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Program advances research and technology development
in major interrelated areas that include fusion target the-
ory and design, target fabrication, target experiments,
and laser and optical science and technology.

While in pursuit of its goal of demonstrating thermonu-
clear fusion ignition and energy gain in the laboratory,
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energy-density physics and supports the necessary
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inertial fusion energy for civilian power production. ICF
technologies continue to have spin-off applications for
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national ICF Program, which includes the Nova and
Beamlet (LLNL), OMEGA (University of Rochester
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HEDES Program Office, Lawrence Livermore National
Laboratory, P.O. Box 808, Livermore, CA, 94551.

The Cover: A laser beam can be deflected
substantially when plasma flows across it with a veloc-
ity approximately equal to the plasma sound speed.
This has been demonstrated experimentally with inter-
ferograms of exploding foil plasmas in which the den-
sity channel formed by the laser is observed (three
images at left). The target is oriented so that the
plasma flows upward across the beam, causing an
upward deflection; the amount of the deflection
decreases as the laser intensity of the interaction beam
decreases (from top to bottom in the three left-hand
figures), as expected. 

In order to substantially improve the understanding
of laser propagation in plasmas, as much experimental
data as possible is provided to the models, so both the
density distribution and the flow velocity distribution
(lower right image) are derived from the interfero-
gram. The experiment is simulated using the F3D
hydrodynamic code (top right images); comparison to
the case where the flow is artificially turned off shows
that the plasma flow deflects the beam by an amount
equal to that seen in the experiment (10°). This experi-
ment is described more fully in the article
“Observation of Laser-Beam Bending due to
Transverse Plasma Flow” on p. 46. 

On the Web:
http://lasers.llnl.gov/lasers/pubs/icfq.html
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FOREWORD
The coupling of laser light with plasmas is one of the key physics issues for the

use of high-power lasers for inertial fusion, high-energy-density physics, and scien-
tific stockpile stewardship. The coupling physics is extremely rich and challenging,
particularly in the large plasmas to be accessed on the National Ignition Facility
(NIF). The coupling mechanisms span the gamut from classical inverse
bremsstrahlung absorption to a variety of nonlinear optical processes. These
include stimulated Raman scattering (SRS) from electron plasma waves, stimulated
Brillouin scattering (SBS) from ion sound waves, resonant decay into electron
plasma and ion sound waves, and laser beam filamentation. These processes
depend on laser intensity and produce effects such as changes in the efficiency and
location of the energy deposition or generation of a component of very energetic
electrons, which can preheat capsules. Coupling physics issues have an extremely
high leverage. The coupling models are clearly very important ingredients for
detailed calculations of laser-irradiated target behavior. Improved understanding
and models enable a more efficient use of laser facilities, which becomes even more
important as these facilities become larger and more expensive. Advances in the
understanding also allow a more timely and cost-effective identification of new
applications of high-power lasers, such as for generation of high-temperature
hohlraums and compact x-ray sources, or for discovery of advanced fusion
schemes. Finally, the interaction of intense electromagnetic waves with ionized
media is a fundamental topic of interest to numerous areas of applied science and is
an excellent test bed for advancing plasma science and computational modeling of
complex phenomena.

This issue of the ICF Quarterly Report is dedicated to laser–plasma interactions.
The eight articles present a cross section of the broad progress in understanding the
key interaction issues, such as laser beam bending, spraying, and scattering, as well
as scaling the Nova results to NIF. Each of these articles represents a very produc-
tive and timely collaboration with other parts of the Lawrence Livermore National
Laboratory (A Division, V Division, the Magnetic Fusion Program, and the Institute
for Laser Science and Applications) or with other institutions (such as the Naval
Research Laboratory, the University of Rochester’s Laboratory for Laser Energetics,
Centre d’Etudes Atomique at Bruyeres, Laboratoire pour Utilization des Lasers
Intenses, University of California at Los Angeles, University of California at Davis,
and INRS Energie-Materiaux). Such strong collaborations with the broader
laser–plasma community are extremely important given the complexity of
laser–plasma interactions and their importance to timely success with the NIF.
Other recent progress in laser–matter interactions ranges from the experimental
demonstration of strong instability reduction by laser beam smoothing to character-
ization of ultraintense interactions for fast ignition and laser radiography. This
progress will be covered in future Quarterly issues.

Four of the articles in this issue discuss advances in the diagnosis of laser 
plasmas and in the characterization of the interaction processes. In “Thomson
Scattering from Inertial Confinement Fusion Plasmas” (p. 59), a direct and accurate
diagnostic is used to measure the electron and ion temperatures. These measure-
ments provide an important benchmark for hydrodynamic calculations using LAS-
NEX. An important mechanism for limiting stimulated Raman scattering is
characterized in “Observation of the Nonlinear Saturation of Langmuir Waves
Driven by Ponderomotive Force in a Large-Scale Plasma” (p. 73). In Nova experi-
ments using crossed laser beams, a nonlinear saturation of driven Langmuir waves
is demonstrated. These observations are consistent with saturation by the excitation
of secondary instabilities involving ion waves, an effect that accounts for an
observed dependence of the SRS on ion wave damping. 

The next two experimental articles discuss effects that impact radiation symme-
try in hohlraums: energy transfer between crossing laser beams and nonlinear beam



bending. In “Observation of Energy Transfer between Identical-Frequency Laser
Beams in a Flowing Plasma” (p. 69), energy transfer between crossing laser beams
with the same frequency is shown to occur when the plasma flow velocity is nearly
sonic. This energy transfer occurs via an ion wave that becomes resonant due to a
Doppler-shift in frequency by the plasma flow. In “Observation of Laser-Beam
Bending due to Transverse Plasma Flow” (p. 46), the nonlinear beam bending is
directly observed via interferometric measurements of the laser-generated plasma
channel. The bending is shown to be intensity-dependent and to occur where the
transverse flow is nearly sonic, in agreement with predictions. The detailed mea-
surements are used to benchmark F3D, a 3D code for light wave propagation in
plasma.

The other four articles describe advances in the theory and simulation of
laser–plasma coupling. In two articles, techniques to control laser-driven instabili-
ties are discussed. In “Reduction of Laser Self-Focusing in Plasma by Polarization
Smoothing” (p. 83), a significant reduction in the filamentation of an intense, speck-
led laser beam by polarization smoothing is demonstrated in F3D simulations. Even
greater reduction is found when this smoothing is combined with temporal
smoothing using smoothing by spectral dispersion. A process to reduce SBS is dis-
cussed in “Suppression of Stimulated Brillouin Scattering by Mode Coupling
Induced with Seeded Ion Waves” (p. 51). Particle simulations and theory are used
to show that the mode coupling of a Brillouin-generated ion wave with a secondary,
obliquely propagating ion wave can reduce the backscatter. These calculations are
consistent with recent experiments. 

The last two laser–plasma coupling articles report advances in the models for
laser–plasma interactions. The first simulations of stimulated scattering to allow for
ion–ion collisions are discussed in “Hybrid Particle-in-Cell Simulations of
Stimulated Brillouin Scattering Including Ion–Ion Collisions” (p. 78).  It is shown
that these collisions can have an important effect on SBS in high-Z plasmas, such as
those near the wall of a laser-irradiated hohlraum. Finally, in “Kinetic Theory of
Electron-Plasma and Ion-Acoustic Waves in Nonuniformly Heated Laser Plasmas”
(p. 41), it is shown that modifications of the electron velocity distributions by heat
transport and non-Maxwellian inverse bremsstrahlung absorption can strongly
impact the behavior of laser-driven instabilities in underdense plasmas illuminated
by structured laser beams. A detailed exposition of the changes in the behavior of
plasma modes is given, and the implications of this work to the onset of SRS in
underdense plasmas, the saturation of SRS via the Langmuir decay instability, and
its natural anticorrelation with SBS are examined for random-phase-plate beams.

William Kruer
Scientific Editor
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Introduction
When a high-intensity laser illuminates a plasma,

large-scale nonuniformities in the laser spatial profile will
cause differential heating in the plasma giving rise to
steep temperature gradients, nonlocal heat transport,
heat flux inhibition,1 and non-Maxwellian inverse
bremsstrahlung heating especially in laser hot spots.2,3

Laser-spatial-profile nonuniformities can contribute to
the dephasing of three-wave-parametric instabilities in
the usual way.4 However, the effect of these nonuniformi-
ties on the background plasma and kinetic characteristics of
waves, which then affect instabilities in a fundamental
way, has in the past been largely ignored.5 We begin to
address that in this article by examining the behavior of
plasma waves using velocity distribution functions
(VDFs) obtained from Fokker–Planck (FP) simulations of
nonuniformly heated, large-scale plasmas. Laser speckle
patterns are taken into account, the resulting nonuniform
heating is simulated, and their consequences on electron-
plasma wave (EPW) and ion-acoustic wave (IAW) prop-
erties are calculated by solving the appropriate kinetic
dispersion relations. Significant changes in the properties
of these waves are uncovered that shed light on some key
puzzles in recent laser–plasma interaction experiments.
One concerns the stimulated Raman scattering instability
(SRS), which involves light scattering off EPWs.6 SRS is
observed from densities that are too low were the VDFs
to have been Maxwellian at the measured temperature.7

Similarly, instabilities involving ion waves8 seem to be
suppressed at high densities in the strong ion-wave
damping limit, and stimulated Brillouin scattering (SBS)
is observed to be anticorrelated with SRS.9 In addition,
high-Z plasmas have been observed to exhibit SRS levels

that depend strongly on ion wave characteristics.10 In
those experiments, the potential for Langmuir decay
instability (LDI) to saturate SRS was brought into ques-
tion and resolved by invoking reduced damping rates of
EPWs via the mechanism discussed in this article.10,5

Moreover, crossed beam SBS and SRS gains have been
shown to be anomalously low with randomly displaced
frequency peaks.11 We will show that this is to be
expected whenever the instabilities occur in laser hot
spots where the frequencies and damping rates of the
waves are modified due to non-Maxwellian VDF effects.

