magnetic field 
according to which equation is solved. The only caveat 
is that, in the case of P-polarization, the system must be 
subzoned about the resonance in order to resolve the 
solution there. Otherwise, because the resonance is nar- 
row compared to the material zoning, it would be com- 
pletely missed in the difference solution. Once a solution 
is found, the absorbed energy can be calculated using 
Ohm's law. The absorbed energy, along with the ponder- 
motive force density, is then returned to LASNEX. 

If the material zones are too large, the numerical 
solutions of Eqs. (la) and (lb) will not be accurate. The 
zoning must be such that the electromagnetic wave is 
resolved; this is usually the case when there are five to 
ten zones per wavelength. This is an indirect limitation 
on the intensity of the incident electromagnetic wave. 
For high intensities, Lagrangian hydrodynamics expand 
the outside zones rapidly. Even for pulses with a dura- 
tion less than l ps, if the peak intensity of the pulse is 
much above 1015 W/cm2, hydrodynamic expansion 
can render the zones too large for accurate numerical- 
difference solutions to Eqs. (la) and (lb). In the future, 
we will eliminate these zoning restrictions by applying 
the W.K.B. approximation to the incoming and outgoing 
waves in the expanded low-density zones. 

Between each cycle, LASNEX must supply the routine 

Results 
The laser pulses are modeled as spatially uniform 

over the focal spot with a hyperbolic secant squared 
temporal profile. Figure 2 shows the plasma parame- 
ters predicted by LASNEX calculations3 during irradi- 
ation by a 583-nm wavelength pulse of 1.5 x 
W/cm2 with a 1-ps FWHM of (a) a gold target and (b) a 
gold plasma formed 200 ps earlier by a 2 x 1013 W/cin2 
pulse of the same wavelength and duration. All pulses 
are incident at an angle of 10" and are S-polarized. 
Figures 2(a) and (b) represent the state of the plasma at 
the peak of the pulse and show spatial profiles of the 
electron temperature T,, the ionization 2, the plasma 
electron density ne divided by the critical density nc := 
3.28 x 1OZ1/cm3, and ion density pi. 

Figure 2(a) illustrates that the predicted early plasma 
profile is exponential and isothermal up to a density of 
10 n,. In Fig. 2(b), which corresponds to a second pulse 
incident 200-ps after the initial plasma production, the 
ion density profile acquires a density-dependent scale- 
length. However, the electron density profile has formed 
a plateau at critical density, due to ionization by the sec- 
ond pulse. Note that, during irradiation, the electron 
heating rates quickly surpass the electron collisional 
rates at critical density and below for this high-Z ion. 
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FIGURE 2. 1-D hydrodynamic simulation of plasma parameters. 
Both pulses are S-polarized. Curves are for electron density I I , / I Z ~ ,  

total density p in g/cc, electron temperature T ,  in eV, and the aver- 
age ion charge state 2. 
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The ion state is, therefore, out of thermodynamic equilib- 
rium with the radiation field. To correctly calculate the 
degree of ionization in the plasma, we use the NLTE 
atomic physics option in LASNEX. 

Figure 3 shows the shifts of the spectral distribution 
peak of a specularly reflected pulse of 583-nm laser 
radiation, which is interacting with either a preformed 
gold or carbon plasma. The laser consists of an ampli- 
fied, synchronously pumped 3-mJ, 0.8- to 1-ps dye 
laser. The laser beam was split into three to provide 
optically synchronized probe, pump, and preforming 
plasma pulses with variable time delays between any 
two. The spectral shifts are plotted as a function of 
delay time At between a preforming 1-ps laser pulse of 
intensity 2 x 1013W/cm2 at an angle of incidence of lo", 
and a 1-ps pump pulse of intensity 3 x 1014W/cm2 and 
angle of incidence of 40". The predicted results for gold 
are based on LASNEX calculations. To obtain the spec- 
tral shifts, the LASNEX results are weighted over the 
pump pulse temporal profile. The experimental and 
calculated shifts are in good agreement, decreasing 
slightly before rising sharply after a delay time of 50 ps. 
The results, as discussed elsewhere3, indicate a transi- 
tion from purely hydrodynamic motion to dominance 
by ionization front motion. 

of a gold plasmal9 that has been irradiated by a 583-nm 
pulse of 1 x 1013W/cm2 and 1-ps duration perpen- 
dicular to the surface. The plasma scalelength was 

Figure 4 shows the development of the scalelength L 
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FIGURE 3. Wavelength shifts incurred by a pump pulse vs delay 
time after the initial plasma production for gold (solid squares), and 
for carbon (open triangles) targets. The solid curve is the LASNEX 
calculation for gold. A 10-A shift corresponds to a Doppler velocity 
of 3.3 x io7 cm/s. 

determined by monitoring the specular reflectivity of a 
noninvasive, P-polarized probe pulse at various inci- 
dence angles and time delays. The intensity of the 
probe was 3 x 1010W/cm2. The reflection curve was 
plotted as a function of angle, and the scalelength 
inferred from the angle where the minimum in that 
curve occurs. As shown in the figure, the rate of 
increase of the scalelength as calculated by LASNEX 
agrees well with the experimental results, especially 
below the 5-ps time delay. The scatter in the experi- 
mental results above the 5-ps time delay is due to the 
uncertainty introduced by an increasingly diffuse 
probe-pulse scattering, which makes it difficult to 
extract accurate absorption profiles from solely specu- 
lar reflectivity measurements. Note that the first exper- 
imental point above zero scalelength in the figure 
corresponds to a scalelength of 30A! 

Summary 
The generally good fits between experiments and 

simulations confirm the 1-D model for short pulses of 
an intensity of around a few times 1014W/cm2 or less, 
in which Ohmic heating is the dominant absorption 
mechanism. In such plasmas, the model successfully 
predicts the evolution of the density profile. In addi- 
tion, the model has clarified our understanding of the 
various mechanisms that contribute to the spectral shift 
of reflected laser light from the p l a ~ m a . ~  These mecha- 
nisms include: a Doppler shift due to hydrodynamic 
motion, a shift due to the motion of the critical surface 
caused by ionization, and a shift due to the changing 
scalelength of the plasma. The calculations also indicate 
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FIGURE 4. Time-dependent scalelength of a gold plasma after the 
solid target has been initially irradiated by a short-pulse laser. The 
ordinate is the scalelength times the wavenumber of the laser light. 
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that the state of ionization within the plasma is gener- 
ally not in thermodynamic equilibrium with the sur- 
rounding radiation field. 

Our future work will focus on raising the intensity 
limit of the subroutine by using the W.K.B. approxima- 
tion in low density zones to ensure that the problems 
involved with hydrodynamic expansion can be elimi- 
nated. Other modes of absorption must also be consid- 
ered as the peak intensity is increased, such as the 
anomalous skin e f f e ~ t , ~  parametric instabilities such as 
Raman scattering and two plasmon decay instability,l0 
and multiphoton ionization." 
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Introduction 
We report time-resolved, two-dimensional (2-D) 

measurements of the location and movement of a radi- 
ally propagating heat front in a laser-produced plasma. 
The heat front is driven by a heat source of roughly con- 
stant temperature, produced by using several 0.35-pm- 
wavelength laser beams to create a plasma whose central 
region is underdense to the laser light. The surrounding 
region is much colder and is overdense, with steep tem- 
perature and density gradients. The resulting heat front 
is directly detected by its distinctive, ring-like x-ray 
emission as described below. The experimental data are 
presented and compared to results of a two-dimensional 
hydrodynamic simulation that uses a simple ("flux-lim- 
ited") heat-transport model. These data can furthermore 
be used for comparatively detailed, future tests of more- 
sophisticated heat-transport models. 

Electron-thermal heat transport has been researched, 
both experimentally and theoretically, in the laser- 
plasma community for several years. Thermal heat 
transport determines how laser energy absorbed by a 
plasma is distributed into the cooler regions of the 
plasma and is important for accurately modeling plasma 
conditions for laser-fusion experiments. Theoretical 
modeling of thermal heat transport becomes difficult 
when the temperature gradients become steep on the 
spatial scale of the interactions that limit the heat flow. 
In this case, fluid treatments of the heat transport such 
as Spitzer-Harm' fail to apply, and more complicated 

models must be developed. In the case of nonmagneti- 
cally confined plasmas, such models 2-5 at minimum 
involve solutions of the Fokker-Planck equation to 
account for Coulomb collisions, but local magnetic 
fields, ion-acoustic turbulence, or other effects may 
also play a role. Experimental data are needed to test 
and refine the models, but difficult to obtain, particu- 
larly for laser plasmas, with their submillimeter spatial 
scales and subnanosecond time scales. Steep tempera- 
ture or density gradients, which may exist either along 
the laser axis or radially outward (transverse) from the 
laser, introduce the complication of heat transport in 
at least two dimensions. Experiments that specifically 
address radial heat transport are important for under- 
standing planar target experiments, x-ray laser design, 
plasma-smoothing of laser inhomogeneties, and can pro- 
vide data for testing heat transport models in general. 

Although some experiments using preformed plas- 
mas have produced data that could test heat-transport 
models in steep gradients 6,7, progress in laser-pro- 
duced plasmas has been limited. The heat transport in 
such plasmas is time and space dependent. However, 
early heat-transport experiments could only produce 
time-integrated measurements of absorption, ablated 
mass, and x-ray emission. 
included time-resolved spectroscopy of layered tar- 
gets l1-I3 to measure the spatially averaged heat-front 
penetration, but still allowed only complex and model- 
dependent inferences regarding the heat-front motion. 
Radial heat-front motion in laser-produced plasmas 

Later experiments 
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was first investigated by one-dimensional (1-D), time- 
resolved imaging of x-ray emission from overdense tar- 
gets l4 where significant radial transport was observed 
due to suprathermal electrons. Radial thermal-heat 
transport has been addressed by imaging the 1-11 struc- 
ture of the shock wave emerging from the back of an 
overdense target in two separate experiments, 15,16 but 
this technique has produced conflicting results. One 
improvement has been to obtain time-resolved, l-D 
images of the laser transmission of a thin target l7  to 
infer the location of the radial heat front, the interpre- 
tation of which depends upon modeling of absorption, 
ablation, and refraction as well as heat transport. 

The present experiments represent a further 
improvement. We directly detect the location anti prop- 
agation of a radial heat front in a laser-heated explod- 
ing-foil plasma by measuring x-ray emission, which is a 
distinct signature of the heat front. This x-ray emission 
depends simply on the local electron density and tem- 
perature in the vicinity of the heat front. Unlike previ- 
ous experiments, this technique is fairly insensitive to 
details in the modeling and provides sufficient spatial 
and temporal information to resolve the small scale 
lengths present in these plasmas. 

Experiments and Modeling 
Our experiment measures the radial heat-wave prop- 

agation using a plasma produced by eight beams of the 
Nova laser l8 irradiating titanium foil targets either 0.5 or 
1.5 0.02-pm thick. Each tareet is 1.5 f 0.1 mm in diam 
and is supported on a 1000-A thick formvar foil. Each 
side of the target is illuminated by four beams with 11 * 
0.5 kJ of 0.35-ym light in a 2-ns-long, flat-top laser pul:je 
with 100-ps rising and falling edges. Each of the f/4.3 
laser beams strikes the target at a 50" angle from the tar- 
get normal, with its best focus placed 3800 * 200 pm 
from the target surface. This produces an effective over- 
lapping spot that is roughly circular and is -900 pin 
(FWHM) in diameter. Computer analysis shows the 
average total intensity is approximately 1 x 1015 W/cm2 
within a 500-pm radius, while the average intensity out- 
side the overlapping region is 5 1 x 1014 W/cm2 at a 
radius of 600 pm or greater, dropping rapidly as radius 
increases. We characterized the resulting plasma through 
optical and x-ray measurements and comparisons with 
hydrodynamic simulations . l9 

the radial heat front via x-ray imaging. Initially, x-ray 
emission from the target dominates within the 500-pm 
radius laser spot. Later in the laser pulse, the plasina 
becomes underdense to the laser light in the central 
500-pm radius of the foil, and hereafter is called the 

The experimental design allows direct observation of 

laser burn-through time. The radial density and temper- 
ature gradients are steep outside the laser burn-through 
region, and define the position of the radial heat front. 
Within 50 ps after laser burn-through, simulations and 
measurements show that the plasma density within this 
radius drops to well below 0.5 ncr, where n,, is the criti- 
cal electron density for 0.35-pm laser light (ncr -1 x 10" 
cmP3), and the x-ray emission within this region drops 
considerably. The calculated electron temperature 
within the 500-pm radius is 3 4  keV at this time. The 
plasma density increases at radii beyond 500 pm, and 
the temperature decreases rapidly enough to produce 
a "ring" of bright x-ray emission. This is because the 
total x-ray emission from the plasma is proportional to 
nzT'$ where ne and T,  are the electron density and 
temperature, and a is of order 1.0 (Ref. 20). Time- 
resolved measurements of the x-ray emission ring 
directly show the propagation of the radial heat wave. 

Heat-Front Motion Measurements 
The x-ray emission is measured normal to the target 

plane using a pinhole array imaged onto a stripline, 
microchannel plate detector. This instrument 
a sequence of several images on each experiment, with 
each image having a spatial and temporal resolution of 
15 pm and 80 ps. Source-motion blurring limits the spa- 
tial resolution to 30 pm for this experiment. 

Figure 1 shows a schematic diagram of the experi- 
ment and of the microchannel plate detector. A combi- 
nation of a gold photocathode and beryllium filters 
limits the detector response to x-rays with hv 2 2.5 keV. 
The instrument output is recorded onto film and the 
film is digitized. The absolute timing of each frame is * 
50 ps, but the relative time between sequential frames is 
more precise. Figure 2 shows a sequence of two frames 
for the 1.5-pm-thick foil after laser burn-through. The 
ring-emission radius is measured for each frame by 
using a computer to fit a circle through the centroid of 
the ring; it has an upper bound uncertainty of 2 30 pm. 

Figure 3 shows a plot of the ring-emission radius vs 
time for each foil thickness. The points at the earliest 
times (radius -500 pm) are from images where the ring 
emission first develops. Images at earlier times show a 
bright emission spot -500 pm in radius, and no indica- 
tion of any ring structure. These measurements indicate 
a laser burn-through time of about 150 ps and 600 ps 
for the 0.5-pm and 1.5-pm-thick foils, respectively. An 
independent measurement of the laser burn-through 
time for the 1.5-pm-thick foil was made in a separate 
experiment l9 using a low-intensity 0.53-pm laser probe 

provides 
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during the 0.35-pm laser heating beams. This measure- 
ment indicates that the plasma becomes transparent to 
the 0.53-pm laser probe at 600 * 50 ps, in excellent 
agreement with the x-ray measurement. A measure- 
ment was not obtained for the 0.5-ym-thick foil. 