Description of Simulations
The use of random phase plates (RPPs) was pio-

neered over a decade ago in laser–plasma interaction
experiments,12 and they have been used ever since.
RPPs are meant to replace unpredictable and unwar-
ranted large-scale variations in laser intensity with a
statistically well defined spiky interference or speckle
pattern.13 Given any such nonuniform laser illumina-
tion profile, it is important to obtain the resulting elec-
tron VDFs from an FP calculation as the plasma is
heated to inertial confinement fusion (ICF) relevant
temperatures of 2 or 3 keV. We have done this with
both the FPI3 and SPARK14 codes in large 1D simula-
tions and smaller 2D boxes for comparison. We will
concentrate on the set of comprehensive 1D runs using
FPI in this article and report on 2D results elsewhere.
These simulations used a lateral cut across a 0.35-µm-
wavelength RPP beam, which was 211-µm wide. The
plasma had two side (or “moat”) regions of the same
width as the beam, all held at a density of tenth critical.
The ionization states were low to moderate 
(Z  = <Z2>/<Z> = 5, 10, 20). The angular dependence
of the VDF is expanded in Legendre polynomials in
FPI up to order 3. Inspection of the values showed that
the  f2 /f0 ratio was below 1 in all regions where f0 was
not vanishingly small. Only f0 is used in the present 
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analysis. Beyond each edge of the 211-µm-wide beam, the
intensity was allowed to fall off linearly over 73 µm, and
then there was a 139-µm unheated region before reaching
the simulation box boundaries which were maintained at
the initial temperature of 300 eV. These large, unheated
regions essentially eliminate the effects of boundaries on
the transport physics within the beam because hot elec-
trons generated in hot spots are quickly transported into
the large cooler regions surrounding the beam before
being absorbed at the boundaries and reemitted with an
equivalent flux at the prescribed wall temperature.

Simulation Results and
Interpretation

To show the resulting VDFs, we resort to the short-
hand of a set of super-Gaussian functions, which were
first introduced by Dum in a number of different
plasma physics contexts,15 and that were found to be
ideal for the description of quasi-steady-state, uniform-
intensity-illumination, laser–plasma-heating, and trans-
port simulations by Matte using his FPI code.2,3 These
Dum–Langdon–Matte (DLM) VDFs may be written in
the form

(1)

where and the constant 

(2)

is chosen to ensure the proper definition of temperature
in terms of the second moment of the 3D distribution
function:

(3)

The normalization prefactor is 

(4)

which ensures that the zeroth moment of the 3D distri-
bution function is the density Ne0

.  In the standard 
theory of non-Maxwellian inverse bremsstrahlung
heating,2,3 as the laser intensity is increased, the expo-
nent n increases from the Maxwellian limit of n = 2 to
the limit where electron–electron collisions are entirely
negligible, n = 5.  These distribution functions will

have increasingly more flattened cores and depleted
tails. For uniform laser illumination cases, Matte3

has obtained the connection between the exponent n
and parameters that characterize the laser–plasma
system. With the laser intensity I defined in units of
1015 W/cm2, laser wavelength λ0 in units of 0.35 µm, and
the electron temperature Te in keV, the conversion is

(5)

Because this result neglects the nonlocal heat transport
that accompanies spatially nonuniform non-Maxwellian
inverse bremsstrahlung heating, we would expect the
Matte formula to slightly overestimate the proper DLM
exponent n at the very centers of the hot spots and to
severely underestimate the non-Maxwellianness every-
where else in the illuminated region. New FP simulations
using RPP beam patterns were performed precisely to
overcome these limitations, which a direct reliance on
DLMs and the Matte formula would cause.16,5 The result-
ing inferred DLM exponents n from the Ca simulations
and those predicted by Matte’s formula are shown in
Figure 1 together with the laser intensity distribution and
the FP-simulation-obtained temperature profile normal-
ized to the average temperature in the illuminated
region. Figure 2 shows the damping rate of EPWs in 
plasmas, whose e– VDFs are given by the FP codes
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directly, normalized to that of EPWs in a Maxwellian
plasma at the same density and at the same average
temperature (inside the illuminated region). The elec-
tron susceptibility is given by6

(6)

(7)

where

(8)

(9)

Ne0
is the 3D average of the e– VDF, and  fe is its 1D aver-

age. The Hilbert transform of the normalized VDF is
defined via the integral

(10)

Solving 1 + χe= 0 gives us the complex frequencies of
EPWs. The resulting damping rates for a Ca plasma at an
average temperature of 2.26 keV are shown in Figure 2.
Note the order of magnitude reduction in EPW damping
rates compared to those in a Maxwellian plasma at the
values of kλDe ≈ 0.35 that typically arise in experiments.

The Effects of Modified
Distribution Functions on
IAWs and SBS

The impact of non-Maxwellian e– VDFs on IAWs can
be seen by noting the factor A which renormalizes 
in Eq. (7). It boosts the effective electron temperature
that enters the definition of the frequency of an IAW:

.  The reduced number of slow electrons
available to shield the ions causes this IAW frequency
increase over that of a Maxwellian plasma. For DLMs,
we have calculated this boosting factor analytically to be 

(11)

In Figure 3 we plot the actual A factor calculated using
the VDFs obtained from the FP simulations multiplied by
the ratio of the spatially varying temperature, obtained
from the FP runs, divided by the average temperature vs
lateral position inside the RPP beam for CH, Ne, and Ca
plasmas at one-tenth critical density and an average laser
intensity of 2 × 1015 W/cm2.  RMS fluctuations exceeding
20% are obtained via this ion-acoustic frequency spatial
modulation effect due to spatially nonuniform and non-
Maxwellian inverse bremsstrahlung heating. Such mod-
ulations can help explain the recent crossed beam SBS
results of Kirkwood et al.,11 where anomalously low
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crossed beam gains were found with seemingly random
peaks in the frequency-tuning curves in the strongly
damped IAW limit. Details of the interplay between this
kinetic effect and that of velocity fluctuations, which
conspire to detune the instability, will be given else-
where.17 Because the two effects are complementary,
this kinetic frequency shift reduces the size of velocity
fluctuations required to produce an order of magni-
tude lower SBS gain than in a uniform plasma 
illuminated by a uniform laser beam to around 10%.

The Effects of Modified
Distribution Functions 
on EPWs and SRS

To show the effects of EPW damping reduction 
on parametric instabilities (PIs) driven by RPP laser
beams, we solved the kinetic dispersion relation of
SRS18 using the FP-generated VDFs. The results are
shown in Figure 4 where we plot the ratio of SRS 
spatial gain rate κFP, using VDFs obtained via FP 
simulations, to those of a Maxwellian at the same 
temperature κMaxwell for the Ca and Ne plasma cases.
Note that more than an order-of-magnitude increase in

SRS gain rates is obtained inside hot spots even with
nonlocal heat transport, which tends to smooth out the
differences between the high-energy portions of the
e– VDFs at different positions. In any case, the e– VDFs
remain highly non-Maxwellian. These large gain-
enhancement factors allow the occurrence of SRS at
low densities and at high temperatures, which could
simply not occur in a Maxwellian plasma. Elsewhere,
non-Maxwellian VDFs will turn otherwise convective
SRS into absolute instabilities, which would require
nonlinear mechanisms to reach saturation.

Conclusion 
We have shown in this article that an order-of-

magnitude or more increase in SRS gain rates may be
expected from low-density and high-temperature plas-
mas whenever high-intensity RPP beams nonuniformly
heat a plasma. This suggests that Raman can grow at
densities lower than expected and at temperatures
higher than expected by relying on Maxwellian assump-
tions. We have also noted that parametric instabilities
that rely on the properties of IAWs, such as SBS, LDI
and EDI, will be significantly detuned in the strong IAW
damping limit because IAW frequencies were shown to
be spatially modulated by 20% or more over length
scales that are short compared to the interaction lengths
required for significant gain.17 It follows that in the
presence of non-Maxwellian VDFs SRS and SBS will be
highly collimated and their reflectivities naturally anti-
correlated for two reasons. First, the reduction of EPW
damping increases SRS gain while simultaneously
detuning SBS in the strong IAW damping limit and sec-
ond, in that same limit, LDI and EDI gains are reduced
to the same extent as SBS.  But since the former are
meant to saturate SRS, their inefficiency leads to addi-
tional unhindered SRS growth. We plan to report on
extensions of this work next by using filamentation-gen-
erated intensity profiles19 and not just RPP ones. We
have seen that in the former case, the axial extent of hot
spots will be so shortened that dephasing will be sub-
stantial even for backscattering instabilities. This sug-
gests that filamentation could potentially suppress SBS
backscatter (SBBS) especially in the strong IAW damping
limit, making SBBS more likely at lower densities (where
hot-spot lengths would be long) than at higher densities
where filamentation would be rampant and the correla-
tion lengths of hot spots would be much shorter, making
the concomitant modulations of the frequency of IAWs
ever more effective in suppressing SBBS and LDI.
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Introduction
The propagation of intense laser pulses through

fully ionized plasmas can be affected by a number of
processes that can be linear, such as refraction due to
transverse density gradients, or nonlinear in the case
of the filamentation instability. While laser-beam prop-
agation in the direction normal to the density gradient
and plasma flow have been studied thoroughly, trans-
verse flow introduces new considerations and can, for
example, influence the growth rate of filamentation [1].
This is an important consideration for hohlraum tar-
gets used in inertial confinement fusion applications
where plasma flowing across the beam near the
entrance hole can steer the beam. As a result, the sym-
metry of the intended x-ray drive can change because
the position of the laser spot on the hohlraum wall is
moved. Transverse flow steers the beam when the laser
is sufficiently intense that the ponderomotive force
causes the plasma to pile up against the beam, which
produces a density gradient that refracts the beam
towards the downstream direction. This effect is partic-
ularly strong when the transverse flow velocity equals
the sound speed of the plasma.1,2 Although some evi-
dence of this effect has recently been reported,3 quanti-
tative comparison to theoretical predictions requires a
well characterized background plasma and knowledge
of the laser beam path through the plasma.

In this article, we describe the results of an experi-
ment in which we interferometrically observe the den-
sity channel produced by an intense laser beam
propagating through a preformed plasma. We observe
beam bending in the presence of transverse plasma
flow that increases as the laser intensity is increased,
which rules out refractive effects due to the unper-
turbed density profile. An important point is that the
beam bending occurs at a very low density (~0.05nc)
where the filamentation threshold is not exceeded. For
a laser intensity of 1.5 × 1015 W/cm2, we observe beam

deflections of 10 degrees, which is in quantitative
agreement with the calculations of the F3D hydrody-
namic code.4 The code uses the experimentally mea-
sured density and flow velocity profiles and a laser
electric field reconstructed from the measured near-
field phase profile of the experimental laser beam.

Some simple estimates illustrate the physics of
beam bending. Consider a beam propagating through
a flowing plasma with electron density ne. Its pondero-
motive pressure creates a density depression of magni-
tude ∆n/n ≈ (vo/ve)2/(1 – M2), where vo is the electron
quiver velocity in the laser field, ve is the electron ther-
mal velocity, and M is the Mach number of the flow
component transverse to the direction of propagation.
The density perturbation is swept downstream of the
intensity maximum so that the light sees a refracting
gradient ∇ ⊥ ∆n ~ (ne/LT)(vo/ve)2(1 – M2)–1, where L T is
the characteristic transverse dimension of the laser
beam. The light is deflected by ray optics through an
angle, θ, given by

θ ≈ (1/2nc)∫∇ ⊥ ∆n dz
= (1/2)(ne/nc)(vo/ve)2 LT

–1∫ dz [1 – M(z)2]–1. (1)

As M ⇒ 1, the simple linear estimate for ∆n, above,
fails. Within some range, ∆M of the sonic point at M = 1,
the density perturbation saturates, either nonlinearly 
(∆M ~ vo/ve) (Ref. 5) or from finite ion acoustic damping 
(∆M ~ νia/ωia, where νia/ωia is the ion acoustic damp-
ing decrement).6,7

Independent of the saturation mechanism and of the
magnitude of ∆M (<< 1), we can estimate the integral
in Eq. 1 by Lv/2, where Lv is the scalelength of the
transverse velocity variation at the sonic point, giving

θ ≈ (1/4) (ne/nc)(vo/ve)2(Lv/LT). (2)

For a beam with internal structure, LT can be
expected to be characteristic of the typical hot spot
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dimensions, ~fλ, rather than the total beam width. In
this experiment, the beam phase was measured, mak-
ing quantitative comparison with numerical calcula-
tion well motivated.

Note that the mechanism for beam bending is inde-
pendent of filamentation. With increasing intensity,
however, existing hot spots in the laser beam will be
intensified by self-focusing.  One anticipates from Eq. 2
that the increasing intensity and reduced lateral
dimension of self-focused hot spots should increase
beam bending. Strong filamentation, however, can be
expected to cause beam breakup and the lack of identi-
fiable channels.

An important point is that in this experiment, the
observed beam bending occurs at a very low density
before filamentation can occur, so filamentation is
decoupled from the beam bending process. Filament-
ation results in the spraying of the beam and pro-
duces the termination of the channel near the peak of
the plasma density, as observed by the interferometer.
The imaginary wave number for ponderomotive fila-
mentation is given by:8

kI = (kR/2k0) (1/2)[(ω0
2/c2)(ne/nc) (v0/ve)2 – kR

2]1/2, (3)

where kR is the transverse size of the filaments. Since 
the beam width is only 20 µm, the filaments must be 
less than 10 µm in size to grow. For exponential growth,
2kIL ≅ 1. For the conditions kR/k0 = 5, n/nc = 0.05, TkeV
= 0.5, Lµ = 50, and λµ = 1.064, we find that Ip = 4.5 ×
1015 W/cm2 is required for exponential growth, which is
three times the vacuum intensity. This analysis neglects
the lowering of the background density in the beam
channel, which would further raise the threshold inten-
sity. In fact, both the experiments and the simulations
show a well-defined channel all the way to the peak of
the density profile (~0.3nc), indicating that filamentation
is not important at the lower densities.

Experimental Description
The present experiment was conducted using the

Janus laser at Lawrence Livermore National Laboratory
where we have developed a test bed for studying the
propagation of moderately intense laser pulses through
well-characterized underdense plasmas.9 A 1.064-µm
wavelength, 100-ps full-width at half-maximum
(FWHM) Gaussian pulse interacted with an underdense
plasma formed by the irradiation of a 0.35-µm-thick
parylene [(CH)n] foil by a 1-ns, 0.532-µm wavelength,
400-µm-diam, 2 × 1013 W/cm2 laser pulse. Both a line
focus and a circular focus were used for the interaction
beam at various points in the experiment. A line focus 
(20 µm × 400 µm, peak intensity = 1.5 × 1015 W/cm2) was
used because the long path length through the channel
makes the observed phase change due to the density
depression easy to see.10 To observe the behavior of the

channel at higher intensities, we used a circular focus to
achieve a peak intensity of 5 × 1016 W/cm2. The best
focus of the interaction beam in all cases is located at the
target plane, and its vacuum properties10 are constant as
the laser intensity is varied by changing the amplifier
gain, which changes the laser energy. Varying the relative
timing between the plasma formation and interaction
pulses (1.5- to 2.5-ns delay from the end of the plasma-
forming pulse) determined the peak density (0.25 to
0.1nc) seen by the interaction pulse. The background den-
sity profile was measured using a folded-wave interfer-
ometer. The 50-ps, 0.35-µm wavelength interferometer
probe pulse arrived at the target at the same time as the
peak of the 100-ps interaction pulse.

To introduce a component of the plasma flow that is
transverse to the propagation direction of the interaction
beam, the target foils are tilted at angles up to 45 degrees.
Since the plasma flow is normal to the target surface, the
target angle determines the transverse flow velocity seen
by the interaction pulse.

Results and Analysis
The main experimental results are summarized in

Figure 1.  At the highest intensity (for a line focus), we
see obvious beam bending (~10 degrees) at the outer
edge of the plasma where the density is low (~0.05nc),
but the flow velocity is high (~1 × 108 cm/s) compared
to the sound speed, cs (~3 × 107 cm/s).  The bending is
localized, and the channel stays well-defined up to the
peak plasma density (~0.3nc), after which it disappears;
this is because of beam breakup and spreading due to
filamentation.10,11

As we vary the incident laser intensity, the amount
of bending becomes substantially less (see Figure 1)
until there is a 1 degree deflection for an intensity 
of 2 × 1014 W/cm2, clearly showing that this is an
intensity-dependent effect and not due to linear 
refraction in the inhomogeneous plasma distribution.
We observe a similar reduction in bending angle as we
decrease the target angle, as expected.

The deflection predicted by the simple analytic
model of Eq. 2 agrees well with that observed in the
experiment. For the line focus, we take n/nc ≅ 0.05, 
I = 1 × 1015 W/cm2, Te = 500 eV, Lv ≅ 200 µm, and 
LT ≅ 10 µm, and find θ ≅ 13o, close to what is observed
in the experiment. Of course, quantitative calculations
need to account for detailed beam structure, laser-beam
filamentation, and various 3D effects. For example, when
a circular focus is used to obtain a very high intensity (5 ×
1016 W/cm2), no beam deflection is detected. This result
is in agreement with the nonlinear model of Rose,6,12

who has discussed a regime in which the plasma can
simply flow around a small beam, an effect which clearly
decreases the deflection.