LASNEX Modeling 
We performed hydrodynamic simulations of these 

experiments using the two-dimensional LASNEX 
code. 22 The modeling assumed cylindrical symmetry 
about the z-axis. The targets modeled were a 0.5-pm or 
1.5-pm-thick titanium foil, plus an additional 1000-A 
formvar foil. The titanium foil radius was 750 ym, and 
the formvar radius was 1500 ym. The laser was mod- 
eled as a bundle of f/4.3 rays in a 50" cone incident on 
the foil, and included a correction for 3-D ray paths. 
An effective laser-intensity profile for the overlapping 

(a) Target front view (b) 

beams was calculated from measurements of a single 
beamz3 (Fig. 2). The calculations use 11 kJ of 0.35-ym 
light in a 2-ns trapezoidal pulse on each side of the foil. 
A comparison of the simulation results with previous 
experiments 19,23 has given us confidence in modeling 
the present experiment. 

fusion, where the heat flux for a given zone is given by 
The simulations use multi-group, flux-limited heat dif- 

The first value in brackets is the classical heat flux 
where K~~ is the Spitzer-Harm thermal conductivity' 
multiplied by the gradient of the electron temperature 
VT,. The second value is an expression for the free- 
streaming heat flux, where ue is the electron thermal 
speed, and ne and T ,  are the plasma electron density 
and temperature, respectively. The parameter f is the 

~~ 
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FIGURE 1. Schematic diagram showing experimental setup and x-ray framing instrument. 

I 
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FIGURE 2. Time-resolved x-ray images of 1.5-pm foil after laser 
burn-through. The frames are at (a) 880 ps and (b) 1030 ps from the 
beginning of the laser pulse, and the laser burn-through time is at 
about 600 ps. The emission ring is superimposed over the back- 
ground plasma emission. 
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FIGURE 3. Plot of the ring-emission radius vs time for the 0.5-ym 
foil and the 1.5-ym foil. The solid-line curves indicate hydrodynamic 
simulations for each foil thickness using a flux-limit f =  0.03. The 
dashed-line curve indicates the simulation for the 1.5-ym-thick foil 
using a flux-limit f = 0.1. 
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flux-limit value used in the simulations. The impor- 
tance of the actual, nonlocal heat transport, not mod- 
eled in the simulations, is discussed below. 

We performed simulations using f = 0.03 or 0..1 for 
the 1.5-pm-thick foil, and f = 0.03 for the 0.5-pm-thick 
foil. We used the post-processing code TDG to simu- 
late the images recorded by the instrument. The simu- 
lations output the x-ray emissivity for a given radius, 
integrated along the line of sight of the instrument, 
and take into account radiation transport, opacity, and 
the response function of the detector. We measured the 
radius of peak emissivity vs time for each simulation 
(Fig. 3). The simulation with f = 0.03 is in qualitative 
agreement with the experiment except that the simula- 
tion predicts a slightly later laser burn-through time. 
The simulation with f = 0.1 yields a laser burn-through 
time that is too early, but more importantly, predicts 
that tke 1.5-pm-thick foil is coinpletely underdense at all 
radii by 900 ps,  in significant disagreement with the experi- 
mental observations. The experiment shows a bright 
emission ring lasting to 1.5 ns and longer, whereas the 
simulation using f = 0.1 indicates no such emission 
past 900 ps, since it predicts that the foil is completely 
heated and underdense at all radii by this time. 

Gradient X-ray Emission Profiles 
We can obtain estimates of the gradient scale length 

of the plasma temperature at the heat front from pro- 
files of the x-ray ring emission. Figure 4 shows a sam- 
ple profile for the 1.5-pm-thick target at 1030 ps. The 
ring emission is at a radius of -590 pm at this time. The 
falling edge of the emission is due to the temperature 
gradient falling from high to low temperature. The 

width of the ring emission is about 75 pm, and the emis- 
sion drops to half its maximum value in about 60 pm. 
Since the emission scales roughly linear with tempera- 
ture, we infer that the temperature drops by a factor of 
2 in about 60 pm at a radius of 590 pm. This is in good 
agreement with LASNEX simulations (see contour 
plots in Fig. 5). 

The simulated emission profile at 1000 ps for the 
1.5-pm-thick target using a flux limit f = 0.03 is also 
shown in Fig. 4. The simulated profile is in excellent 
agreement with the experiment for the location of the 
ring and the falling edge, but the contrast between the 
ring emission and the plasma background emission is 
higher than observed in the experiment. We investi- 
gated this disagreement in the ring contrast by varying 
the filter response function used in the post-processing 
to simulate the effect of variations in the x-ray spectra 
on the observed images. The images of x-ray emission 
are integrated over a broad range of x-ray energies and 
include both continuum emission and He-a and Ly-a 
lines at around 4.5 keV. Simulations show that an 
increase in line emission over the continuum lowers 
the observed ring contrast. Hence, this discrepency 
may reflect uncertainties in our ability to correctly cal- 
culate the x-ray emission spectra. This is an area of 
ongoing research. Future experiments could filter the 
instrument such that only continuum emission is 
detected, thus improving the ring contrast and remov- 
ing uncertainties about calculations of the x-ray spectra. 
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FIGURE 4. Plot of x-ray emission profile (solid-line) lrom the 1.5- 
pm-thick foil at 1030 ps. The simulated emission profile (daslted- 
line) is shown for a flux-limitf= 0.03. 
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FIGURE 5. Contour plots from 2-D simulations of the 1.5-pm-thick 
foil at 850 ps, with a flux-limitf= 0. 03. The solid-line contours are 
electron density in units of (ncr cm"). The dashed-line 
contours are electron temperature (keV). The shaded area indicates 
the predicted region of strongest thermal-heat flux (Q > 1 . 5  x 1 O I 4  
W/cm2). The predicted ring emission is at Y E 570 pm. 
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Nonetheless, this minor discrepency of the ring con- 
trast does not affect our conclusions about the radial 
heat front motion for this experiment. 

Thermal Heat Transport Analysis 

Estimates of Flux-Limit 
and Heating Mechanisms 

Estimates of the electron heat flux into the overdense 
material and comparison with other heating mecha- 
nisms prove useful in understanding the results of the 
experiment. We estimated the heat flux by examining 
contour plots of the simulated electron density and 
temperature. Figure 5 shows sample plots for the 1.5- 
pm-thick foil at 850 ps for f = 0.03. The electron temper- 
ature at n,, is -2 keV and drops with a scale length of 
-50 ym. The implied Spitzer-Harm heat flux from Eq. 
(1) is -2 x 
ited heat flux from Eq. (1) is -2 x 1014 W/cm2 forf= 
0.03. These estimates also agree with the more precise 
LASNEX calculations. Using 2-D LASNEX simulations, 
we estimated heating by the x-ray flux, suprathermal 
electrons, compression and variations in the assumed 
laser-intensity profile. The x-ray flux density calculated 
by LASNEX is about 
shown in Fig. 5, or at least 20 times lower than the flux- 
limited thermal flux. Suprathermal electrons, while a 
dominant heating mechanism for 1.05-pm laser experi- 
ments, are much less than 1% of the laser flux for these 
0.35-ym laser experiments. The simulations also show 
no evidence of compression heating in the radial direc- 
tion. Finally, we performed simulations where the laser 
intensity distribution beyond a radius of 550 pm was 
increased and decreased by a factor of 2 to estimate the 
effects of uncertainties in the laser irradiation. These 
simulations showed no measurable changes in the tem- 
perature, density, or emission profiles from our stan- 
dard modeling of the laser intensity distribution. From 
these calculations we conclude that thermal electron 
heat conduction dominates the energy transport to the 
dense plasma region. The heat conductivity inferred in 
the experiment appears to be -10 times lower than one 
would calculate using Spitzer-Harm conductivity. 

W/cm2 radially at 600 pm. The flux-lim- 

W/cm2 for the conditions 

Estimate of Nonlocal Heat Transport 
Nonlocal transport becomes important when the 

mean-free-path of the heat-carrying electrons, with 
energies of 2-3 ue, is comparable to the temperature-gra- 
dient scale length. Estimates for the effective nonlocal 
conductivity, based on analytic theory and Fokker- 
Planck transport calculations, have been published and 

a crude application of these may be used to determine 
the role of nonlocal transport in the present experiment. 
A review of two analytic theories compared to Fokker- 
Planck calculations was recently published in which 
the reduced nonlocal conductivity from Fokker-Planck 
calculations is given as 

K F ~ / K S H  z 1/[1+ 50khe] I (2) 

where k is the wavenumber of the temperature fluctua- 
tion and he is the stopping length of the electrons, 
defined by he = T2/4rcn,e4(Z + 1)1’2 lnA, and InA is the 
usual Coulomb logarithm. We find he to be 0.5-1 .0 pm 
using 11, = ~ m - ~ ,  Tc = 2-3 keV, and charge state Z = 
20. We approximate k = 27c/LT where L, is the tempera- 
ture scale length -30-50 pm. Hence, kh, -0.1-0.2, 
which gives a reduced conductivity of 0.09-0.17, and is 
roughly the amount inferred from the experiment. Thus, 
a detailed treatment of heat conduction using nonlocal 
transport may be sufficient to explain the experimental 
observations. In the future, we will attempt to compare 
nonlocal transport modeling to the experimental results. 

Estimates of Flux Inhibition 
by Magnetic Fields 

A simple physical picture can help describe the 
effect of heat flux inhibition by magnetic fields. 
Normally, the diffusion of thermal energy by an elec- 
tron is determined by its mean free path (mfp) as it 
randomly collides with both electrons and ions in the 
plasma. In the presence of a large magnetic field, ther- 
mal diffusion can be slowed down if the Larmor radius 
of the electron is smaller than its mean-free-path. In 
this case, the thermal heat flux is reduced by the factor 
l+(hlnfp/pL)z, where hlnfp is the electron mfp and pL = 
v,m,c/eB is the Larmor radius of the electron in a mag- 
netic field of strength B .  

Earlier in this section, we inferred that a factor of 10 
reduction of the Spitzer-Harm conductivity was neces- 
sary to explain the experimental observations. For the 
plasma conditions in our experiment, 11, ~ m - ~ ,  T, 
-2 keV, Z -20 and 1nA -7, this would require the mag- 
netic field 2 2 MG. 

Magnetic fields of 1-2 MG have been observed in 
laser-produced plasmas, 24 and such self-generated 
fields may exist in our experiments. One possible mech- 
anism that could produce very large magnetic fields is 
the Vn, x VT, mechanism. A steady-state estimate for 
the magnetic field generated by this effect is given by 25 

(3) 
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where A and Z are the atomic number and charge 
state, and LT is the temperature-gradient scale length. 
For a 2-3 keV plasma, this requires L, -30 pm to pro- 
duce a 2-MG magnetic field. From these estimates, it is 
reasonable that such fields may exist in our plasmas 
and would affect the thermal heat conduction. 

Summary 
We have made time-resolved, x-ray images of the 

emission from laser-heated foils and have observed 
emissions characteristic of the thermal heat front. 
Measurements of the radial propagation of the heat 
front were obtained and compared to 2-D hydrody- 
namic simulations that use flux-limited diffusion. We 
found that a flux-limit much less than 10% of the free- 
streaming flux is necessary to explain the measure- 
ments, which is the first such evidence for strong 
inhibition of heat flow in the radial direction. Simple 
estimates of the effects of nonlocal heat transport and 
transport inhibition by magnetic fields were made for 
our experimental conditions, and both mechanisms 
may play a role in these experiments. These experi- 
mental data will provide a useful test for future, more 
detailed heat-transport modeling. 
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Introduction 
Target perturbations that arise out of laser-intensity 

nonuniformities are among the most serious potential 
degradation mechanisms for directly driven capsules. 
We investigated the seeding and growth of modula- 
tions on directly driven planar targets, accelerated by a 
beam smoothed with a random-phase plate (RPP)' and 
smoothing by spectral dispersion (SSD).2 The beam 
smoothing implementation and results are discussed in 
an earlier IcF Quarterly article.3 Experiments in 199I4r5 
measured growth, by Rayleigh-Taylor (RT) instability, 
of sinusoidal perturbations initially formed into the 
surface of the target foils. The experiments discussed in 
this article are similar, except that the foils are initially 
flat and the modulations that arise are seeded by the 
laser-intensity nonuniformity. 

with a length scale significantly shorter than the capsule 
radius can seed ripples in the imploding shell; these rip- 
ples grow by RT instability and could penetrate the shell 
or feed through it to mix pusher material into the 
Intensity variations on scales comparable to the shell 
radius will drive an asymmetric implosion, which may 
also degrade capsule burn. For this reason, it is desirable 
to make the laser-intensity profile as uniform as possible. 
On one beamline of the Nova laser, we implemented 
RPP and SSD to investigate the performance of these 
smoothing schemes, both of which are intended to mini- 
mize intensity variations on length scales much shorter 
than the spot diameter. Smoothing of the laser intensity 
on the scale of the capsule radius may be achieved by 
control of the intensity profile across the laser spot and 
by overlapping many beams. These effects are not 
addressed by our experiments. 

In a direct-drive capsule, variations in laser intensity 

* Laboratory for Laser Energetics, University of Rochester, NY. 

Experiments 
Significant illumination nonuniformity can remain 

with beam-smoothing schemes, even in time average. 
Furthermore, some time is needed for the nonunifor- 
mity to average out. For the Nova RPP and SSD imple- 
mentation, the minimum residual rms modulation 
(normalized to average intensity) is a/(l) = 0.07-0.15, 
and is reached in a time scale of about 100 ps. Our 
objective was to measure the modulation in the planar 
foil that results from this intensity variation and to 
examine how the modulation varied with the smooth- 
ing level and time scale. We varied the bandwidth of 
the 0.53 pm (second harmonic) laser beam between 0 
and 0.14% or 0.75 nm. A zero bandwidth results in a 
stationary RPP speckle pattern with rms modulation 
o/(l) = 1. The intensity distribution is exponential so 
that intensities in individual speckles can reach several 
times the mean and occasionally higher. With the addi- 
tion of bandwidth, different frequencies, which have 
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FIGURE 1. Laser-intensity smoothness (a/(l)) vs time interval over 
which the intensity is averaged, for different laser bandwidths. 
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been spatially dispersed, interfere to give different 
speckle patterns at different times. At any instant, the 
speckle pattern is similar to that with an RPP alone, 
but in time average the pattern is smoother. As the 
bandwidth increases, the spatial divergence increases, 
so more uncorrelated speckle patterns can be created at 
different times, and the time-average intensity varia- 
tion decreases. Furthermore, the time scale over which 
the smoothing approaches the asymptotic level gets 
shorter. Figure 1 shows a model of the smoothing level 
as a function of averaging time for different laser band- 
widths. Most smoothing occurs along the direction of 
dispersion. A time-average image of the spot (Fig. 2) 
shows streaks that are elongated in the direction of dis- 
persion. The measured o/(l) for this case, with 0.14% 
bandwidth, is 7%, fairly close to the prediction of the 
model shown in Fig. 1. 