We will next show experimentally that the location
of the beam bending occurs where the transverse flow
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velocity equals the inferred sound speed cs. We do this
by obtaining plasma interferograms at different times
(100-ps steps) relative to the end of the plasma-forming
pulse on sequential irradiations of the target. We then

Abel invert the interferograms to obtain the plasma den-
sity distribution. By using the continuity equation, ∂ne/∂t
= ∇• (ne v), where v is the flow velocity, we can recover
the velocity distribution of the plasma, using the bound-
ary condition, v = 0, at the peak of the density profile. We
also assume that v is parallel to ∇ ne. Test calculations
with 1D analytic expansion profiles and 2D LASNEX
hydrodynamic simulations show that our calculations
underestimate the flow velocity at the outer edge of the
plasma by ~20%, mainly due to the approximation of cal-
culating dn/dt from the difference of two plasma profiles
separated by 100 ps. The outer edge expansion can be
corrected, however, by measuring the propagation speed
of the outermost fringe in the interferograms. The results
are shown in Figure 2 for the conditions of Figure 1; we
find a transverse flow velocity of 2 × 107 cm/s, which is
close to both the sound speed inferred from earlier
Thomson scattering measurements (Te = 700 eV) on solid
carbon targets13 and the prediction of 2D LASNEX simu-
lations (Te = 300 eV).
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FIGURE 1.  Interferograms that show variation in channel bending for
peak laser intensities of (a) 1.5 × 1015, (b) 1 × 1015, and (c) 5 × 1014 W/cm2.
(50-00-0598-1155pb01)
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FIGURE 2.  Density and flow velocity distributions calculated from
the experimental data. The longest arrow corresponds to a flow
velocity of 1.4 × 108 cm/sec. (50-00-0598-1156pb01)

Comparison to Numerical
Simulations

To understand the laser propagation behavior, the
experimental results are compared to numerical simu-
lations. Such simulations will be used predict the per-
formance of NIF-scale targets, so it is important to
have a detailed experimental benchmark for the code.
To model the experiment, we used a version of the
F3D code4 that incorporated a fully 3D nonlinear
Eulerian hydrodynamics package (NH3) in Cartesian



coordinates. F3D is a fully nonlinear, time-dependent
code in which the hydrodynamic and heat transport
are coupled to the light wave propagation.

The experiment was duplicated in the simulation as
much as possible. We modeled the electric field and
phase distributions of the interaction beam by using an
input phase profile that was experimentally measured
using radial shear interferometry and numerically
propagating the beam through the lenses used in the
experiment (aspheric lens, 20-cm focal length, and two
3.94-m focal length cylindrical lenses that were crossed
at a 45° angle to produce the appropriate line focus
length). The calculated intensity distribution agrees
well with equivalent plane images that were obtained
from the experiment (see Figure 3). 

The measured density and flow velocity profiles were
used as the starting conditions for the simulation. The
100-ps Gaussian pulse shape used in the experiment is
modeled in the simulations by a smoothly rising ramp,
S(t) = 1– [1 – (t/tp)2]2, where tp = 100 ps. The measured
electron density and flow velocity profiles were used
as the initial conditions for the simulation. Because of
the narrow cross section of the laser beam, it is only
necessary to model a region with transverse dimension
of 120 µm and axial dimension of 350 µm. Over this
transverse scale, the density and flow can be taken as
uniform along the transverse direction initially, but
both vary along the axial laser propagation direction.
Even after the beam deflects at low density and fila-
ments at higher density, the beam stayed away from
the simulation edges as shown in the example in
Figure 4. The electron temperature is initially uniform
with values taken between 300 and 700 eV to bracket
the LASNEX predictions and the Thomson scattering
measurements; best agreement with the experiment is
found for Te = 500 eV. The ponderomotive force acts
locally to modify the density with nearly 100% modu-
lation at the higher density where the beam breaks up.

Figure 4 shows the calculated density channels, aver-
aged over 50 ps, centered on the peak of the laser pulse,
that are formed in the background density profile. The
calculations with the experimental flow profile (see
Figure 4a) clearly shows a bend of about 10 degrees, in
agreement with the experiment. No deflection occurs if
the transverse flow is intentionally turned off (see
Figure 4b). The initial bend is at the sonic point for an
initial temperature of 500 eV. The channel persists for
200 µm past the sonic point, in good agreement with the
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FIGURE 3.  Comparison of (a) the calculated intensity using the mea-
sured near-field phase-front profile, and (b) the equivalent target plane
image of the line focus. The vertical scales of (a) and (b) have been
expanded (box heights are 40 µm versus 500 µm for the width of the
boxes) to facilitate comparison of the detailed intensity structure. The
measured spot in normal aspect ratio is shown in (c).    
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experiment. We performed a number of simulations at
different intensities bracketing the nominal laser inten-
sity of the interaction beam. When the simulation inten-
sity is increased by a factor of 5 or greater, the beam
breaks up near focus, leaving no clearly defined density
channel readily observable by interferometry.
Decreasing the simulation intensity results in a decrease
in the deflection angle, as expected, with no deflection
observed when the intensity is a factor of 100 smaller
than the nominal intensity. The scaling of the deflection
angle with the laser intensity is in rough agreement
with the prediction of Eq. 2. 

Conclusion
We have quantitatively measured the beam deflec-

tion in a plasma due to transverse plasma flow. The
deflection at moderate intensities is predicted well by a
simple analytic model. A nonlinear hydrodynamic
model using the experimental laser-beam electric field
profile, plasma density, and flow velocity distributions
shows excellent agreement with the experiment.
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Introduction 
Results from recent laser-plasma experiments con-

ducted at the Laboratoire pour L’Utilisation des Lasers
Intenses (LULI)1 have direct relevance to our laser
fusion research and to proposed experiments at the
National Ignition Facility (NIF). The LULI researchers
observed that the primary ion-acoustic wave (IAW)
produced by stimulated Brillouin backscattering
(SBBS) of one pump laser beam could be substantially
reduced in amplitude in the presence of a secondary
SBBS process. The secondary process involved a seed
laser beam propagating at a relative angle of 22.5°.

The LULI observation and its elucidation are of sig-
nificant interest for several reasons. First, the study
and control of SBBS have been the object of ongoing
theoretical and experimental research for many years
because of the importance of SBBS in laser fusion.2–13

The symmetric compression of fusion targets in either
direct drive or indirect drive can be affected by SBBS
and other parametric instabilities unless such instabili-
ties are controlled. Second, the NIF will have multiple
crossing laser beams and require careful control over
the timing and relative amplitudes of the crossing
beams.14 To optimize the fusion performance of experi-
ments proposed for the NIF, the interaction of simulta-
neous SBBS events in crossing laser beams should be
understood. Finally, the nonlinear interaction of driven
waves in a plasma is of fundamental interest.

Using model simulations and a mode-coupling analy-
sis, we propose a mechanism that can explain some of 
the LULI observations. Our research makes use of the
BZOHAR, 2D, hybrid (particle ions and Boltzmann fluid
electrons) simulation code. The BZOHAR code was intro-
duced and described in more detail in Cohen et al.15 In

brief, Poisson’s equation with a nonlinear Boltzmann
electron response is solved in two spatial dimensions for
the self-consistent, scalar electric potential with the ion
density collected from particle ion positions. The
Maxwell curl equations are reduced via a temporal enve-
lope approximation to a Schroedinger-like equation for
the high-frequency, transverse-wave amplitude. The elec-
tron ponderomotive potential arising from the transverse
waves is included in the electron Boltzmann response.

Our simulations and analysis indicate that mode cou-
pling of ion waves in the primary and secondary SBBS
processes leads to enhanced damping of ion waves.
Such mode coupling reduces the ion-wave amplitudes
and SBBS reflectivities, as observed in the LULI experi-
ments. Our work is also a logical extension of the earlier
work of Maximov et al., which addressed the effects of
long-wavelength velocity and density perturbations in
detuning stimulated Brillouin scattering (SBS).16

Simulations and Analysis
Figures 1 and 2 show the results of 2D, doubly 

periodic, electrostatic simulations of ponderomotively
driven ion waves. The results in Figure 1 are from
three simulations in which a primary IAW was reso-
nantly excited by an imposed electron ponderomotive
potential. In these simulations, the driver amplitude
eφ0/Te = 0.05, ksλDe = 0.1 for the driven wave, and
Te/Ti = 10.27 in a CH plasma, where the plasma
parameters were motivated by the LULI experiments.
Here, ks is the wave number of the driven acoustic
wave, λDe is the electron Debye length, and Te and Ti
are the electron and ion temperatures, respectively.

In the first simulation, shown on the left in Figure 1,
there was no seeded secondary IAW. The primary IAW
relaxed via a decay instability15 after being driven to a
large amplitude. In the second and third simulations
shown in Figure 1, a secondary IAW was excited at
nearly the same frequency, but at a relative angle of 18°
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and with driver amplitudes eφseed/Te = 0.0025 and 0.02,
respectively. The primary and secondary wave-driving
amplitudes were turned on smoothly over two acoustic
periods and then left on. The collapse of the primary 
IAW in the first simulation is caused by the parametric
decay into two ion waves at the half-harmonic of the pri-
mary IAW kx wave number and with finite, but generally
smaller, ky. The two-ion-wave parametric decay has been
described in Ref. 15 and elsewhere.17 The primary ion-
wave response to its driving potential as a function of
time was only minimally reduced by secondary seeding
with eφseed/Te = 0.0025. However, the primary IAW was
reduced substantially for eφseed/Te = 0.02, so that the 
primary IAW did not exceed the threshold for the decay
instability.15 The seed IAW amplitudes were never large
enough to exceed this threshold.

Figure 2 shows time histories of the amplitudes of the
primary, seed, and beat waves of the primary and seed in
the strongly seeded case. The beats of the primary and
strong seed grew at the expense of the primary and the
seed, and all of the modes ultimately were damped by
heating the ions. The decay modes of the primary IAW
were observed to grow to amplitudes of |eφ/Te| ≈ 0.05
for the weakly driven seed. In the strongly seeded case,
however, the decay modes of the primary IAW achieved
amplitudes of |eφk/Te| ≤ 2 × 10−3, which were typical of
the simulation noise level in these driven plasmas. The

amplitudes of the second and third harmonics of the 
primary wave tracked the growth and relaxation of the
primary in this strongly seeded case. Significant ion trap-
ping and acceleration of a fast ion tail resulted from the
action of the primary wave.5,7,15

For the simulations shown in Figure 1, the peak
amplitudes of the primary ion-wave were |eφk/Te| 
≈ 0.15 to 0.3. The amplitudes then relaxed to |eφk/Te| 
≈ 0.05 on a time scale of 5 to 10 acoustic periods. The
relaxation is due to the action of ion-wave parametric
decay or mode coupling and damping on the ion
velocity distribution function. This relatively fast time
scale is shorter than the 50-ps temporal resolution of
the Thomson scattering used to diagnose the ion-wave
amplitudes in the LULI experiments. The LULI mea-
surements suggested ion-wave amplitudes no larger
than |δne/n0| ≈ |eφ/Te| ≈ 0.1. The strength of the
mode coupling depends on the product of the primary
and secondary IAW amplitudes. With |eφ0/Te| = 0.01,
which led with no secondary seeding to a peak
response |δne/n0| ≈ 0.1, as in the LULI observations,
and seeding with eφseed/Te = 0.003, we observed in our
simulation a peak primary wave amplitude |δne/n0|
= 0.08. This value represents a 20% reduction due to
mode coupling with the seed IAW.

Our electrostatic simulations show that mode cou-
pling with the seed IAW provides an additional loss
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channel for the primary IAW, and for the seed as well.
The following mode-coupling analysis illustrates how the
coupling of ion waves leads to additional dissipation for
the primary IAW that reduces its amplification by SBBS
and reduces the SBBS reflectivity. Consider the following
simplified set of coupled-mode equations for modeling
resonant SBBS and heavily damped ion waves in a uni-
form plasma in steady state: 

(1a)

for a backscattered transverse wave,

(1b)

for a primary IAW, and

(1c)

for a beat-wave IAW.

da
dt

c a a i as
s s s s s

3
4 1 2 3 3 3 0= +( ) =* – γ ∆

da
dt

c a a a c a as
s s s s

1
2 0 1 1 1 3 2 3 0= =– –γ

– *v
a
x

c a ag s
∂
∂

1
1 0 1=

Here, 
• c1, c2, c3, and c4 are coupling coefficients that

can be identified in the analyses of SBBS 2–4,6,7

and the two-ion-wave parametric decay.15

• vg is the group velocity of the backscattered
electromagnetic wave.

• da/dt is a convective time derivative on a wave
amplitude a.

• γs1 and γs2 are linear dissipation rates for the ion
waves.

• a0 and a1 are the amplitudes of the pump and
backscattered electromagnetic waves.

• as1, as2, and as3 are the ion-wave amplitudes for
the primary, seed, and beat waves.

• ∆s3 is a frequency mismatch.
The mode-coupling equations are readily solved in

steady state when the seed amplitude as2 is a fixed
parameter. From Eqs. 1b and 1c,

(2a)

and

a
c a a

is
s s

s s
3

4 1 2

3 3
=

+

*
 ,

γ ∆
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(2b)

where Re is the effective damping of the primary
IAW, and

(3)

The second term in Eq. 3 represents the enhancement
of the damping of the primary IAW arising from mode
coupling induced by the seed. A spatial growth rate
for SBBS is obtained from Eqs. 1a and 2, as follows:

(4) 

where γSBS is the homogeneous-medium temporal
growth rate for weakly coupled Brillouin backscat-
ter.2–4,6,7 The exponential amplification of both the
backscattered electromagnetic wave amplitude 
and the primary IAW amplitude in the backward
direction over a length L is given by κL. The gain
exponent G ≡ κL has been altered by the mode cou-
pling induced by the seed IAW from the gain exponent
in the absence of the seed, G0 ≡ γSBS

2L/vgγs1:

(5)

The mode coupling leads to enhanced damping of the
primary ion wave if |γs1

nl /γs1| > 1, and the gain expo-
nent is reduced correspondingly. A 20% enhancement 
of the effective dissipation is suggested by the 20% 
reduction of the primary IAW from our ponderomotively
driven electrostatic simulations using parameters appro-
priate to the LULI experiment. Then, for G0 = 5, which is 
a typical value for the LULI experiment with laser inten-
sity I0 = 1014 W/cm2 (Ref. 18), the square of the relative
density perturbation in the primary IAW is expected to
be reduced by [exp (–5 × 0.2)]2 = 0.14. This estimate is in
rough agreement with the LULI observations.1

If the seed IAW leads to enhanced damping of the
primary IAW via mode coupling, we would expect a
similar effect on the seed because of the action of the
primary IAW. This result is observed in the time histo-
ries in Figure 2. After the primary and seed IAW
amplitudes are driven to finite amplitudes, they both
decay accompanying and following the growth of the
beat waves of the seed and primary IAWs. This effect
can be understood by augmenting the coupled-mode
equations, Eqs. 1a, 1b, and 1c, to include a dynamical
equation for the seed IAW of the same form as Eq. 1b.
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The seed IAW then acquires an enhanced damping rate
arising from the mode coupling induced by the primary
and the seed of the same form as that in Eq. 3.

The seed IAW in the LULI experiments is excited by
the interaction of a seed laser beam propagating at a
finite relative angle with respect to the primary laser
beam. In our simulations, we considered only the
effects of a single, specific seed IAW with the backscat-
ter IAW of the primary laser beam. Dubois, Bezzerides,
and Rose19 analyzed the collective parametric instabili-
ties of many overlapping and converging laser beams.
Their formulation is a useful reference for understand-
ing the following qualitative arguments. The Thomson
scattering diagnostics in the LULI experiments reveal
that, for a weak seed laser strength, the backscatter
IAW is the dominant IAW.1 Therefore, we focused on
the mode coupling of the backscatter IAWs of both the
primary and the secondary laser beams in this work.
However, in the LULI experiments, there was also the
mutually resonant IAW propagating at an angle that
bisected the angle between the propagation directions
of the two laser beams. This mutually resonant IAW
was jointly driven by the SBS ponderomotive forces of
the primary and seed laser beam. Thus, it was not sur-
prising that its amplitude was enhanced as the seed
laser strength was increased. The square of the mutu-
ally resonant IAW amplitude scaled approximately 
linearly with seed laser intensity, suggesting that the
seed and primary SBS ponderomotive forces added
incoherently.19 Figures 2, 3, and 4 of Ref. 1 indicate that
the primary backscatter IAW amplitude for zero seed
laser intensity was larger over a greater volume than
was the amplitude of the mutually resonant IAW,
which was enhanced over only a very narrow cone of
angles. In addition, the suppression effect of the
backscatter IAW was more dramatic than was the
enhancement effect of the mutually resonant IAW. 
The overall reflectivities in the LULI experiment were
relatively low, ~5%. Pump depletion was not believed
to be significant, except perhaps over a short-lived,
transient time scale that the diagnostics could not
resolve in the experiments.18

Our simulations considered only a single seed and
primary IAW, rather than a spectrum of IAWs propa-
gating at various angles. We present quantitative argu-
ments for the efficacy of the seed IAW associated with
the backscatter of the seed laser in suppressing the
backscatter of the primary laser via mode coupling of
the IAWs. We expect that the mutually resonant IAW
also mode couples with the primary IAW and aids in
the suppression effect, because the physics of the 
mode coupling with the primary IAW is qualitatively
the same for both the mutually resonant and nonreso-
nant seed IAWs. Thus, our model calculations likely
underestimate the suppression effects of mode coupling
on the backscatter of the primary by omitting the 
mutually resonant IAW. The inclusion of the mutually 
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resonant IAW in our simulations and a quantitative
analysis are beyond the scope of this paper and will be
the subject of future research. 