Figure 3 shows the experimental configuration. A 
nominally flat polyethylene (CH2) foil, about 20-pm 
thick, was illuminated normal to its surface with a 
smoothed beam in the Nova two-beam chamber. In 
addition to RPP and SSD, optical wedges were used to 
steer sections of the beam in different directions, thus 
producing an intensity profile that was nearly flat in its 
central portion. The beam was temporally shaped to 
give a linear rise over 1 ns to a peak intensity of about 
8 x W/cm2, followed by 2 ns at constant intensity. 
The opposing beam illuminated a uranium disk to pro- 
duce an x-ray backlighter; this beam was also smoothed 
with an RPP to minimize backlighter nonuniformity. A 
gated pinhole camera viewed the backlighter through 

FIGURE 2. Time-integrated optical image of the laser spot, showing 
streaks in dispersion direction from SSD and a square pattern result- 
ing from optical wedges. 

the foil to obtain a series of nearly face-on, snapshot 
radiographs of the foil as it was accelerated. The fram- 
ing camera had a resolution of 8 pm (in the target plane) 
and a gating time of 100 ps, during which target motion 
was not significant. In the laser diagnostic station, a 
small fraction of the beam, split off with a beam splitter, 
was imaged into an equivalent target plane. A streaked 
slit imaged a slice of the spot elongated along the direc- 
tion of SSD dispersion with a temporal resolution of 
15 ps. Although the resolution was not sufficient to fully 
resolve variations in the speckle pattern with SSD, the 
data aided in characterizing the intensity modulation. 

The smoothness of the laser spot and the time scale 
over which the speckle intensity modulations average 
away can be adjusted by varying the bandwidth of the 
laser. This is accomplished by varying the intensity of 
the noisy glass oscillator, which is copropagated 
through an optical fiber to cross-phase-modulate the 
narrow band pulse. Earlier RT experiments with foils 
with initial surface modulations used the highest band- 
width of 0.15%, which gives the smoothest beam. 
Clipping of the spatially dispersed beam by spatial-filter 
pinholes and detuning of the frequency conversion to 
the second harmonic limit the bandwidth of this system. 
By reducing the bandwidth of the laser, the beam can be 
made less smooth. The dispersion of the grating, which 
spatially separates different frequencies, is another 
parameter of SSD smoothing that was not varied in 
these experiments. In future experiments, we would like 
to use a grating of higher dispersion when we reduce 
the spectral bandwidth. If the angular divergence of the 
beam is thus held constant, the asymptotic smoothing 
level of the beam should remain the same, but the time 
scale over which the intensity variations average out 
should increase. 

. 

Backlighter 
Backlighting beam target 

FIGURE 3.  Experimental setup 
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Analysis 
Figure 4 shows images taken at 2.5 ns of foils illumi- 

nated with bandwidths of 0, 0.04, 0.08,0.10, and 0.15%. 
The pattern of modulation of the foils resembles time- 
integrated images of the optical spot. The x-ray images 
show less modulation for foils illuminated with higher 
bandwidth. For 0 and 0.04% bandwidths, the pattern 
shows many bubbles that developed from speckles. 
For higher bandwidth, the features become elongated 
along the direction of dispersion, similar to streaks seen 

__  

in the optical images. The streaks in the foil appear to 
be more broken up into beads than the streaks in the 
optical images. 

Figure 5 shows optical depth modulation as a func- 
tion of modulation wavelength along the direction of 
SSD dispersion at different times, for each bandwidth. 
These spectra represent the Fourier transform of the log- 
arithm of film exposure, averaged over slices through 
the image. The increase in modulation with time is read- 
ily apparent as is the higher smoothing level achieved 
with higher bandwidth. 

FIGURE 4. Foil x-ray 
images at 2.5 ns for 
SSD bandwidths of 
(a) 0, (b) 0.04, (c) 0.08, 
(d) 0.10, and (e) 0.15%. 

FIGURE 5. Modulation 
(absolute value of 
Fourier transform of 
log exposure) in direc- 
tion of SSD dispersion 
vs modulation wave- 
length at different 
times for bandwidths 
of (a) 0, (b) 0.04, 
(c) 0.08, and 
(d) 0.15%. 
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Using the LASNEX computer simulation code, we 
modeled the seeding of foil perturbations by laser- 
intensity modulations. The calculations include hydro- 
dynamics, flux-limited-diffusion electron conduction, 
multigroup-radiation diffusion, and ray-trace laser 
treatment. We used finite-element diffusion for both 
electron conduction and radiation, as it handles better 
steep gradients in distorted meshes than a finite -differ- 
ence treatment. The LASNEX laser-ray-trace package 
models laser-energy deposition by tracking a specified 
number of discrete rays (including refraction) through 
the numerical mesh and depositing energy in zones 
through which rays pass, in proportion to the absorp- 
tion rate. We represented the intensity patterns by 
adjusting the relative powers of different rays according 
to the points on the foil surface at which the rays are 
aimed. Refraction of rays away from their aiming point 
alters the intensity pattern from what was intended. 
Also, since rays are launched at different angles and 
cross each other, the intensity pattern at depths other 
than the depth for which the aiming point was defined 
will differ from the true wave optics. Our hope is that 
the genuine effect of thermal smoothing by electron 
conduction will be large enough to dominate once the 
ablated plasma is thick enough for these numerical 
effects to become significant. Also, spurious intensity 
modulations are introduced by variations in the number 
of rays that happen to pass through different zones. 
These are minimized by using a large number of rays, 
by randomly jiggling the ray directions from cycle to 
cycle, and by diffusing the deposited energy over a cou- 
ple of zones using the ”fat rays” a l g ~ r i t h m . ~  

It is simpler to calculate the seeding of foil modula- 
tions by single-wavelength sinusoidal intensity varia- 
tions [Le., laser-intensity profile I(x) = I ,  + 61 cos(k.x), 
where x is position on the target surface, and k is the 
wave vector of the intensity modulation] than the 
effect of a full speckle pattern. Multiwavelength modu- 
lations may be written as a linear sum of single wave- 
length modulations as long as they remain in the linear 
regime, that is, when the displacements are small com- 
pared to the modulation wavelength. Such calculations 
reveal that modulations imprint onto the foil within 
50-200 ps from the beginning of the laser pulse, for our 
conditions, during which time the laser deposits in 
plasma much less than one modulation wavelength 
from the ablation front. As the plasma becomes thicker, 
thermal conduction between the point where the laser 
energy is deposited and the ablation front smooths away 
variations in energy deposition. Perturbations of the foil 
continue to grow later by RT instability at the ablation 
front. Figure 6 shows column density modulation at the 
fundamental wavelength vs time for perturbations of 
wavelengths of 10 and 25 pm, and for a relative intensity 
modulation of N / I O  = 1.6%, a typical value for a single 

mode. The corresponding quantities for surface finish 
perturbations of 0.1-pm initial amplitude are shown 
for comparison. The intensity perturbation generates a 
column-density perturbation fairly quickly, which then 
grows by RT instability. After transient behavior during 
roughly the first 1 ns, perturbations grow exponentially 
at a rate that agrees well with the ablative stabilization 
dispersion relation growth ratel0tn 

y = 0.9(kg)”2 -3kva 

where g is the acceleration and va the ablation velocity. 
When the perturbation amplitude becomes a large 
fraction of the wavelength (in displacement) or of the 
foil-column density, saturation is seen for the ampli- 
tude of the fundamental. 

We investigated the time over which imprinting 
occurs by comparing calculations in which the modula- 
tion is removed at different times to calculations in 
which the intensity is always modulated. If a foil 
becomes just as perturbed when the intensity is constant 
after 100 ps as when the intensity has been modulated 
throughout the pulse, the modulation has had its effect 
by 100 ps. Figure 7 compares perturbation amplitude, 
measured as the ratio of perturbed foil momentum at 
the time of shock breakout (750 ps) to unperturbed 
momentum, as a function of the time at which the inten- 
sity modulation is turned off. Wavelengths of 7 and 
10 pm, which are comparable to the size of individual 
speckles, imprint in the first 50 ps, while wavelengths of 
25 and 33 pm take 100-200 ps to imprint. The general 
features of the imprinting time dependence are 
described by the equation 

0.1 pm surface 
modulation 7 

--- h = l O p m  
h = 25 ym ,,;fq 1.6% laser - 

intensity modulaton 

0 1 2 3 
Time (ns) 

FIGURE 6. Foil column density modulation at fundamental wave- 
length vs time for (lower) 1.6% spatial modulation of laser intensity, 
and (upper) 0.1 pm modulation of initial foil surface for modulation 
wavelengths of 10 and 25 um. 
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where 6 p / p  is the relative momentum perturbation, 
z is depth in the foil, Zabl is the depth of the ablation 
front, and s (z )  is the laser energy deposition rate per 
unit volume. The exponential factor describes the con- 
duction smoothing between the location of the laser 
deposition and the ablation front, while the power of 
2/3 comes from the dependence of ablation pressure 
on laser intensity.12 The solid lines in Fig. 7 show the 
predictions for this simple model, while the dashed 
line shows the separation of the average deposition 
depth from the ablation front as a function of time. 

lations are predicted to become nonlinear quickly by 
RT growth. Thus, although the linear regime analysis 
describes the seeding of the perturbations, it has lim- 
ited usefulness in describing their evolution. For this 
purpose, we calculate the evolution of a cross section of 
the foil driven with a multiple-wavelength SSD speckle 
pattern. The foil structure resulting from SSD speckles 
is difficult to simulate for several reasons. The foil per- 
turbations are 3-D, while LASNEX is a 2-D code. One 

The short wavelengths seeded by Nova beam modu- 

3 

0.01 0.02 0.05 0.1 0.2 0.5 1.0 
Time (ns) 

FIGURE 7. Momentum fractional modulation at time of shock 
breakout (750 ps) vs the length of time for which laser intensity is 
modulated. Symbols are LASNEX calculations for modulation wave- 
lengths of 7, 10, 14,25, and 33 pm. Solid lines show predictions of 
Eq. (2) for the same wavelengths. The dashed line (scale on right) 
shows the separation of the average laser deposition depth from the 
ablation front as a function of time. The curves do not begin at zero 
because some laser intensity occurs before nominal t = 0. 

dimension represents the direction perpendicular to the 
surface of the foil, and the other dimension runs along 
a slice through the foil. In LASNEX simulations, foil 
perturbations are represented as parallel ridges that are 
uniform in the remaining direction. This geometry can 
adequately represent the SSD ridges for higher band- 
width shots, but it is poorer for low or zero bandwidth 
shots, or for modeling a structure along the direction of 
the SSD dispersion. Although 3-D codes have been 
applied to ICF  simulation^,'^-^^ they are limited in 
two ways. First, most codes model only hydrodynam- 
ics, without the additional physics, such as electron- 
heat conduction and laser-energy transport, needed to 
describe laser-driven ablative flow. Second, these codes 
do not include multigroup-radiation transport, which 
can have a significant effect upon ~moothing.'~ 

More critically, computations for the number of 
zones required to adequately represent the multiwave- 
length structure of the experiments in three dimen- 
sions exceed the resources of current computers. Even 
in two dimensions, computational limits constrain the 
length of the slice that can be represented. Therefore, 
we used a zone size of 0.67 pm along the slice to 
resolve individual speckles adequately and were able 
to simulate a slice 50-ym long with a reasonable num- 
ber of zones. Approximately 150 zones were employed 
in the direction normal to the foil surface. The actual 
foil was 800 pm in diameter. A 50-pm slice encom- 
passes only 5 to 10 speckles. Also, the perturbation 
mode structure within the slice is constrained because 
the boundaries of the slice are treated as reflecting. 
Thus, the problem can support only oscillations for 
which an integral number of half-wavelengths fit 
within the simulation region (Le., wavelengths of 100, 
50,33, and 25 pm, etc.). The peaks or valleys of these 
waves must be located at the boundaries. The real foil 
supports a continuous spectrum of wavelengths with 
arbitrary phases, so mode-coupling interactions may 
differ from what occurs in the simulations. Also, the 
small number of modes represented in one calculation 
provides a poor estimate of the statistical average of 
many modes in a foil. 

ence that produces speckle patterns because the ray- 
trace model described above does not incorporate 
phase effects. We calculated a speckle-pattern structure 
at the foil surface for each instant of time from an SSD 
r n ~ d e l . ~  The ray powers were adjusted at each calcula- 
tion cycle according to the desired intensities at the ray 
aim-points. This model is accurate only when rays do 
not refract significantly or deposit energy over a depth 
greater than the Rayleigh range. Also, the speckle pat- 
tern model does not include the effects of a tilt on the 
beam resulting from the SSD grating, which causes the 

Finally, LASNEX does not model the wave interfer- 
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leading edge of the beam to arrive on one side of the 
aperture 120 ps before it arrives on the other side. Since 
the beam does not fill the aperture during that interval, 
the speckle pattern is structured somewhat differently 
during the critical seeding time than later in the pulse. 

for a slice normal to the dispersion direction for a cal- 
culation assuming 0.15% bandwidth. Figure 9 com- 
pares measurements of modulation-amplitude spectra 
across the dispersion direction with simulations for 
different times and bandwidths. (The 0.08 and 0 10% 

Figure 8 shows the density structure at several times 

bandwidth cases have not yet been simulated.) The 
simulations were postprocessed for direct comparison 
with the data. The transmission of the uranium back- 
lighter spectrum through the calculated foil structure 
was computed and the predicted images corrected for 
instrumental resolution. Foil perturbation amplitudes 
along this direction are less sensitive to bandwidth 
than those along the direction of dispersion, which 
were shown in Fig. 5. The simulations reproduce some 
characteristics of the data, such as the spectral shape 
(except for the zero-bandwidth case) and modulation 

(a) 1.5 ns (b) 2 ns (c) 2.5 ns . . . - . 
Laser 

-50 0 -80 -30 -130 -80 
Position (rim) 

FIGURE 8. Foil configuration at 1.5,2.0, and 2.5 ns for a LASNEX simulation of foil accelerated by SSD beam with 
0.15% bandwidth. Shading level indicates density, laser is incident from right, problem represents 50 urn-long slice 
with reflecting boundaries at top and bottom, and uniform in direction perpendicular to the plane of the figure. 
The left edge of the foil is initially at x = 0 
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FIGURE 9. 
Modulation (as in 
Fig. 5) perpendicular to 
direction of SSD disper- 
sion vs modulation 
wavelength, and differ- 
ent times. Experimental 
data are compared to 
LASNEX predictions 
for bandwidths of (a) 0, 
(b) 0.04, (c) 0.08 (no 
simulation available), 
and (d) 0.15%. 
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growth with time. Quantitative agreement is not espe- 
cially good, particularly for the zero-bandwidth case, 
which is least well described by a two-dimensional 
model. Figure 10 shows growth rates vs wavelengths 
deduced from fits to the experimental data for the 
0.04% bandwidth experiments. The observed growth 
rate agrees well with the ablative stabilization formula 
for wavelengths greater than 50 pm, while it is lower 
for shorter wavelengths. However, it is hazardous to to 
extract growth rates from data that exhibit noise, tran- 
sients, and saturation. If better agreement could be 
achieved between the experiments and multiwave- 
length simulations, single-wavelength growth rates 
could most readily be fit to the simulations. In our ear- 
lier surface perturbation experiments, the simulations 
fit the data much more closely. The poorer fit for the 
current experiments may indicate that our level of 
understanding of the experiment or some ingredient in 
the simulations is inadequate. We have already dis- 
cussed some difficulties with the simulations. On the 
experimental side, more analysis of the speckle struc- 
ture measurements is needed before we can determine 
how well the actual structure agrees with the model 
employed in the foil simulations. 

Summary 
In directly driven foils, we observed the growth of 

modulations that were seeded by spatial nonuniformity 
in the driving laser beam. We varied the bandwidth 

0 0 Along dispersion 
0 Across dispersion 

sv, 2.0 

Stabilized (Takabe) 1.0 

0.5 t 
0 

0 50 100 150 200 250 300 
Wavelength (pm) 

FIGURE 10. Growth rate deduced from data of Figs. 5(b) and 9(b) 
vs modulation wavelength, for 0.04% SSD bandwidth. The line is 
the prediction of the ablative stabilization formula [Eq. (l)]. 

employed in the SSD smoothing technique and observed 
that foil perturbations decreased when the bandwidth 
increased. The spatial structure of the foil perturbations 
is strongly correlated with the time-integrated appear- 
ance of the laser spot. LASNEX simulations predict that 
perturbations are seeded mostly during the initial 
50-200 ps of the shaped drive pulse, after which they 
grow by RT instability at the electron-conduction-driven 
ablation front. LASNEX cannot simulate the full 3-D 
structure of laser-speckle-seeded foil perturbations. 
Whether for that reason or because of other limitations 
in the modeling process, current LASNEX simulations 
do not accurately reproduce measured foil-modulation 
amplitudes. Further analysis of the experiment and 
refinement of the simulations will attempt to improve 
this agreement. 
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STIMULATED RAMAN SCATTERING 

FREQUENCY-CONVERSION CRYSTALS 
IN LARGE-APERTURE, HIGH-FLUENCE 

R. A. Sacks 
C:. E .  Barker 
R. B.  Ehrlich 

Introduction 
It is well that stimulated scattering--either 

Brillouin (SBS) or Raman (SRS)-is an important energy- 
loss mechanism in high-energy pulsed laser systems. In 
large-aperture, high-fluence optics, scattering occurs 
preferentially in the direction of maximum gain-length 
product, which is transverse to the direction of propaga- 
tion of the high-power pump beam. In this direction, the 
scattered light is confined to a cross-sectional area that is 
several factors of ten smaller than that through which 
the incident pump beam travels, so that nonlinear self- 
focusing and optical damage can occur even before the 
overall energy loss becomes important. If we are to 
design lasers to operate at longer pulse duration, larger 
aperture, and higher energy fluence than are now 
achievable, we must understand these processes well 
enough to assure the viability of future designs. 

Transverse SBS has been the subject of previous 
and ongoing  investigation^.^,^ It has been observed on 
Nova, and the beam conditions on the lasers envisioned 
would clearly be sufficient to drive it well above thresh- 
old in both the KDP frequency-conversion crystals and 
the large silica focusing optics. Fortunately, experiment5 
and computations6 have both demonstrated that this 
process can be suppressed easily by applying modest 
bandwidth by sinusoidal phase modulation of the laser 
beam. Accordingly, in this article, we concentrate on 
transverse SRS. 

The first optical component in which significant 
transverse SRS intensities are anticipated is the KDP 
frequency-tripling crystal, where the stimulated scat- 
tering is pumped by the 351-nm third harmonic. 
During the Nova design phase, Smith, Milanovich, 
and Henesian213 performed SRS measurements in 
KDP, from which a gain coefficient of approximately 
0.23 cm/GW (with an uncertainty of about 50’X)7 was 
deduced for third-harmonic-driven scattering in a 
crystal oriented for type I1 phase-matching. A simple 

steady-state photon rate equation theory predicts that 
the scattered Stokes intensity I ,  grows with propaga- 
tion distance x as 

where I is the pump intensity. The threshold for the pro- 
cess-the point at which significant energy begins to 
appear in the Stokes wavmccurs  between 20 and 40 Np 
(e-foldings) of growth. For a 35-cm aperture and for pulse 
durations greater than 1.75 ns (Lnlc),  where L is the 
length of the crystal, n is the refractive index, and c is the 
speed of light, the Stokes wave experiences more than 
30 Np of gain for Ip, 2 3.7 GW/cm2. This number is highly 
uncertain and falls in a pump intensity regime at which 
we wish to operate; further study is clearly indicated. 

Several approaches might be taken to suppress 
transverse SRS in the harmonic-conversion crystals. 
Deuterating the crystal (that is, using KD*P) splits the 
relevant vibrational line, decreasing the scattering 
strength at the line center and hence decreasing the 
gain. Partitioning the crystal with absorbing glass 
decreases the effective path length. Splitting the first- 
harmonic light into two beams would decrease the 
pump intensity (and hence the total SRS gain) by a 
factor of 2, but would increase the number and com- 
plexity of final optics. The pros and cons of all of these 
approaches have significant impact on the engineering 
design of large fusion laser systems. To assess the costs 
and benefits of these approaches, we are performing 
computational modeling and experimental studies of 
the SRS process in transverse geometry. 

P 

Theore tical Description 
Raman scattering is a two-photon interaction of 

light with matter, in which a pump photon of fre- 
quency OJ is absorbed, a scattered photon of frequency P 
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0, is emitted, and the material makes a transition from 
state I 1) to state 12). The two states must, by definition, 
be coupled by a two-photon interaction, and hence the 
transition must be dipole-forbidden (equal parity). 
Otherwise, the nature of the interacting states is quite 
unrestricted; they can be rotational and/or vibrational 
levels of molecules, electronic levels of molecules or 
atoms, optical phonons in solids, or charge oscillations 
in plasmas. Energy conservation requires 77 (w - w = 

P s) E, - E,. Stokes and anti-Stokes scattering correspond 
to 0, < o and w, > o , respectively. P P 

General SRS Theory 
The literature contains theoretical descriptions of 

Raman scattering from classical, quasi-classical, and 
fully quantum-mechanical viewpoints, with varying 
emphasis on the different scattering 
straightforward quantum derivation leads to the 3D 
paraxial operator Maxwell-Bloch-Langevin equations 

A 

( a p t  +r)Q(r, t)  = Ej(r, t)-K1 ,E,(r , t)+t(r , t)  , 

In deriving Eqs. (2), we chose the x axis as the direc- 
tion of Stokes propagation, and treated the medium as 
composed of Raman-active "atoms" of number density 
n, counted by index a, and with a set of field-free eigen- 
states li)a; i = 1,2 correspond to the two Raman-coupled 
states, where i = 1 corresponds to the ground state. The 
electric field has been described as the sum of a classical, 
undepleted pump field and a quantized Stokes field: 

EEp(r, t )  = E,(r,f)expi(k, . r -opt) + c.c. , 

2S(r , t )=ixel iexpi(k,  .r-whf)ih +h.a. 
h 

=E,(r,t)expi(k,~r-w,t)+h.a. , (3) 

where 

(4) 

Here, is the unit polarization vector ( E ~ . E ~ ' :  = 1, Eh.kh 
= 0), wh = ck,, and c is the speed of light in the medium 

for polarization E ~ .  The operator ah destroys a photon of 
mode h, and satisfies the usual equal-time commuta- 
tion relation 

(5) 

The operator Q(r,t) describes the state of the mate- 
rial polarization. It is defined in terms of projection 
operators &:j(f) where 

6Ti(0) = l i )aa( j l  ( 6 )  

- a  
k, .ra - o2,,t)]6?,,(t) , 

(7) 

where k is the wave number of the material excitation, 
and we have ignored the detuning A = o - 0, - 02,, = 0. 
The volume 6V is much greate; than I T - ,  but much less 
than h3. From this definition, Q is delta-correlated at 
equal times: 

'1 
P 

In the first of Eqs. (2), (= liT,) phenomenologically 
describes damping due, for example, to collisions in 
gases and plasmas, or vibration? and impurities in 
solids. The Langevin operator F(r,t), satisfying 

( t + ( r ,  t)f(rf,tt)) = - 6(r - r') 6(t  - t ' )  

is needed to assure that Eqs. (2) preserve Eq. (8). K~ is 
the material polarizability tensor 

(9) 
21- 
n 

and K, = (2nlzf?o,/c)K1*. Aside from these definitions, 
the derivation of Eqs. (2) involves simply writing down 
the interaction Hamiltonia? and the Heisenberg equa- 
tions of motion fori+, and and adiabatically eliminat- 
ing the intermediate states with the use of the rotating 
wave approximation. 

The propagation and depletion of the pump field is 
described by an equation completely analogous to the 
second of Eqs. (2). For the purposes of this investigation 
we have no interest in operating in the regime where 
pump depletion is important, so we treat the pump as 
given. We also treat the material as isotropic, so that K, 
becomes a scalar, 

180 



S T ~ M U L A T E D  RAMAN SCATTERNG 

(11) 

where g is the steady-state gain parameter used in Eq. (1). 
One-dimensional equations are obtained by assum- 

ing E to dependAonly on x apd f ,  by defining 1-13 
operators Mx,t),E,(x,t), and F(x,t) as averages over y 
and z of the corresponding 3-D quantities, and by aver- 
aging Eqs. (2) over y and z .  Shifting to the Stokes frame 
by making the transformation T = t - x/c  yields the 
standard equations 

P A  

where 

(13) 
2 r  ( p x ,  T)F(X’, T!)) = -6(x - X’)6(T - 7’) , 
n A  

and A is the y, z area of the region of interaction. 
Finally, by standard method~,’~r’~ we interpret the 

quantized fields E,, Q and F as classical fields, with the 
quantum expectation values of Eqs. (13) reinterpreted 
as averages over a classical ensemble. 

Mode Number Scaling 
It can be shown that the solution to Eqs. (2), (B), and 

(9) consists of two parts: an “amplified seed” terrn with 
Is(x,~) proportional to I,(O,z) and independent of ‘4, and 
an ”amplified spontaneous scattering” term with I , (x ,T)  
independent of ~ , (O ,T)  and proportional to A K ~ ~ .  (This is 
most easily seen in the steady-state limit, with constant 
Ep). Physically, this result says that an input Stokes 
beam is amplified (approximately exponentially) in a 
way that depends on the inherent properties, but not 
on the shape, of the material. In the case of spontaneous 
scattering, the equivalent input Stokes intensity is 
proportional to the solid angle of the end of the gain 
medium as viewed by the ”first photon” initiated by a 
vacuum fluctuation-i.e., to the area transverse to the 
Stokes direction. 

Equations (12) and (13) do not preserve this behav- 
ior. For the I-D model, the amplified seed scales as it 
does in 3-D, but the amplified spontaneous scattering 
intensity scales as A-’. This discrepancy is inherent in 
the transition from 3-D to 1-D propagation theories, 
and is related to the number of modes transverse to the 
Stokes propagation included in the calculation. In  the 

3-D calculation, all transverse modes that lie within the 
solid angle of the gain medium are naturally included, 
and all grow approximately equally because of the 
paraxial approximation. The output Stokes intensity is 
the number of modes times the amplified power per 
mode divided by the output area. In performing the 
transverse averaging that leads to Eqs. (12) and (13), we 
have implicitly focused attention on the single k, = 0 
mode. This is acceptable for the amplified seed part of 
the problem, because the seed may be treated as single- 
mode. For the amplified scattering part, however, it 
yields an output intensity that is low by a factor of the 
number of modes = (Fresnel numberI2 = (A/UJ2. This 
is, indeed, the behavior we observe. 

In designing our transverse SRS model, we wished 
to be able to solve amplified seed, amplified sponta- 
neous scattering, and/or mixed problems. The trans- 
verse geometry means that, in the Stokes frame, the 
pump field depends separately on x and T, so the ana- 
lytic solutions that keep the two parts neatly separated 
are not available; thus different area scalings for the 
two parts cannot be applied ad hoc. We have been able 
to build such a model because the amplified scattering 
part of the output intensity is explicitly proportional to 
K ~ ,  while the solution everywhere else depends only 
on the product K ~ K ~  (or g ) .  Thus, by multiplying K~ and 
dividing K~ by the Fresnel number, we give each part 
of the solution the proper scaling without having to 
explicitly divide the field into the two separate parts. 

This modification is closely tied to the physical 
explanation above. We imagine Eqs. (12) as describing 
the propagation of a single Stokes mode, as they in fact 
do. Then, rewriting the equations in terms of Es,tot and 
treating the Stokes seed as E,,tot(z = 0) leads directly to 
this modification of K~ and K ~ .  

Computational Modeling 

Code Description 
The computer code we use to analyze transverse 

SRS is a generalization oi a simple finite-difference 
implementation of the theory presented above. In this 
code, Eqs. (12) and (13) are reinterpreted as classical 
equations with classical noise sources. The quantum- 
mechanical expectation values are replaced by ensemble 
averages over a number of realizations of the noise 
sources. Since the third-harmonic pump field in the 
tripler crystal grows with z ,  we allow the pump field 
to have arbitrary (numerically input) x,  z ,  and t depen- 
dence, and solve a sequence of I-D problems for differ- 
ent values of z.  

Both the initial Q distribution and the Langevin 
term F are generated as complex Gaussian random 
noise sources: 
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(14) 1 
Prob(F) = -exp 

no; 

where 

21- “:=zz% ’ (15) 

and where 6x and 6~ are the finite-difference step sizes. 
The pump field, which is input on a coarse mesh in the 
laboratory frame, is translated and interpolated to give 
values on a fine calculational mesh in the Stokes frame, 
and Eqs. (12) and (13) are solved by simple differencing 
schemes. The Stokes field is dumped to disk at user- 
controllable intervals so as to be available for graphical 
post-processing. We also accumulate the total Stokes 
energy and its maximum intensity and time-integrated 
fluence, and write these values to the terminal and to a 
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FIGURE 1. Intensity of 351-nm light, relative to its maximum, vs dis- 
tance from the KDP crystal entrance face, as predicted by Henesian’s 
I-D plane-wave code. All SRS results reported in this article result 
from scaling this dependence to an appropriate output fluence. 
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second, smaller output file. This whole procedure is 
repeated many times (typically five to ten), with differ- 
ent seeds (drawn from the microsecond clock) to the 
random number generator. 