To corroborate the suppression of SBBS by mode
coupling induced with a seed IAW, we performed elec-
tromagnetic simulations of SBBS with a ponderomo-
tively driven, plane-wave seed IAW propagating at 30°
with respect to the primary IAW excited by SBBS.
These simulations allowed only exactly forward and
backward scattered electromagnetic waves (ky = 0)
with radiative (outgoing-wave) and charge-conserving
boundary conditions in x and periodicity in y. The
mesh was 2600∆x × 512∆y, with 25 particles per ion
species per cell, λDe ≈ ∆x, Te = 0.6 keV, Te/Ti = 2.4 in a
CH plasma, Lx ≈ 42λ0, and Ly ≈ 8λ0. Here, λ0 is the laser
wavelength, and ksλDe = 0.2.

Figure 3 shows the results of three electromagnetic
simulations for eφseed/Te = {0.01, 0.07, 0.14} and a
plane-wave laser beam corresponding to 1014 W/cm2

at a wavelength of 1 µm. The time histories of the
instantaneous and cumulative time-averaged reflectiv-
ities, and the amplitudes (eφk/Te)2 of the primary IAW
in each case demonstrated a significant reduction of
reflectivities for t > 20 ps and of the primary IAW

amplitudes as eφseed/Te was increased. We also per-
formed an additional simulation with no seed,
eφseed/Te = 0. The results for the time histories of
backscatter reflectivities and primary IAW amplitudes
were the same as those shown in Figure 3a for
eφseed/Te = 0.01.

These results illustrate that suppression effects of
the seed IAW require both finite amplitude and finite
time in which to occur. The maximum observed reflec-
tivities and IAW amplitudes for t < 20 ps were unaf-
fected by IAW mode coupling, whose effects set in at a
later time after the primary and seed IAWs acquired
finite amplitudes. This can be understood by retaining
time derivatives in Eqs. 1b and 1c and considering the
dynamics. The first peak in the reflectivities and the
subsequent relaxation were affected by several nonlin-
earities observed in the simulation diagnostics. The
nonlinearities include ion trapping, transient ion-wave
harmonic generation, parametric decay of the primary
IAW,15 and partial pump depletion and associated
nonlinear oscillations in reflectivity.

The LULI data demonstrated that the reduction of
the primary IAW amplitude was directly correlated
with the intensity of the seed laser beam driving the
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secondary SBBS process. To more directly connect the
results shown in Figure 3 with the LULI data, we per-
formed a series of SBBS simulations with no IAW seed-
ing, but with varying laser intensity. Keep in mind that
this is not a self-consistent electromagnetic simulation
of the two interacting SBS events, which is beyond the
scope of our simulation model. However, mode cou-
pling produced by both the seed and primary IAWs
requires a finite time to have a damping effect after the
seed and primary IAWs reach finite amplitude. Thus,
the relation between the peak SBBS IAW amplitude
and single pump laser intensity, and the results of
Figure 3, provide a first approximation to the seed
laser intensity needed to suppress the backscatter of
the primary SBBS.

Figure 4 shows our results for the peak instanta-
neous reflectivities, the cumulative reflectivities 
(time-averaged over 100 ps), and peak IAW amplitude
(eφk/Te)2. The results are plotted as functions of the
average seed laser intensity Is/I0, where I0 = 1014

W/cm2, with no primary laser beam present. We used
the same LULI plasma parameters as in Figure 3. 
(The seed pump laser was incident from the left side of
the simulation box. The input value of the backscat-
tered electromagnetic wave at the right side boundary
for the series of simulations shown in Figure 4 was
fixed at a relative intensity of 0.005 I0. The reflectivities
and concomitant peak primary IAW amplitudes were
relatively insensitive to this input value.) The simula-
tion reflectivity was 5% when averaged over 100 ps for
Is = I0 (the reference LULI intensity). There was also a

sharp decrease in reflectivity with decreasing laser
intensity. Both of these results are in reasonable agree-
ment with the LULI observations.18 For Is/I0 < 0.5, no
ion-wave decay instability was observed in our simu-
lations because the peak amplitudes of the primary
SBBS IAW were below threshold for the decay instabil-
ity (|eφk/Te| < 0.2 in this case).15 When comparing
particle simulations of SBBS to experiments, it is
important to take into account the temporal resolution
of the experimental measurements (typically ≥50 ps).
The peak reflectivities and other transient features
occurring on time scales less than ~20 ps in the simula-
tions cannot be resolved in the laboratory experiments.

The results from Figure 4 allow us to infer the 
corresponding seed laser intensity required to produce
the seed IAW amplitude used to suppress the primary
SBBS process. Figure 5 compares the LULI data on
backscatter suppression to our results from the 
BZOHAR simulation. The primary IAW amplitude
(eφk/Te)2 was reduced to 1/4 its value at the inferred
intensity Is/I0 = 0.35, when compared to its amplitude
with no seeding in the simulation. The primary IAW
was reduced to 1/6 its unseeded value at an intensity
Is/I0 = 0.3 in the LULI experiments. We expect that by
including in our model the other ion waves (including
the mutually resonant IAW) produced by the two
interacting SBS events, there would be additional
mode coupling and a further enhancement of the 
suppression of the backscatter of the primary pump
laser. However, such an inclusion is beyond the scope
of our simulation model.
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The reflectivities and SBBS suppression exhibited in
the simulations are in rough agreement with the LULI
observations. Such agreement is somewhat remarkable,
given the simplicity of the model. In addition to 
the omission of the angular spectrum of SBS, the 
actual laser intensity spatial structure was not incorpo-
rated into the simulations. Moreover, the simulation
domains were smaller than a single speckle (hot spot)
in the LULI beams. However, the simulations did use
appropriate, spatially averaged laser intensities and
plasma parameters.

The peak reflectivities and corresponding IAW 
amplitudes may depend on the domain (or speckle)
length over which the instability amplifies initially.
However, Figure 6 shows the results of an SBBS simula-
tion that suggests that a nonlinear relaxation occurs to a
much smaller length scale than the system length, over
time scales less than or equal to the temporal resolution
of the measurements in the experiments. The picture that
emerges from our simulations and multiple-speckle fluid
simulations8 is that SBBS occurs as brief scintillations,
dominantly in laser hot spots. Such scintillations give rise
to bursts of reflectivity and large-amplitude ion waves.
The spatial domains of activity may rapidly shrink as 
the ion waves and concomitant reflectivity relax with
momentum and energy going from the laser to the ion
waves, and ultimately into the ion velocity distribution
function. The experimental diagnostics integrate in space
and time over multiple SBBS scintillations.18

Summary
The simulations and analysis presented in this

report indicate that a seeded ion wave can induce
mode coupling of the seeded and SBBS ion waves
(where the seed, SBBS, and beat ion waves are damped
on the plasma). Such induced mode coupling substan-
tially suppresses the SBBS reflectivity and its accompa-
nying ion wave. These simulation results are in
qualitative agreement with experimental observations
by LULI researchers.1 Such a mechanism may mitigate
SBBS activity in other experiments in which intense
laser beams cross at finite angles.
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Introduction
In the indirect-drive approach to inertial confinement

fusion, gas-filled hohlraums are used as radiation enclo-
sures converting high-power laser energy into a soft 
x-radiation field to achieve a symmetric high-convergence
capsule implosion.1 The gas fill is utilized to reduce
inward motion of the Au wall plasma and to obtain high
soft x-radiation symmetry. 2,3 To understand the physics
of gas-filled hohlraums such as the energetics, beam
deflection, or stagnation processes, we have performed
collective Thomson scattering measurements4–8 from 
the low-Z gas plasma. These experiments provide tem-
porally and spatially resolved measurements of the 
electron temperature Te, ion temperature Ti, and plasma
flow v in ignition-relevant hohlraums9–11, thus bench-
marking hydrodynamic simulations.

The hohlraum plasmas were produced at the Nova
laser facility using standard millimeter-size Au cavities
filled with methane. A gas fill giving a two-ion-species
plasma with hydrogen is used to increase ion Landau
damping of the ion-acoustic-plasma waves, which
reduces laser energy losses by stimulated Brillouin scat-
tering.12–15 It is therefore adopted in the designs of
future hohlraums of the National Ignition Facility
(NIF), which use a cryogenic H–He fill. For these rea-
sons, we performed two independent Thomson scatter-
ing experiments to ensure accurate characterization of
indirectly driven inertial confinement fusion plasmas.

We first performed an open-geometry experiment16

testing the theory developed by Fejer17,18 for Thomson
scattering spectra from two-ion-species plasmas. Our
experimental Thomson scattering spectra from plasmas
produced by irradiating flat disks, which were coated

with thin Au and Be multilayers, clearly show two ion-
acoustic waves belonging to both species. The mea-
sured phase velocities are in good agreement with the
theoretical predictions calculated for the relative con-
centrations of the two-ion species. Besides the measure-
ment of the electron temperature, these studies show
that an accurate measurement of the ion temperature
can be derived from the relative damping of the two
ion-acoustic waves. Moreover, plasma flow can be
inferred from the Doppler shift of the whole scattering
spectra, and the relative ion densities can be measured
with high accuracy if the ion charge state is known
independently or vice versa.