Stokes light propagating in a crystal with the geom- 
etry of interest can experience both total internal reflec- 
tion at the crystal faces and backward reflection at the 
crystal edges. Either of these, by increasing the path 
length inside the gain medium, can increase the level 
of SRS in the crystal. Our code allows us to model both 
effects. For face reflection, we imagine the crystal to be 
infinitely thick (in the z direction), with a pump field 
(i.e., a Stokes gain profile) that exhibits reflection sym- 
metry with respect to each of the actual crystal face 
locations. Rays are then propagated at an angle to the 
x axis-with the z position, and hence the pump field, 
calculated accordingly. Spatial overlap of these rays, as 
they reflect from the faces, is included in ascertaining 
the maximum Stokes intensity and fluence. For edge 
reflection, we include a variable specular reflectivity at 
either end of the crystal. Proper temporal overlap is 
maintained between the injected Stokes seed and twice 
(or four times, etc.) reflected light. 

Code Verification 
Before using this code to predict the level of SRS in 

conversion crystals, we required that it pass a number of 
“reality checks.” For constant pump intensity, the code 
output had to match the k i i ~ w n ’ ~ , ’ ~ , ~ ~  analytic solution 
for the growth of an injected seed and for the average 
growth from spontaneous scattering. The code could not 
”predict” that Nova, under current operating conditions, 
will experience any degradation due to SRS, since such 
degradation does not in fact occur. Since SBS is described 
by the same equations as SRS (provided that the acoustic 
phonon velocity can be ignored), we can simulate the 
SBS experiments and verify both the detectability and 
the suppression of SBS in the Nova focusing optics. Our 
code has passed all of these preliminary verification 
steps. More detailed verification awaits the acquisition of 
quantitative experimental data that we can simulate and, 
particularly, improved measurements of material prop- 
erties such as SRS gain parameters. 

Modeling Results 
We applied our code to a number of square and tem- 

porally shaped pump pulse formats in an effort to gain 
an appreciation for the magnitude of SRS to be expected 
in future frequency-conversion crystals. In all cases, we 
used our best estimate of the relevant physical proper- 
ties of KDP: steady state gain = 0.23 cm/GW, refractive 
index = 1.5, damping constant r = 1.88 ps-’ (optical 
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phonon dephasing time T 0.53 ps), and Raman fre- 

crystal and a third-harmonic pump intensity distribu- 
tion (Fig. 1) predicted by Henesian’s 1-D, plane wave 
frequency-conversion code.18 In all cases, we ran five to 
ten realizations of the random sources, and we plotted 
the maximum quantities obtained from each ensemble. 

Figure 2(a) shows the Stokes energy, peak intensity, 
and fluence vs edge reflectivity for 40-cm-aperture 
crystals driven with 4-ns flat-topped pulses at the 3w 
damage limit,19 F,, = 6 d l 2 ,  where F3,,, is in J/cm2 and z 
is in nanoseconds. All Stokes light is assumed to travel in 
the x direction (internal reflection from the crystal laces 
is not included here), and the edge reflectivity is the 

quency shift SY = 913 cm- ? =  . We assume a 9-mm-thick 
fraction of the Stokes energy incident on the crystal edge 
that is reflected backwards within the solid angle of the 
gain medium, about 10” sr. Prediction of Stokes energies 
greater than pump energy (clearly a physical impossibil- 
ity) is an artifact of the assumption of an undepleted 
pump-it simply indicates that this is not an acceptable 
regime in which to operate because the pump will be 
depleted. We observe that at no reflectivity is there an 
acceptable operating regime for the conditions above. 

Figure 2(b) shows, in the same format, the effect of 
halving the steady-state gain, which approximates the 
result of fully deuterating the tripler crystal. Here we 
see that for reflectivities below about 10% the energy 
loss is in the acceptable range of less than about 10% of 
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FIGURE 2. Calculated Stokes intensity, energy, and fluence vs crystal edge reflectivity for (a) g = 0.23 and (b) g = 
0.115 cm/GW. The intensity shown is the maximum over space artd time anywhere in the crystal. The fluence 
shown is the maximum over space of the time integral of the intensity. The energy shown is the integral of the flu- 
ence over the crystal edge (Le., they, z face). All cases represent the maximum calculated value over five iterations 
with different random number sequences. The pump field is ,3 40-cm square, with a 4-11s flat-topped pulse and a 
351-nm fluence of 12 J/cm2. 
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FIGURE 3. Effect of 
reducing pump inten- 
sity to that needed to 
deliver 1.8 MJ through 
200 beamlets: pulse 
duration 4 ns, g = 
0.23 cm/GW. (a) 
Fluence of 7.5 J/cm2 
through a 40-cm aper- 
ture; (b) fluence of 
9.8 J/cm2 through a 
35-cm aperture. 
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the 30 pump energy. For reflectivities greater than a 
few times 
exceeds the material damage limit. 

Figures 3 to 5 further flesh out the dependence of 
the SRS level on aperture size, pulse length, and gain 
parameter at constant pump power. Here, we assumed 
a 200-beamlet laser producing a total of 2.4 MJ of third- 
harmonic light (thus allowing for 25% propagation loss 
before delivering 1.8 MJ to the target). With our choice 
of material properties, and the choice to deliver the 
full laser energy in a single constant-power pulse, it 
can be seen that undeuterated KDP appears, at best, 
to place a stringent constraint on acceptable edge 
reflectivity, while fully deuterated KD*P is, of course, 
much more forgiving. 

Figure 6 indicates that internal reflection from the 
crystal faces is not a significant consideration, given the 
pump intensity profile through the crystal thickness. 

however, the maximum Stokes fluence 
The amount and intensity of scattered light increase 
slightly as the propagation direction varies from the x 
direction to small angles, but the signal soon turns 
around and never again recovers its 0 = 0 value. Both 
this global behavior and the oscillatory dependence of 
the scattered energy, intensity, and fluence on angle 
can be qualitatively understood by considering an 
exponential gain process with a gain parameter that 
vanishes in part of the crystal and is constant elsewhere 
in the crystal. As the propagation angle increases, the 
path length inside the gain region of the marginal ray 
that begins just inside the region of nonzero gain 
increases until the propagation angle reaches the criti- 
cal angle at which this ray can just traverse the gain 
region and enter the no-gain region. Beyond this angle, 
the path length in the gain region decreases with angle 
until that ray can, again, enter the gain region. This 
behavior repeats indefinitely as the angle increases. 

FIGURE 4. Effect of 
varying SRS gain, with 
pump intensity set at 
the value needed to 
deliver 1.8 MJ through 
200 beamlets: pulse 
duration 3 ns, aper- 
ture 40 cm, fluence 
7.5 J/cm2. (a) g = 
0.23 cm/GW; (b) g = 
0.115 cm/GW. 

FIGURE 5. Effect of 
varying apertures 
with pump intensity 
set at the value needed 
to deliver 1.8 MJ 
through 200 beamlets: 
pulse duration 3 ns, 
aperture 35 cm, flu- 
ence 9.8 J/cm2. (a) g = 

0.23 cm/GW; (b) g = 

0.115 cm/GW. 
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100 

A number of target designs have been proposed for 
demonstrating ICF ignition and gain. Each of these 
designs requires a different time-dependent 3w power to 
adequately compress and accelerate the fuel pellet's levi- 
tated shell. Figure 7(a) shows a typical single-beamlet 
drive history, corresponding to a 1.8-MJ, 500-TW design, 
assumed to be driven by 192 beamlets, with an allowance, 
again, for 25% loss in transport and smoothing. Figures 
7(b) and (c) show the dependence on edge reflectivity of 
the SRS properties resulting from subjecting crystals 
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FIGURE 6. Effect of total internal reflection from the crystal faces z =: 0 
and z = zmaX: Stokes intensity, fluence, and energy vs ray angle from the 
x axis (in the x-z plane), between 0" and the Brewster angle, 48.19", aper- 
ture 40 cm, puke duration 4 ns, fluence 7.5 J/cm2, and x = 0.23 cm/GW. 
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with 35- and 40-cm apertures to this power history. 
Because of the fast material response, the Raman growth 
is unaffected by the long, low foot in the drive. 

Experimental Program 
In conjunction with the modeling work described 

above, we have begun an experimental study of Raman 
scattering in KDP crystals. This effort is motivated by 
two questions: (1) Does observable transverse Raman 
scattering occur in the Nova KDP frequency-conversion 
crystals, and (2) by what means can we eliminate, or at 
least reduce, the effects of transverse SRS in large- 
aperture, high-fluence frequency-conversion crystals? 

to detect side-scattered light on a Nova KDP frequency- 
conversion array. We are addressing the second ques- 
tion through studies of spontaneous Raman scattering 
in deuterated and undeuterated KDP crystals. 

Both calculations and operational experience on the 
Nova laser indicate that transverse SRS does not occur in 
the KDP frequency-conversion arrays at intensities high 
enough to damage either the crystals or the egg-crate 
structure that holds them. Consequently, there have been 
no previous studies of the transversely scattered light in 
the frequency-conversion crystals. To study the nature of 
the light scattered through the sides of these crystals, we 
installed an optical fiber sensor system on the Nova 
beamline 10 array. This system (Fig. 8) consists of 16 UV- 
transmitting optical fibers that carry light emitted from 
the sides of the crystals to a detection system outside the 
frequency-conversion spool. Figures 9 and 10 show the 
KDP array with the sensors installed. 

Sensor heads are approximately 4 cm from the out- 
side corners of the four square KDP crystals around the 

To answer the first question, we installed a sensor 

1 n-3 L 0.1 _I 
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FIGURE 7. Effect of temporally shaped pulse on transverse Raman scattering, with g = 0.23 cm/GW. (a) Single-beamlet power vs time for a 
1.8-MJ, 500-TW target design. Response of (b) 35- and (c) 40-cm-aperture crystals to this power history. 
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periphery of the array, where the third-harmonic inten- 
sity, and therefore the SRS gain, is greatest. Although we 
expect the strongest Raman signal to propagate along 
the ordinary direction (orthogonal to the polarization of 
the third harmonic), the fibers collect side-scattered light 
along both the ordinary and extraordinary directions so 
that both configurations can be examined experimentally. 

Our initial experiments, performed after the instru- 
mented array was installed, indicated easily observable 
levels of scattered light, most of which is caused by 
linear scattering. These experiments also indicated that 
most of our fiber sensors survived assembly and installa- 
tion. We recently installed a spectrometer equipped with 
an optical multichannel detector to allow us to examine 

FIGURE 8. Schematic 
diagram of the optical 
fiber sensor and detec- 
tion system installed 
on the Nova beamline 
10 freauencv- I Nova timing system I 

1 ,  

conversion array. 

r 

I Optical 
multichannel array 

Gate pulser P 
- 4 I M - m  spectrometer l A 
4 v 

FIGURE 9. Assembled Nova frequency-conversion array with fiber 
optic sensors installed along the edges of the four peripheral square 
crystals that are located at the "compass points" of the array. The 
fibers are installed on the output face of the array. 
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FIGURE 10. One peripheral KDP square with fiber optic sensors 
installed. The fibers are grouped in pairs and held in place by 
dovetail blocks that are captured in mating grooves machined 
into the egg-crate structure. 
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only the Raman components of the side-scattered light. 
Figure 11 shows part of the spectrum of light scattered in 
the ordinary direction of the KDP crystal. The spectrom- 
eter grating was adjusted so that the relatively intense 
Rayleigh-scattered light did not fall on the detector; the 
peak that dominates the spectrum is the 913-cm-I KDP 
Raman line. A similar but much weaker spectrum was 
observed along the extraordinary direction. 

Since Raman-scattered light at the frequency shift 
of concern (913 cm-’) is easily observable, we are 
addressing the logical next question: over the range of 
third-harmonic intensities available on Nova, does i he 
Raman-scattered light deviate observably from  line^ 
growth? Ideally, this question would be answered by 
measuring the Raman peak height as a function of the 
third-harmonic intensity generated in the KDP crystal 
during a 1-ns square pulse. Unfortunately, third- 
harmonic intensity and pulse shape are not routinely 
measured directly, so such an experiment cannot be per- 
formed in a ”ride-along” mode with reasonable confi- 
dence. (This should become possible upon activation of 
Precision Nova’s third-harmonic diagnostic spools.) 13ut 
one can take advantage of the presence of other, weaker 
Raman peaks in the scattered spectrum to make a self- 
referenced measurement of the growth of the 913 cm-l 
line over a range of third-harmonic intensities. 

Figure 12 shows the spectrum of side-scattered light 
from the KDP crystal between about 352 and 372 nm. By 
moving the spectral window of the detector closer to the 
third-harmonic wavelength, we have observed the 
Raman peaks at frequency shifts of 359 and 527 cm-l. 
Since these weaker peaks will continue to grow linearly 
even after nonlinear growth begins in the strongest peak, 
we should be able to determine whether the strong peak 
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FIGLIRE 11. Spectrum of scattered light observed from the side of a 
Nova KDP frequency-tripling crystal during a Nova third-harmonic !jys- 
tem shot. The third-harmonic energy was approximately 2.5 kJ in a 1-ns 
pulse. The wavelength range observed is approximately 359-378 nm 

exhibits nonlinear growth by simply measuring peak- 
height ratios over a range of third-harmonic intensities. 
Such experiments are under way. 

verse SRS in large-aperture, high-fluence frequency- 
conversion crystals. Obviously, this could be done 
straightforwardly if we could find a way to reduce the 
SRS gain coefficient. In anticipation of achieving some 
useful impact on Raman scattering cross sections, which 
are simply related to SRS gain coefficients,” we are study- 
ing SRS in deuterated and undeuterated KDP. Figure 13 
shows the SRS spectra of undeuterated and highly deuter- 
ated KDP crystals. These measurements were made on 
small crystals cut at the type I1 phase-matching angle for 

Let us now consider how we might suppress trans- 
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FIGURE 12. Spectrum of scattered light observed from the side of a 
Nova KDP frequency-tripling crystal during a Nova third-harmonic sys- 
tem shot. The third-harmonic energy was approximately 2.2 kJ in a 1-11s 
pulse. The wavelength range observed is approximately 353-372 nm 
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FIGURE 13. Spontaneous Raman spectra of undeuterated and highly 
deuterated KDP crystals oriented at the type-I1 phase matching angle. 
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third-harmonic generation; the SRS was observed along 
the ordinary direction of the crystal. The Raman cross 
section of highly deuterated KDP is more than a factor 
of 2 lower than that of undeuterated KDP. We are study- 
ing the effects of varying deuteration level on the spon- 
taneous Raman spectrum of KDP. 

Summary 
Stimulated Raman scattering transverse to the 

direction of pump-beam propagation could pose a 
serious challenge to the survival of large-aperture KDP 
frequency-tripling crystals on large future laser systems. 
None of the available countermeasures is completely 
painless. We have begun a program of numerical mod- 
eling and experimental measurement of SRS in KDP 
and KD"P in the appropriate geometry. 

We constructed and partially validated a computer 
code that solves the coupled 1-D Maxwell-Bloch equa- 
tions, including Langevin noise sources and allowing for 
arbitrary pump structure and for reflections from edges 
and faces. Preliminary assessment of the intensity of 
scattered light has been made, using approximate 
material properties and various assumptions concerning 
operating conditions. Reliable modeling of actual system 
behavior must await improved code validation (which 
will require quantitative experiments), improved mea- 
surement of KDP material properties, and somewhat 
better definition of the likely operating conditions. 

With a newly installed sensor, we have observed 
the Raman-scattered light at 913 cm-l propagating 
along both the ordinary and extraordinary directions 
in the KDP in a Nova frequency-conversion array. We 
can simultaneously observe this line and the weaker 
359- and 527-cm-' lines; we anticipate using this ability 
to self-calibrate shot-to-shot relative intensity to 
determine whether the 913-cm-' signal has entered 
the stimulated regime, in which Stokes intensity 
increases faster than linearly with pump intensity. We 
have experimental evidence that SRS gain is reduced 
in deuterated KDP, and we are studying the effect of 
deuteration level on the SRS gain coefficient. We hope 
soon to have well-diagnosed experiments online on the 
Optical Sciences Laser, for stronger interaction between 
the modeling and experimental efforts. 
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FISSION PRODUCT HAZARD REDUCTION 
USING INERTIAL FUSION ENERGY 

J .  D .  Lee 
M .  Tobin 
J .  La t kowski 

Currently, for commercial nuclear power plants in 
the U.S., uranium is mined, milled, enriched, fabricated 
into fuel, fissioned in light-water reactors (LWRs), then 
temporarily stored as spent fuel. The present plan is for 
spent fuel rods to be finally interred in a deep geologic 
repository. This method of storage has encountered 
political opposition because of the perceived long-term 
hazard associated with Pu and other slowly decaying 
radioactive wastes for ten of thousands of years. 

reduce the potential hazard of fission-reactor wastes 
has become a topic of renewed interest. This interest 
has spawned a number of recent investigations into 
the feasibility of concepts, such as Argonne National 

Using transmutation, or nuclear transformation, to 

Laboratory and General Electric's advanced liquid- 
metal reactor (ALMR) for fast fission reactors' and 
LANUs accelerator-based transmuter.2 DOE has also 
requested that the National Research Council (NRC) 
examine how the technologies of separation and 
transmutation might affect its high-level radioactive 
waste program. This three-year NRC study will be 
completed in July 1994. 

(IFE) to reduce the hazard of buried fusion waste, we 
examined the effect of transmutation of 99Tc, a fission 
product that contributes a major portion of the long-term 
hazard in the geologic storage of spent fuel.3 As shown 
in Fig. 1, a IFE fission product transmuter (IFE-FPT) 

To investigate the potential for inertial fusion energy 

FIGURE 1. Fission 
waste reduction sce- 
nario enhanced by 

Depleted 
uranium Mill Mine 

- an IFE fission prod- 
uct transmuter 

Enrichment liquid metal 
reactors PU and actinides 

LWR fuel 
reproces5ing 

disposal with reduced 
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could be added to a system that uses ALMRs to fission 
Pu and other actinides produced in LWRs. These IFE- 
FPT reactors would be used to destroy the dominant fis- 
sion products produced in both LWRs and ALMRs. 

Figure 2 shows the IFE-FPT concept. The dominant 
fission products are separated from the fission fuel 
reprocessing waste streams and placed in the blanket 
of an IFE reactor, where they are transmuted using 
excess neutrons to more stable and lower hazard iso- 
topes. The excess neutrons are produced by high- 
energy DT fusion neutrons interacting with a neutron 
multiplier. Excess neutrons must be produced to breed 
the tritium needed for the DT fusion fuel cycle. 

appraisal is 99Tc (with a half life of 2.1 x lo5 y). Its prin- 
ciple transmutation reaction is a neutron capture (n ,  y) 
reaction producing IooTc (with a half life of 16 s), which 
quickly beta decays to stable lnoRu. Other reactions 
also occur and must be accounted for, along with the 
products produced in the neutron multiplier, to deter- 
mine the net reduction in risk. 

that it dominates the risk from spent fuel interned in a 
tuff repository (Table l).3 

Since transmutation requires the reprocessing of 
spent fuel and the partitioning of waste products, the 
fixation of the dominant fission products into more 
stable chemical forms may, itself, significantly reduce 
the radiologic risk in a repository as compared to just 
burying unreprocessed fuel elements. 

The dominant fission product examined in this 

The choice of 99Tc is based on an analysis showing 

Inertial Fusion Stable and 
High-hazard-) long half-life 4-b Energy - Fission low hazard 

fission products Product Transmuter isotopes 

FIGURE 2. Basic concept of an IFE fission product transmuter. 

Neutron multiplier plus 6Li 

14-MeV 
neutron source 

FIGURE 3. Spherical model used for neutronics calculations. 

Objectives 
To address the feasibility of using IFE for transmuta- 

tion of fission products, we elected to: 
Calculate a theoretical 99Tc transmutation rate which 
maintains a tritium breeding ratio of 1 by using Be or 
Pb neutron multipliers. 
Calculate all transmutation products produced dur- 
ing 99Tc destruction. 
Estimate the net reduction in hazard by comparing 
the shallow burial index (SBI) of the 99Tc destroyed to 
that of the isotopes produced from both the 99Tc con- 
taining zone and the neutron multiplier zone. The 
SBI is the ratio of the specific activity of the waste to 
be buried to the limits allowed by the Nuclear 
Regulatory Agency's Class C regulations4 or those 
calculated by Fedder5, whichever is more stringent. 
Estimate the ratio of the fission energy produced 
while generating a unit of 99Tc to the fusion energy 
needed to destroy it. This ratio is called the 
fission/fusion support ratio (SR). 
Our secondary objective was to compare the trans- 

mutation potential of IFE to that of an accelerator- 
driven transmuter concept. 

Method of Analysis 
To calculate the risk, we began by using the TART6 

neutron transport code with ENDL7 data to find a con- 
figuration that maximizes 99Tc ( n ,  y) transmutation 
reactions while giving a tritium breeding ratio from 6Li 
(n ,  T )  reactions of about 1.05. Also calculated were the 
neutron flux spectra in both the 99Tc and the multiplier 
zones. The flux spectra and the ACTL8 library were 
then used by the ORLIB9 code to generate spectrum 
weighted one group activation cross sections which, in 
turn, are used by the FORIG'O isotope generation and 
depletion code to calculate the isotopic mix and plot 
the SBI over time. Because data for 99Tc and its poten- 
tial daughters were not in ACTL, the GEAF-1 library'l 
and a variant of ORLIB called ORJEFF were also used. 

TABLE 1. Relative doses from spent fuel in a tuff repository 

Relative dose for water travel time 

Species Half life years Start time After lo5 y 

99Tc 2 1 105 1 1 
1291 1 7 107 4 5 in-' 7 7 x 1 0 '  
135cs 3 x 106 1 1 x 1 0 '  2 6 x 

4 6 x 2 3 8 ~  4 51 x 10' 
237Np 2 14 x lo6 4 2 2 6 x 1 0 5  

6 0 x 1 0  

2 3 9 ~ u  z 44 io4 3 4 x 10-3 1 8 x 10 39 

240Pu 6 58 x lo6 4 9 x 10-3 <<IO 1" 
2 4 2 ~ ~  3 79 105 1 8 x 1 0 5  4 o 
243Am 7 95 x lo3 4 3 ~ 1 0 ~  << 10-100 
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Neutron-Transport 
Calculations and Results 

Figure 3 shows the spherical geometry model used 
for the neutron-transport calculations. The first material 
zone contains a neutron multiplier of Be or Pb, plus 6L,i 
for tritium breeding. The next zone contains the 99Tc 
mixed with D20 and is where the transmutation occurs. 
The multiplier zone thickness and 6Li atom fraction 
were optimized to maximize 99Tc (n,y) transmutation 
reactions while giving a tritium breeding ratio of about 
1.05. A tritium breeding ratio slightly greater than 1 is 
needed to account for tritium decay and losses. 

Table 2 shows that a Be neutron multiplier pro- 
duces a 99Tc destruction rate of 0.71 per DT fission 
reaction, which is significantly higher than the rate of 
0.46 achieved with Pb. The principle reason for the 
superior performance of Be is its higher (n,2n) reaction 
cross section. 

Activation Analysis 
Since we are interested in the net reduction in hazard, 

we calculated the buildup of activation products in Be 
and Pb multipliers. Table 3 shows the buildup of iso- 
topes in the Be multiplier, starting with 44.7 Mg of natu- 
ral Be, which is all 9Be. The total amount of Be was kept 
nearly constant by addition while nothing was removed. 

TABLE 2. Nuclear performance vs multiplier material (reactions per 
DT neutron) 

Multiplier 

Type AR (cm) (n, 2n) (n,y) 6Li (n, T )  99Tc (n, y) 

Be 20 1.40 0.22 1.04 0.71 
Pb 25 0.80 0.05 1.07 0.46 

-- 

TABLE 3. Be transmutation product buildup vs exposure time. 

Figure 4 plots the hazard potential of these activation 
products, as measured by SBI over time. The SBI for Be is 
dominated by 'OBe, the direct product of neutron capture 
reactions in 9Be. Figure 5 plots a similar analysis for Pb. 
Here, 208Bi dominates the SBI for Pb. 

Comparing the SBIs of Be and Pb leaves no doubt 
that a Be neutron multiplier produces a far smaller acti- 
vation hazard than does a Pb multiplier. After 100 years 
of exposure, the SBI from Be is about 2.2 compared to 
about 9,000 from Pb. This, coupled with Be's superior 
destruction rate, makes Be the obvious choice for the 
neutron multiplier. 

Table 4 lists the buildup of transmutation products 
in the Tc/D20 zone. The 99Tc content of the zone is kept 
nearly constant by adding 99Tc. As shown in Fig. 6, 
I4C and Io8Ag contribute heavily to the buildup of the 
SBI in this zone. Removing the precursors of I4C and 
Io8Ag during the transmutation process could signifi- 
cantly reduce the buildup. 

0 "Be 
A I4c 
0 Total 

100 200 300 400 500 600 
Irradiation time (yr) 

FIGURE 4. SBI vs exposure time of a Be multiplier 

Mass in grams 

Nuclide Half-life 1 Y' 1.0 yr 100 yr 500 yr 

" 
2H 
3H 
3He 
4He 
k i  
7 ~ i  
9Be 
'"Be 
1' B 
12C 
I3c 

1 4c 

Stable 
Stable 
12.3 y 
Stable 
Stable 
Stable 
Stable 
Stable 
1.6 x lo6 
Stable 
Stable 
Stable 
5730 y 

2.561 x IO2 
7.963 x loo 
2.728 x lo4 
1.006 x 10" 
1.335 x lo6 
1.630 x lo2 
1.275 x lo4 
4.465 x IO7 

Y 1.339 x lo5 
2.053 x 10' 
1.670 x 
5.046 x 
2.794 x lo-'" 

2.569 x lo4 
7.985 x 102 
2.735 105 

1.336 io7 

1.173 io4  
4.443 io7 

1.008 x 10' 

1.621 x lo2 

1.263 x lo6 
1.955 x lo3 
1.583 x 10' 
4.802 x 

2.678 10-5 

2.565 x lo6 

2.724 x lo6 
1.004 x lo2 
1.361 x IO' 
1.622 x lo2 

4.403 x lo7 
7.669 x lo6 
1.255 x lo5 
9.488 x lo3 
2.984 x lo2 
7.779 x 10" 

7.973 104 

5.87 105 

6.029 x lo7  
1.874 x lo6 
1.216 x lo7 
4.483 x lo2 
7.138 x 10' 
1.669 x lo2 

4.521 x lo7 
1.118 x lo7 

1.899 x lo" 
3.064 x lo2 
1.165 x lo3 

7.29 io5 

7.644 io5 
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Risk Reduction 
Table 5 compares the SBI of transmuted 99Tc to the 

SBIs of the radionuclides produced when a Be multi- 
plier is used. The risk drops 3 orders of magnitude. If 
the Tc and Be isotopes are recycled in the reactor and 
all other isotopes are removed and buried, the risk is 
reduced by 6 orders of magnitude. While further stud- 
ies are needed, these preliminary calculations suggest 
that a significant reduction is possible. 

Support Ratio 
The ratio of the fission energy producing the 99Tc 

fission product to the fusion energy destroying it is 
another important guide to the practicality of such a 
transmutation concept. We call this the support ratio. 
With a 99Tc fission yield of 0.061 (Ref. 12), and our cal- 
culated 99Tc transmutation rate of 0.71 per fusion reac- 
tion, the support ratio is 132. 

TABLE 4. 99Tc/D,0 zone transmutation product buildup vs expo- 
sure time. 

Efission/99T~ per fission yield 

Efusion/99T~ per fusion yield (M, y) 

(200 MeV/0.061) 
(17.6 MeV/0.71) 

Support ratio = 

= 132 - - 

This means that, ideally, one IFE transmuter could con- 
sume the 99Tc produced by 133 fission plants of the 
same power. In reality, we would expect the support 
ratio to drop to around 100, which is still a very attrac- 
tive support ratio. 

Comparison to the 
Accerator Concept 

How does the IFE transmuter compare with other 
concepts being investigated? To address this question, 
we compare it with the accelerator-driven transmuta- 
tion (ATW) system being investigated by LANL2. The 
comparison is made based on how many transmuta- 
tion reactions could occur in each system, per unit of 
accelerator driver energy. 

Mass in grams 

Nuclide Half-life 

12.3 y 
5730 y 

2.6 x lo6 y 
4.2 x lo6 y 

39.4 d 
39.2 d 
6.5 x lo6 y 
132 y 

2.0 io4 

2.13 105 

O Y  1 Y  
~ ~ 

2.05 x lo-' 

9.06 x lo4 
6.64 x lo3 
4.436 x lo3 
1.351 x lo6 
2.608 x lo3 
5.72 x lo2 
8.312 x lo-' 

8.31 x in-' 

1.316 x lo6 

4.11 

10 Y 

3.28 x loo 
8.71 x 10' 
1.26 x lo-' 
7.57 x 102 
4.554 104 

3.975 io4 

1.353 x lo6 
1.796 x io5 

1.078 x lo5 
5.89 x lo-' 
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.4 - 
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Irradiation time (yr) 

FIGURE 5. SBI vs exposure time of a Pb multiplier. 
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TABLE 5. Shallow burial indices of transmuted yyTc and the trans- 
mutation products produced (using a Be multiplier). 