Subsequent Thomson scattering experiments to char-
acterize methane-filled, millimeter-size hohlraums19

provide a benchmark for 2D hydrodynamic simulations
using LASNEX.11,20 This code is presently in use to 
predict the performance of centimeters-size, megajoule-
laser-driven hohlraums of the NIF. The measurements
show a steep rise of the electron temperature to 5 keV
at the peak of the drive which is consistent with calcu-
lations only by strongly inhibiting the electron heat
transport late in the pulse. A temperature of Te = 5 keV
can be approximated with a flux limiter of f = 0.01 or
equivalently reducing Spitzer conductivity by a factor
of 10. While this finding is not presently understood, it
does indicate that it is necessary to include heat trans-
port limiting effects into the modeling, e.g., magnetic
fields21,22 or nonlocal transport.23 In this article we will
present some simulations that include the toroidal
magnetic field while neglecting the axial component.
These simulations show marginal improvements. 3D
hydrodynamic modeling with the inclusion of mag-
netic fields as well as experiments quantifying mag-
netic fields in hohlraums will be necessary to further
evaluate the importance of magnetic fields on trans-
port in gas-filled hohlraums. LASNEX simulations of
NIF hohlraums show that the symmetry of the fusion
capsule is slightly affected by the details of the heat
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transport model. Although a heat transport flux limiter
of f = 0.01 does not affect the radiation temperature in
a NIF hohlraum, the x-radiation flux as a function of
the incident angle on the fusion capsule differs some-
what from the standard calculations using f = 0.05.
Although small changes to the beam power balance
and pointing can be used to reoptimize symmetry, an
improved understanding of heat transport in
hohlraums will permit a better specification of the
range of suitable ignition hohlraum designs.

The experimental data further shows that ion tem-
peratures and plasma flow, i.e., quantities that are not
sensitive to the choice of the heat transport flux limiter,
agree quite well with the simulations. In particular, the
ion-temperature measurements at the peak of the drive
show a fast rise to 4 keV due to stagnation of the com-
pressed plasma on the axis of the hohlraum. The
experimental observations are well described by the
simulations verifying that high gas pressures from
stagnating plasma regions occur late, after the capsule
has generated a large surrounding region of ablated
material. Our data implies that there is virtually no
effect of the gas-region pressure on the capsule implo-
sion in current designs for gas-filled hohlraums.

Experiments
The experiments were performed with the Nova 

laser facility at the Lawrence Livermore National
Laboratory.24 This facility utilizes a Nd:glass laser operat-
ing at 1.055 µm (1ω), which can be frequency converted
to 2ωor 3ω. To produce a two-ion-species plasma with a
controlled amount of a light and a heavy species, a flat
disk of 2 mm diameter was illuminated with a single
Nova beam. It was an f/4.3 laser beam illuminating the
disk at an angle of 64° to normal. We used a 1-ns square
pulse and 2.9-kJ energy at 3ω (λ = 351 nm). A diverging
focus resulted in an intensity of I = 1015 W/cm2 on target.
The spot size was measured to be 350 × 800 µm by 2D
plasma x-ray imaging with a temporal resolution of 
80 ps. The disks were coated with Au and Be multilayers
of varying thickness. For example, we used 860 layers of
0.5-nm Au and 5.6-nm Be with a total thickness of 2.6 µm
on a 51-µm-thick Au or 254-µm-thick Be substrate to
obtain a plasma consisting of 4% Au and 96% Be.

The hohlraums were heated with eight or nine 
3ω beams with energies of 21 to 25 kJ. They were cylin-
drical Au enclosures 2750 µm long and with radii of 
800 µm. These targets are commonly referred to as scale-1
hohlraums, which are standard targets for capsule implo-
sions.9 The gas fill was 1 atm of methane (CH4) giving an
initial electron density of ne = 2.7 × 1020 cm–3 when fully
ionized. The hohlraums were heated with 8 or 9
unsmoothed heater beams of the Nova laser that are
arranged in cones on either side of the hohlraum so that
each beam forms an angle of 50° to the hohlraum axis.
The heater beams penetrate the hohlraum at both ends

through laser entrance holes (LEHs) with radii of 600 µm
(Figure 1), which are covered with 0.35-µm-thick poly-
imide membranes. The beams cross at the center of the
holes and are diverging so that they produce an elliptical
spot on the hohlraum wall of about 700 × 500 µm. We
applied shaped laser pulses of 2.2 ns, which rise from 
0.6 to 1.8 TW per beam within approximately 1 ns 
(see Figure 1).

The probe beam used for Thomson scattering was
one of the Nova beams operating at 2ω (λi = 526.6 nm)
in a 4-ns square pulse. For the disk experiments, a laser
energy of 100 J was chosen, resulting in an intensity of 
I = 8 × 1013 W/cm2. In the hohlraum experiments, typi-
cal energies of 500 J < E < 1 kJ were employed with
three different focal spot sizes at the scattering volume.
Intensities of the probe laser at the scattering volume are
smaller than the nominal intensity because of absorp-
tion of the probe. The experiments show no significant
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effect of the probe laser on the plasma conditions. When
the probe laser intensities were varied by one order of
magnitude in the hohlraum experiment, they did not
affect the temperature of the plasma. 

The scattered light was imaged at a scattering angle
of θ = 104° with f/10 optics and a 1:1.5 magnification
onto the entrance slit of a 1-m spectrometer (Spex,
model 1704). An optical streak camera (S-20) was used
to record spectra with 30-ps temporal resolution. High
spatial discrimination of 133 µm in the vertical direc-
tion and 66 µm in the axial direction was obtained by
choosing the entrance slit width of the spectrometer to
be 200 µm and by employing a streak camera slit height
of 100 µm. The spectrometer employed a 2,400-g/mm
grating blazed at 500 nm, resulting in a reciprocal linear
dispersion of 0.220 nm/mm (first order). The wave-
length resolution of the measurements was 0.1 nm.
Wavelength calibration and absolute calibration of the
detection system were performed with a Ne spectral
lamp and a W lamp.

Collective Thomson scattering is expected for the
parameters of the experiments (electron density, tempera-
ture, scattering angle, and probe-laser wavelength).
Typical scattering parameters are α = 1/kλD > 3, and light
is predominantly scattered into the narrow ion feature of
the Thomson scattering spectrum.25 In this regime, the
spectrum of a single species plasma shows two ion-
acoustic features (red and blue shift for co- and counter-
propagating ion-acoustic waves). The frequency
separation of the ion-acoustic features is twice the ion-
acoustic frequency, and the propagation direction of the
corresponding ion-acoustic waves in the plasma is deter-
mined by the scattering vector k, k = ks – ki. The incident
wave vector is defined by ki = (2π / λi)(ei), where λi
is the incident probe-laser wavelength and ei is the
unit vector in direction of the probe laser. Similarly, 
ks points in the direction of the detector. For a two-
species plasma with two ion-acoustic waves (each with
red and blue shift), the Thomson scattering will show
four ion-acoustic features.

Experimental Results and
Discussion

Disk Experiments
Figure 2 shows the Thomson scattering data

recorded from a 4% Au, 96% Be disk target with the
probe laser focused at a distance of z = 500 µm from
the disk surface. The probe laser was parallel to the
disk and focused to 200 µm diameter. Four ion-
acoustic features, the two outer ones belonging to 
Be and the two inner ones belonging to Au, can be
clearly seen for t0 + 0.9 ns < t < t0 + 1.7 ns. The 3ω
heater beam lasts from 0 to 1 ns and the 2ω probe
beam from 0 to 4 ns. The Thomson scattering signal

is fairly symmetric and starts at t = t0 + 0.8 ns. It
shows an increasing separation of the ion-acoustic
features for about 0.2 ns, indicating increasing tem-
peratures of the plasma during the heating period.
After the end of the heating at t = t0 + 1 ns, the separa-
tion of the ion-acoustic features decreases rapidly
because the plasma cools due to radiative cooling and
expansion. For the time interval shown in Figure 2,
Thomson scattering gives temperatures of the plasma
of 200 eV < Te < 900 eV, ensuring that the Be ions are
fully ionized. The separation and damping of the ion-
acoustic features belonging to the Be ions can be used
directly to determine the electron temperature. In addi-
tion, electron densities with an uncertainty of about a
factor of two are obtained from the calibration of the
detector. This predicts a scattering parameter α well
above three for our conditions, in which case scattering
spectra are not sensitive to the electron density.

The signal detected about 0.8 ns before the onset of
the Thomson scattering signal is due to unconverted
2ω stray light from the heater beam. This feature is not
caused by the probe beam and represents a convenient
timing and wavelength fiducial. The delay of 0.8 ns is
due to the time needed for ablation and travel of the
plasma from the disk surface to the scattering volume.
When the plasma reaches the scattering volume, it is
moving towards the observer, resulting in a blue shift
of the Thomson scattering signal. The shift yields the
instantaneous macroscopic plasma motion along the
scattering vector k. The measured blue shift of 1.7 nm
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at t = t0 + 0.9 ns corresponds to a velocity of 108 cm/s.
It is obvious from Figure 2 that this is well above the
sound speed because the shift of the whole Thomson
scattering signal is larger than half the wavelength 
separation of the ion-acoustic features. 