Nuclide Initial SBI SBI at one year 
n 

y9Tc 
'OBe 

94Nb 
y7Tc 
98Tc 

Totals 

'4c 

loam& 

9.75 105' 
0 
0 
0 
0 
0 
0 
9.75 105 

0.0 
2.98 x 10' 
1.38 x lo-' 

2.81 x lo-' 
5.76 x 10' 
1.07 x 
5.78 x 10' 

2.53 

*Assuming initially pure 9'Tc at its full theoretical density. 

14c 
A '08Ag 

0 Total 

20 40 60 80 100 120 
Time (yr) 

FIGURE 6. SBI vs exposure time of non-Tc nuclides in 99Tc transmu- 
tation zone (Be multiplier case). 
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For a heavy-ion driven IFE transmuter with a fusion 
gain of 70, each MeV of beam energy results in 4.0 DT 
fusion reactions. As discussed above, each fusion reac- 
tion results in 0.71 99Tc transmutation reactions. 
Therefore, for each MeV of driver energy, 2.8 neutrons 
are available to cause 99Tc transmutation reactions. 

each proton produces approximately 25 neutrons in a 
Pb target.2 This results in 0.031 neutrons per MeV of 
driver energy. 

Therefore, an IFE transmuter produces 90 times more 
neutrons capable of fission product transmutation reac- 
tions per unit of accelerator driver energy than does the 
ATW system. On a per unit of driver energy basis, the 
potential performance of the IFE transmuter is signifi- 
cantly greater than that of the ATW. How this 90 times 
greater efficiency would translate into a cost advantage 
remains to be determined. 

In the ATW, at an incident proton energy of 800 MeV, 

Conclusions 
In our preliminary appraisal of the usefulness of 

transmutation for fission reactor waste products, we 
conclude that 

IFE has the potential to significantly reduce, by 3 to 
6 orders of magnitude, the hazard of the dominant 
fission product (99Tc) sent to geologic storage. 
Be is superior to Pb as a neutron multiplier, both in 
terms of number of neutrons produced and the 
lower hazard of its activation products. 
One IFE reactor can destroy the dominant fission 
product produced in many (about 100) fission reac- 
tors of like power. 

appears more efficient than the ATW accelerator- 
driven transmutation concept under investigation 
by LANL. 
As studies such as this continue, work must be done 

to determine if the net risk to the public is reduced when 
the transmutation scheme’s operational and potential 
accidental releases are considered. And, if there is a net 
reduction, is the benefit worth the cost? It is hoped the 
NRC‘s ongoing study of partitioning and transmutation 
will address such questions. 

IFE-based fission product waste transmutation 
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USE OF INERTIAL CONFINEMENT FUSION FOR 
NUCLEAR WEAPONS EFFECTS SIMULATIONS 

M .  Tobin 
L.  Choate * 
D. Beller t 

Introduction 
Because significant progress in defining the require- 

ments for achieving ICF ignition and gain in the labora- 
tory has been made during the last five years and 
because ICF could make a major contribution to defense 
sciences in the absense of underground testing, DOE 
has proposed construction of a National Ignition Facility 
(NIF), which could be available early in the next decade. 
A 1-2 MJ Nd:glass laser would be constructed to deliver 
approximately 500 TW of power to ICF targets that 
could achieve ignition and yields of perhaps 20-30 MJ 
in a specially designed target area. The NIF would pro- 
vide a unique capability for simulating the effects of 
warm and hot x rays, and be an extremely useful prov- 
ing ground for demonstrating a full range of ICF 
nuclear weapons effects simulations (NWES) with 
proof-of-principle experiments. Later, a larger laser 
facility, the proposed Laboratory Microfusion Facility 
(LMF), with a driver energy of 4 6  MJ could deliver 
yields approaching 500 MJ. The LMF capability would 
significantly exceed any other existing or proposed 
aboveground NWES facility; NIF experiments would 
test and confirm the proposed technologies. 

To successfully simulate nuclear weapons effects, 
the simulation community must create environments 
of cold (< 3-keV blackbody temperature spectra), 
warm (3-8 keV blackbody spectra), and hot (> 8-keV 
blackbody spectra) x rays with intensities ranging from 
tenths to tens of calories per cm2 and temporal charac- 
teristics ranging from a few to tens of nanoseconds in 
which different parts of various military systems (x-ray 
shield, electronics, structural elements, sensors, mir- 
rors, etc.) can be tested with good simulation fidelity. 
We try to create gamma-ray and neutron environments 
with characteristics that will reproduce the effects in 
military systems when exposed to a range of threats. 

* Sandia National Laboratory, Albuquerque, NM 
t Air Force Institute of Technology, Dayton, OH 

Of course, a nuclear engagement would involve all of 
the types of radiation discussed above. However, 
because no single simulator can reproduce all types of 
radiation at the same time, parts of systems are tested 
in more than one facility, especially when more than 
one type of radiation is relevant to the systems’ sur- 
vival. Our studies show that an ICF facility (with NIF- 
to-LMF level yields) could test, in a single chamber, 
all these radiation environments. Such a facility for 
relevent effects would be equivalent or superior to 
any other proposed aboveground facility. 

The recently imposed limitations on underground 
testing, which is by far the best simulator the effects 
community has, will greatly alter the nation’s NWES 
capability. In the absence of underground testing, ICF 
offers a most important means to perform weapons 
effects testing. 

Method of Analysis 
We examine three areas in assessing the capability 

of ICF for nuclear weapons effects simulations: the pre- 
dicted ICF target output radiation, the modification of 
a particular type of output to create a suitable simula- 
tion environment, and the collateral effects or issues 
that could impede conducting useful tests. 

1. Estimate a range of the desired type of ICF target 
The analysis follows a sequence: 

output radiation from analysis by LLNL‘s X-Division 
that relies on LASNEX computer code calculations. 
The output may be prompt, hot x rays (from capsule 
burn) or cold, late time x rays (from hohlraum wall 
stagnation and burnthrough), as well as neutrons. 

2. With this information, perform Monte Carlo trans- 
port calculations using  TART^, MCNP~, or  COG^ 
transport codes to estimate the environments cre- 
ated when filters such as a Compton scatterer mod- 
ify the ICF output radiation. 

194 



ICF FOR NUCLEAR WEAPONS EFFECTS SIMULATIONS 

3. Compare the results with a set of goal environment 
parameters. Also, consider collateral issues, such as 
post-shot chamber pressure, that could unaccept- 
ably degrade the quality of the test. 

4. Analyze the results. 
We assume that the capsules ignite, burn, and give 

the gain predicted, as well as the amount of hot or 
warm x rays and cold x rays predicted with LASNEX 
calculations. An ICF NWES facility would meet future 
hot x-ray full-threat simulation requirements at the NIF 
yields, be a unique warm x-ray source at NIF yields, 
and be competitive with advanced pulsed power for 
cold x-ray effects simulation. All future short-pulse 
neutron testing requirements will likely be met possibly 
by NIF and certainly by LME4 

ICF Target Output 
An indirect-drive ICF capsule relies on laser- 

generated x rays emitted from the inner surface of a 
hohlraum to compress a capsule filled with cryogenic 
deuterium and tritium to the point where it ignites and 
burns releasing energy in the form of neutrons, x rays, 
and debris. LASNEX calculations indicate that during 
burn, a small fraction of the fusion yield is emitted as 
hot/warm x rays from the fuel region of the capsule. 
These calculations further show that the hot/warm x-ray 
portion can be increased by the use of a high-Z "seed- 
ing" material in the fuel. 

The pulse duration of the emitted hot/warm x rays 
is too short for testing (< 1 ns) and therefore must be 
lengthened by the use of a LiH Compton scatterer. A 
"shadow shield" is also required to protect the test item 
from direct neutron and x-ray radiation (Fig. 1). While 
the final shape of the scatterer is yet to be determined, a 
parabolic shape appears to be superior to a spherical 
shape in scattering the most photons toward a test area. 
A test canister can be placed from 1.5 to 5 m from the 
ICF target, depending on the chamber radius, the 
design of the shadow shield and scatterer, and the 
desired fluence. 

After the target burn reaches and the hohlraum wall 
stagnates, the inside of the hohlraum attains its highest 
temperature. Cold x rays characteristic of this tempera- 
ture then escape through the laser entrance hole. Cold x 
rays also burn through the hohlraum wall and are emit- 
ted from this surface. These are colder than those emit- 
ted through the laser entrance hole. The pulse length of 
either source of cold x-ray radiation is likely much 
shorter than the 40-50 ns pulse lengths available from 
plasma radiation sources (PRS) in high-current accelera- 
tors, such as the Saturn facility at Sandia National 
Laboratory. The fraction of the fusion yield emitted a5 
cold x rays either from the hohlraum wall or out the 
laser entrance hole depends on the hohlraum wall thick- 
ness. From preliminary studies, we estimate that the 

ratio of debris mass to useful cold x-ray energy is less 
for 1CF than for PRS sources, considering the relatively 
large mass ablated in an imploding wire scheme and the 
relatively small mass related to ICE 

The number of neutrons released from a capsule is 
3.55 x 
the yield is made up of 14-MeV neutrons. The neutron 
pulse duration is very short (< 1 ns). Approximately 75 
to 80% of the resulting fusion yield is made up of neu- 
tron energy because some neutron energy contributes to 
the debris energy through elastic scattering in the fuel. 

The neutron energy can be converted to gamma 
rays (with energies greater than 1 MeV); 6% of the 
original neutron energy is available for simulation pur- 
poses. The pulse length of the gamma rays depends on 
the geometric shape of the converter material. The con- 
verter shapes explored for this study gave pulse 
lengths of about 3-5 ns. 

available for simulations is highly dependent on the 
ICF target yield. For a given driver energy (ranging 
from 1.5 to 6 MJ), we assume a range of target perfor- 
mance (Fig. 2).4 The upper boundary of the yield is the 
predicted nominal target performance, using reason- 
able factors for coupling laser energy to the capsule. 
The lower boundary is more conservative. Since the 
driver is the most expensive item in an NWES facility, 
we have attempted to tie ICF simulation capability to 
ICF driver energy. 

neutrons per MJ of fusion yield, since 80% of 

The amount of x-ray, neutron, or gamma ray energy 

Simulation Environments 
Tables 1-3 list useful simulation environments for 

cold, warm, and hot x rays, and neutrons and gamma 
rays [and the associated source region electromagnetic 

FIGURE 1. A LiH Compton scatterer positioned around an ICF tar- 
get extends the hotlwarm x-ray pulse. A shield shadows the test 
item and attenuates the ICF direct radiation. A debris shield protects 
the test item from post-shot ablated material, shrapnel, and peak 
chamber pressure. 
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pulse (SREMP)-the phenomenon near an endo- 
atmospheric nuclear b ~ r s t l . ~  By choosing a particular 
environment, an experimenter can explore the effects 
induced over a range of anticipated threat environments 
on a certain system or subsystem. The specific threat envi- 
ronment is not required to be duplicated exactly or in its 
entirety. Rather, designers of systems hardened against 
nuclear environments seek to duplicate as well as they 
can the particular stresses expected to be created by the 
range of threat environments. For example, a designer 
may wish to ensure that the surface of a Be mirror does 
not delaminate or deform when exposed to as much as 
2.0 cal/cm2 of 1 to 3 keV blackbody radiation over a 
20-ns pulse. To provide a uniform sample surface with 
no edge effects interfering, perhaps 25 cm2 of the mirror 
must be exposed. This environment cannot be dupli- 
cated with any simulation capability, including under- 
ground testing. So, the experimenter would use the PRS 
at Sandia National Laboratory's Saturn facility to expose 

1 
1 2 3 4 5 6 

Driver energy (MJ) 

FIGURE 2. Fusion yield as a fuction of laser driver energy. The yields 
indicate a range of ICF target performance and therefore variance in 
the amounts of different types of radiation available for specific 
effects simulations. 

TABLE 1. Useful x-ray simulation environments. 

Parameters 

Characteristics Cold Warm Hot 

Blackbody temperature (keV) 1-3 
Fluence (cal/cm2) 0.1-30 
Dose rate (rads/s) 
Area (cm2) 102-io4 
Uniformity 1:l 
Pulse width (ns) 10-100 
Rise time (ns) 
Dose (krads) 
ICF potential Good 

3-8 8-15 
0.1-30 0.1-10 

1011-1013 

10"-105 103-1 06 
1:l 1:l 

3-20 3-1 0 
2-5 

20-200 
Very Good Good 

a small sample (16 cm2) to 1 cal/cm2 in a 20-ns pulse to 
3-keV line radiation. After many tests there, the experi- 
menter would expose many full-size samples to fluences 
above, below, and at 2 cal/cm2 in a much shorter pulse 
in an underground test. The test spectrum is deter- 
mined by the nuclear source output characteristics 
rather than by specific threat spectra predictions. The 
spectra vary from underground test to underground 
test and cannot be controlled by individual experi- 
menters, but correspond more to a blackbody spectrum 
(a broad range of x-ray energies) than to line radiation 
(a nearly single x-ray energy). Then, if the measured 
induced stresses match the predictions, the experi- 
menter can confidently calculate the response of the 
mirror to the range of expected threat environments. 
This process can be repeated for other effects induced 
by cold x rays, as well as for warm x-ray effects (ther- 
mal structural response predominates here) and hot 
x-ray effects (which stress the electronics of a system). 
Further, the effects of gamma rays (often induced in 
electronics in endo-atmospheric encounters) and neu- 
trons on electronics or materials are also tested. An ICF 
laser facility can assist in simulating all of these NWES 
effects. The greatest contributions will be in warm x-ray 
and short-pulse neutron testing, with significant contri- 
butions to cold and hot x-ray testing. 

The simulation environments are calculated by 
several means. For hot/warm x rays, the LASNEX cal- 
culations become the source for a TART or MCNP Monte 
Carlo transport code calculation that computes the scat- 
tering of the output from a target off the LiH scatterer, 
out the laser entrance holes, around the shadow 

TABLE 2. Useful SREMP simulation environments. 

Characteristics Parameters 

Total dose (krads) at 80% y ray dose 
Gamma-ray pulse length (11s) 
Neutron pulse length (ks) 
Rise time (ns) 
Area (cm2) 
Gamma ray energy (MeV) 
Neutron energy spectra 
Time between y rays and neutrons (11s) 
Neutron fluence/peak y-ray dose rate 
ICF potential 

3-30 
5-20 
1-100 
1-3 (y rays) 
1 04-1 06 
1-5 
Fission/fusion 
1 0-1 00 
10 
Moderate to poor 

TABLE 3. Useful neutron simulation environment 

Characteristics Parameters 

Total fluence (n/cm2) 1014-1015 

Test volume (cm) 
Spectra Fission/ fusion 
ICF potential Very good 

Pulse length (11s) <1-30 
60 (diam) x 180 (length) 
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shield, and through the Kapton debris shield. The dose 
is computed by applying Kerma factors to the photon 
fluence that has passed through the shield. A chamber 
wall and neutron shield at a 4-m radius is included in 
the calculation in order to determine the later neutron 
and gamma ray doses and fluences at the test item. 

To calculate the ability of glass capillary tubes to 
transport ICF cold x rays, Maenchen and Mosher" set 
the following performance parameters: 

Tube bending (10-15 yrad) and length (2 m) 
Survivable fluences (<lo cal/cm2) 

Efficiencies of low angle scattering based on theo- 
retical predictions (as a function of photon energy 
and tube smoothness) 

These spectral-dependent limitations were applied to 
ICF cold x-ray output spectra calculated by LASNEX. 

For the neutrons, the discrete ordinate code ANISN7 
was used to transport neutrons from an ICF target into 
a subcritical assembly of fissile materials and calculate 
the resulting fission/fusion neutron environment. For 
gamma rays, the TART and ANISN codes were used 
(in separate calculations) to simulate the transport of 
neutrons from the target to the surrounding converter 
material, where the production of high-energy photons 
was calculated and the number of photons crossing the 
debris shield into the test volume was tallied. 

Hot X-ray Effects Simulations 
Two scatterer-point designs were used to evaluate 

the utility of ICF for hot x-ray effects simulations (Fig. 3). 
The exposure areas were lo4 and 4 x lo4 cm2, respec- 
tively. The distance from the test item to the ICF cap- 
sule varied from 1.5 to 2.5 m. The doses were calculated 
after the x rays passed through a 0.25-mm Kapton 

I I 0.25-mm thick 7 Chamber 
Target Kapton shield 

positioner Borated 
polyethylene 

LiI 

\ \  

1 -  \ I 

1- 1.5-2.5 m -4 

2.5 cm B-polyethylene 
2.5 cm A1 

5 cm B-polyethylene 

FIGURE 3. Model used to predict hot/warm x-ray environments 
includes holes in the scatterer to accommodate laser beams. 

debris shield. To compare different simulation capabil- 
ities to each other, we calculate the dose-area product 
(rads.cm2). Figure 4 compares future ICF facilities to an 
existing hot x-ray simulator (Saturn), a proposed simu- 
lator (Decade), and a hypothetical full-featured simula- 
tor (Full Threat Simulator). The results show that the 
NIF could exceed Saturn even at the lower end of tar- 
get performance and could match a Full Threat 
Simulator capability at predicted high performance 
levels. An LMF would unquestionably provide a dose- 
area product that exceeds future needs. Further, while 
pulsed-power facilities may have a very difficult time 
achieving <lo ns pulse widths, ICF facilities can select, 
to a degree, the desired pulse width by manipulating 
the LiH scatterer dimensions. (Also, the spectra pro- 
vided by pulsed power tends to be quite a bit hotter 
than desired.) Figure 5 plots intensity vs photon energy. 
In the pulsed-power facility, a region between 10 and 
100 keV is essentially unreachable. Scattered ICF spec- 
tra (using 2- and 6-MJ driver energies) can simulate this 
region. Comparing a predicted underground effects test 
experiment result to a predicted ICF result shows that 
adequate fidelity is possible. The dose uniformity (from 
the edge to the center of the test area) of the scattered 
ICF fluence is an impressive 90%. The total neutron and 
gamma ray dose at the test item is a few percent of the 
x-ray dose. The neutron fluence (1-MeV equivalent) is 
about 5 x 10l1 n/cm2 per MJ of fusion yield, while the 
x-ray fluence is 0.01 cal/cm2 per MJ of fusion yield. 
The full NIF hot/warm x-ray fluence could be 0.3 
cal/cm2 (30-MJ yield). However, the accompanying 

10l2 
4 krads 4 Mrads 

Saturn I 
- 
- 

io7  
1 2 3 4 5 6 

ICF driver energy (MJ) 

FIGURE 4. A range of ICF hot x-ray test capabilities is shown as a 
function of laser-driver energy and compared to current and pro- 
posed aboveground simulation facilities 
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neutron fluence is more than an order of magnitude 
greater than the largest value that silicon-based elec- 
tronics (e.g. analog bipolar) can withstand without 
permanent damage (3  x 1012 n/cm2). Further analysis 
is required to determine which electronics tests may be 
precluded in such an environment. 

Warm X-ray Effects Simulations 
To describe warm x-ray effects where the test item is 

1.5 to 2 m away from the ICF target, we multiply the flu- 
ence by the area. Figure 6 shows that a 2-MJ ICF driver 

los I I 

LMF nominal 
capsule 

Ignition 
enhanced 

capsule 2, 

lo-' 1 10 1 o2 10" 
Photon energy (keV) 

FIGURE 5. ICF free field, scattered x-ray spectra access a region not 
reached by other aboveground simulators. 
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FIGURE 6. A range of ICF warm x-ray test capabilities compared to 
a proposed aboveground simulation facility. 
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could exceed the capability of Sandia's proposed Particle 
Beam Fusion Accelerator-I1 (PBFA-11) converted to a 
cold/warm x-ray effects simulator. PBFA-I1 is the only 
facility, existing or proposed, that could have any warm 
x-ray effects test capability. Further, the 60-MA machine 
would perform simulations using Kr line radiation 
instead of the blackbody-like radiation provided by ICE 
The ICF spectra and fluences could be extremely useful 
for thermo-structural response simulations. 

Cold X-ray Effects Simulations 
Relatively short, cold ICF x-ray pulses may allow 

some types of experiments to be conducted with 
acceptable fidelity. For instance, to duplicate the peak 
stress created in a thin piece of Be by a 2-keV black- 
body, 24-ns, 0.1-cal/cm2 x-ray fluence (0.5-keV black- 
body), a 6-ns x-ray source requires a veduction in the 
fluence of nearly an order of magnitude. Providing 
completely debris-free experiments is a major chal- 
lenge in PRS testing. Currently, debris shields and fast- 
acting closures are used. Improvements in cold x-ray 
simulations may come from the development of x-ray 
optics, such as capillary tubes that transport x rays 
using internal reflection. ICF may have lower levels 
of debris than PRS per unit of cold x-ray energy. 
Improvements in x-ray optics for PRS use will also 
benefit ICE As shown in Fig. 7, a debris-free fluence- 
area product of about 300 cal may be possible in the 
NIF and nearly 10 kcal may be possible for the LMF. 
The latter case would require capillary tubes that can 
withstand as much as 10 cal/cm2 fluence during the 
conduct of the simulation. This range of ICF capability 
would exceed Decade, approximately equal the 60-MA 
machine at the NIF level, and nearly meet the Full 
Threat Simulator goal at the LMF level, assuming 

Ifl 

Sandia (proposed 

Decade v Decade 

Saturn 

_ _  
1 2 3 4 5 6 

Driver energy (MJ) 

FIGURE 7. A range of ICF debris-free, cold x-ray effects test 
capabilities is compared to current and proposed aboveground 
simulation facilities. 
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existing debris suppression capabilities for these 
machines. With advanced debris suppression capabili- 
ties, the fluence-area product could increase by as 
much as an order of magnitude for these machines. 

Gamma Ray Effects Simulations 
ICF does not appear to present significant advan- 

tages for performing gamma ray effects simulations. 
Although gamma ray test environments (with approxi- 
mately 3 to 30 krads, a 5-11s pulse, and a 2-ns rise time) 
over large areas (greater than lo4 cm2) are possible, the 
interval between the gamma ray arrival time and the 
neutron arrival time is between a few tens and hun- 
dreds of nanoseconds, far shorter than for a real endo- 
atmospheric engagement. In addition, the ratio of 
neutron fluence to peak gamma ray dose rate is a factor 
of 2 to 3 times too large. Finally, pulsed-power facilities 
perform gamma ray tests well; ICF is unlikely to pre- 
sent any advantage except at large yields (near 500 MJ). 
ICF SREMP testing could be useful if a synergistic 
effect were found where the gamma ray pulse is fol- 
lowed by the neutron pulse to create important effects 
unobservable with separate gamma ray and neutron 
exposures of a system or subsystem. To date, no such 
effect has been found. 

Short-Pulse Neutron 
Effects Simulations 

The neutron fluence from the ICF capsule can be 
multiplied by a subcritical assembly of fissionable 
material (enriched uranium) to produce large-volume, 
threat-level, short-pulse neutron fluences. The neutrons 
from the ICF capsule induce fissions in the assembly, 
releasing many more neutrons than originally released 
by the capsule. The test volume over which a constant 
neutron fluence can be created increases with the fusion 
yield. In a proposal for an electron-driven nuclear 
assembly (EDNA), Sandia National Laboratories8 sug- 
gests using pulsed-power driven electrons to create a 
source of high-energy neutrons from gamma and neu- 
tron reactions in a converter material (U or UO,), which 
would then be used to provide a burst of short-pulse 
neutrons by directing them to a barely subcritical 
assembly of enriched uranium (with a k value of about 
0.99). The k value is the criticality of the assembly or 
measure of the stability of its nuclear material to exter- 
nally generated neutrons. The lower the k value, the 
safer a nuclear assembly is to operate. The maximum 
number of pulsed power produced neutrons per pulse 
is -6 x 1015 neutrons. The source neutrons available in 
the NIF is expected to range from 10I8 to neutrons. 
ICF can take advantage of the much greater number of 
source neutrons by using a far smaller neutron mulii- 
plication factor (1 / 1-k); because the subcritical assembly 

has a much smaller k value (-0.8-0.9) than EDNA, the 
mass of fissile material required is reduced by about 
twenty times. Also, desired peak fluxes can be achieved 
either by single-sided irradiation or by a more uniform 
exposure of a test item. (The EDNA concept is con- 
strained to producing a neutron flux that surrounds 
the test item.) The reduced k value makes the neutron 
pulse much shorter since there are fewer neutron gen- 
erations. Since the pulse durations can be much shorter 
than thermal transit times, possibly a scaled, smaller 
model of a test item could be used to simulate the 
effects of the deposition of short-pulse neutron energy. 
This, in turn, could further reduce the mass of fissile 
fuel required. Further work is required to determine 
the appropriate testing scale. 

Collateral Effects 
Protecting a test item from contamination in the 

post-shot ICF chamber environment is an important 
requirement. It must be protected from: ablated mate- 
rial, shrapnel, tritium contamination, and post-shot 
chamber pressure. The thickness of a debris shield is a 
key factor in assessing the utility of ICF for effects sim- 
ulation because the thicker the debris shield, the less 
x-ray energy is available for the simulation. Preliminary 
analyses show that the various stresses induced in a 
Kapton debris shield are well below the Kapton-yield 
stress limit of 50 MPa. The stresses include post shot 
chamber pressure-induced stress (<0.5 MPa), stress 
induced by the x-rays as they pass through the shield 
(<4 MPa), and the loading from -0.5-mm LiH particles 
impacting the shield at about 50 m/s. Further, the 
shield passes 96% of the incident x-ray fluence. 

for igniting a capsule prevent performing simultane- 
ous effects simulations. The 200 to 300 beamlets are 
limited to specific cone angles that leave plenty of 
space for simulations. The lo4 Torr chamber pressure 
provides a nonattenuating medium for transporting 
scattered x rays. No heat loads are introduced to stress 
the target cryogenic system. Access for target insertion, 
alignment, and diagnosis are available. 

The only significant impact on environmental, 
safety, and health areas is the increase in waste produc- 
tion from the use of large amounts of LiH (-1 Mg). 
Handling procedures must be established but will not 
impose any fundamental limitations on performing 
NWES experiments. 

Fortunately, none of the ICF chamber requirements 

Conclusion 
Our analysis has shown that an ICF NWES facility 

for hot and warm x-ray effects testing can reach a flu- 
ence-area product of 1,000 cal for a 20 to 30 MJ yield, 
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with a high-fidelity spectrum and pulse width. This 
facility offers flexibility for test needs because the pulse 
length and the test item fluence and area can be varied. 
The fluence-area product increases directly with larger 
yields. The impact of neutrons is still being examined. 

For cold x-ray effects testing, a fluence-area product 
of 300 cal is possible with yields of 20 to 30 MJ. The 
radiation is continuous, rather than line, for improved 
spectral fidelity. An analysis of the utility of a colder, 
shorter sources than in PRS facilities shows many 
types of useful testing can be done. 

SREMP and short-pulse neutron effects testing can 
be performed very effectively, with some advantages 
over other alternatives. However, it is unclear whether 
sufficient interest in these tests exists to incorporate 
them into an ICF facility. 

A National Ignition Facility will be capable of per- 
forming some user level testing (warm x rays for ther- 
mal structural response testing and clean, cold x rays 
for peak stress testing) and will also be a very useful 
facility to test concepts (such as large area electronics 
testing) for performing routine nuclear effects simula- 
tions at larger ICF yields. 
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During this quarter, Nova Operations fired a total of 
340 system shots, resulting in 400 experiments. These 
experiments were distributed among ICF experiments, 
Defense Sciences experiments, X-ray Laser experirnents, 
Laser Sciences, and facility maintenance shots. 

There were a total of 1,123 system shots fired in 
FY 1992, resulting in a total of 1,361 experiments. Seven 
hundred and forty four target experiments were con- 
ducted on the Ten Beam Chamber, of which 489 were clas- 
sified. Three hundred and thirty nine experiments were 
conducted on the Two Beam Target Chamber. The Laser 
Science Program executed 156 experiments. One hundred 
and thirteen sensor calibration shots and nine miscella- 
neous shots were conducted for Nova Operations. These 
figures represent a 15% increase in experimental produc- 
tivity over M 1991. 

Work has started on a high-pressure water spray sys- 
tem. This system is designed to replace the high pressure 
freon spraying system used to clean amplifier parts. 

A new target chamber viewer (North Viewer) was 
installed on the Ten Beam Chamber. This viewer will aid 
in target alignment by providing a view from the north 
side of the chamber, which was previously unavailable. 

Work continues on the new target plain imager 
replacement (TPIR). The system has been set up in a 
support lab and is undergoing alignment and testing. 
The Ten Beam Chamber is also being prepared to allow 
drilling of the new chamber port required for the TPIR. 

Work has begun on the Petawatt project. The first 
phase of this project is the construction of the Petawatt 
master oscillator room (MOR). This room will be located 
next to the existing Nova MOR. We plan to activate the 
Petawatt MOR around March of next year. 

Precision Nova Operations techniques. The mounts that 
hold the input apertures for the laser chains were modi- 
fied to allow kinematic insertion of various size aper- 
tures. This allows us to easily change aperture sizes as 
required to compensate for frequency conversion varia- 
tions between the arms. We are using a standard target 
experiment to measure any pointing or focusing offsets 
at chamber center. We have began to routinely apply 
focusing offsets as determined by these experiments. The 
correction for pointing offsets requires a more complex 
and timely procedure; it will only be applied when 
required for high-performance targets. 

We are standardizing the application of several 
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