Figure 2b shows a spectrum at t0 + 1.5 ns < t < t0 +
1.6 ns. Four ion-acoustic features due to the slow 
and the fast ion-acoustic waves are clearly identified.
The small asymmetry is probably caused by the heat-
flux-driven return current.26 The experimental data are
fitted with a theoretical spectrum that compensates for
the asymmetry by slightly decreasing the damping of
the waves on the red wing.6,27 Apart from the slight
asymmetry, analysis of the spectrum yields consider-
able information. Because the relative intensities of the
ion-acoustic features are determined by damping of
the Au and Be ion-acoustic waves, the theoretical fit to
the spectrum gives Ti/Te = 1.1 (see Figure 2c). From
the wavelength separation of the Be ion-acoustic fea-
tures, we find Te = 230 eV. We can then infer α = 7 for
the electron densities from the intensity of the scatter-
ing signal and from hydrodynamic simulations.
Finally, the wavelength separation of the Au features
gives Z = 40. The theoretical spectrum fits the experi-
mental data quite well. Small deviations are probably
due to small plasma-parameter gradients within the
scattering volume.

Figure 3 shows the compilation of our experiments
with relative Au concentrations of 1%, 2%, 4%, and 8%
for experiments using an unsmoothed Nova heater
beam and for experiments using a kinoform phase

plate in the heater beam. The ratio of the wavelength
separation of the Au ion-acoustic features to the Be
ion-acoustic features is plotted as a function of the Au
concentration.

This data is taken at t = t0 + 1.55 ns for the un-
smoothed case and at t = t0 + 1.3 ns for the smoothed
case when the intensity of the Au features is at its max-
imum. For very small Au concentrations of 1%, the
Thomson scattering signal shows a central peak
belonging to the heavy Au ions in addition to the ion-
acoustic waves belonging to the Be ions. The existence
of a central peak was also observed in a two-species
discharge plasma consisting of H and small amounts
of heavy gases.27,28 Increasing the amount of the Au
species of the two-species plasma results in a larger
separation of the ion-acoustic features of Au. For the
2% case the ion-acoustic waves of Au become dis-
cernible as two individual peaks on the spectrum. For
a mixture of 4% Au, 96% Be two separate ion-acoustic
waves were clearly observed (Figure 2). By further
increasing the amount of Au to 8%, the ion-acoustic
waves of Au and Be almost merge together. From the
theoretical fit of the spectra we find that Ti/Te, the
scattering parameter α, and charge state Z of the Au
ions are the same for all experiments to within 15%.

The experimental data clearly shows the increase of
the wavelength separation of the Au ion-acoustic fea-
ture with increasing concentration. The theoretically
calculated results18 are also plotted for various Z of the
Au ions. The experimental data are in excellent agree-
ment with the theory for Z = 40 for the unsmoothed
case and for Z = 45 for the smoothed case. The latter
resulted in slightly larger temperatures and conse-
quently slightly larger ionization stages. The values of
Z compare quite well with hydrodynamic LASNEX
calculations which give Z = 45 and 49, respectively.

Our experimental results are in excellent agreement
with the theory of Fejer17 and Evans.18 Our data shows
that Thomson scattering from a two-ion-species
plasma is an accurate diagnostic of electron tempera-
ture and ion temperature. The observation of both the
fast and the slow wave on the Thomson scattering
spectra shows that they are moderately to strongly
damped. In this regime, Landau damping is a strong
function of the ion temperature, resulting in a highly
accurate ion-temperature measurement. In addition,
the relative ion densities can be measured with high
accuracy if the ion charge state is known indepen-
dently or vice versa.

Hohlraum Experiments
Figure 4 shows the Thomson scattering data from a

gas-filled hohlraum heated with eight heater beams
with a total energy of 21 kJ.

The scattering volume is 400 µm inside the
hohlraum (see Figure 1 on p. 60) and the Thomson
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scattered light is observed through a diagnostic win-
dow (700 × 400 µm) cut into the hohlraum wall and
covered with polyimide. For t0 < t < t0 + 0.65 ns, no
Thomson scattering signal can be observed. Estimates
show that during this time the polyimide foil that cov-
ers the diagnostic window produces an overdense
plasma for 2ω light. During that time a faint line due to
stray light or unconverted 2ω light from the heater
beams can be identified on Figure 4a. Again, it is used
as a timing and wavelength fiducial. For t0 + 0.65 ns 
< t < t0 + 1.1 ns, two broad, symmetric, ion-acoustic
features are observed from light scattering off the CH4
plasma. For t0 + 1.1 ns < t < t0 + 1.6 ns, when the heater
beam power rises significantly (see Figure 1), the sepa-
ration of the ion-acoustic features increases, indicating
a rising electron temperature and, in addition, the
width of the ion-acoustic features narrows showing an
even faster increase of the plasma’s ion temperature.
Furthermore, the Thomson scattering spectrum shows
an asymmetry probably related to electron heat flux
towards the hohlraum wall, which would result in dif-
ferent electron Landau damping of the co- and
counter-propagating ion-acoustic waves.26,29 For t > t0
+ 1.6 ns, a cut-off of the Thomson scattering signal
occurs because the electron density of the CH-plasma
rises steadily during the heating of the hohlraum due
to compression by the inward-moving wall plasma.
The Thomson scattering spectra from the hohlraum
experiments consist of four features: Two co- and
counter-propagating ion-acoustic waves belonging to
C (slow wave) and to H (fast wave).12,16 Fitting the
data with the form factor for a two-ion-species plasma,
which has been tested with experiments described

above, yields the separation and the relative damping
of both waves, measuring accurately the electron and
ion temperature of the plasma.16

Figure 4b shows the spectra at t = t0 + 0.9 ns and t = t0
+ 1.3 ns averaged over 80 ps with a fit using the form 
factor of Evans.18 For the data analysis, it is assumed that
light scattering occurs on a fully ionized CH plasma. 
Our hydrodynamic simulations, as well as temporally
resolved 2D x-ray images observing the Au-plasma emis-
sion at energies of E > 2.5 keV, show that Au ions were
not present in the scattering volume for t < t0 + 1.7 ns 
(see Figure 5). The x-ray images view the hohlraum
plasma along its axis. They show a five-fold radiation
pattern due to the Au blowing off the wall where the
heater beams illuminate the hohlraum. Therefore, the
radiation of the Au blowoff from the five heater beams
on either side overlap on the images. At t = t0 + 1.6 ns
(see Figure 5c), the Au emission close to the scattering
volume is therefore not from the side of the hohlraums
where we have performed the Thomson scattering mea-
surements and is not affecting the data.

If small amounts of highly ionized Au ions existed in
the scattering volume, the Thomson scattering spectra
would clearly indicate their presence by showing a cen-
tral peak. For example, 5% Au can be readily detected.
This is demonstrated in Figure 6, where we compare cal-
culated Thomson scattering spectra of three-ion-species
plasmas. The parameters are Te = 2 keV, Ti = 0.6 keV, 
ne = 1.3 × 1021 cm–3, and assuming a fully ionized meth-
ane plasma with various amounts of Au impurities ion-
ized to Z = 50. For a Au ion density of NAu = 1018 cm–3,
which corresponds to 0.8% Au (Z = 50) in a fully ionized
methane plasma, the Thomson scattering spectrum devi-
ates only slightly from the case without Au impurities.
The assumption of a pure CH plasma has virtually no
effect on the inferred plasma parameters. However,
assuming larger Au impurities of NAu = 5 × 1018 cm–3

(corresponding to 4.8% Au in CH) significantly enhances
the center of the spectrum, and the ion-acoustic wave that
belongs to H (fast wave) is significantly less than the ion-
acoustic wave belonging to C (slower wave).
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These features become even clearer for NAu = 
1019 cm–3 (corresponding to 12.5 % Au in CH). It is
obvious that neglecting the Au impurities would result
in large errors for the ion temperature (throughout this
article we assume that the temperatures of the ion
species are equal because of fast ion–ion equilibration
times30 in the plasmas under study). On the other
hand, the Thomson scattering spectrum provides us
with a clear indication of the impurity concentration.
Experimentally we do not observe an enhancement of
the center of the Thomson scattering spectrum and
conclude that Au impurities are negligible for our con-
ditions (see Figure 4b, t = t0 + 1.3 ns).

In Figure 7 we plot the temporal evolution of the
electron temperature from Thomson scattering with
the results of the radiation hydrodynamic LASNEX
simulations. Data are shown for eight heater beams 
(a) and for nine heater beams (b). The experimental
electron temperatures clearly scale with the number 
of heater beams. We observe peak values of 4.5 and 
5.2 keV, respectively. The reproducibility of the mea-
surements from 12 shots is about 20%.

Varying the probe laser focus in the range of 150 to
500 µm diameter at the scattering volume did not affect
the experimental temperatures. This result is consistent
with LASNEX calculations, which show a rather
homogeneous electron temperature about 400 µm inside
the hohlraum (see Figure 1). For the analysis, we have
calculated the scattering parameter α using electron
densities from LASNEX. Although for the present
experiment we have α ≈ 3 so that the spectra are not
density sensitive, the k vector was slightly corrected31

from its vacuum value because electron densities in the
scattering volume approach 0.25 ncr. k’ = (1 – ne/ncr )1/2

k, with k from the triangle relation k = 4π/λi sin (θ/2),

and ncr is the critical density for the 2ω probe [ncr =
1.1 × 1021/(λi)

2]. Ignoring this effect would result in
electron temperatures reduced by 10 to 20%. The
density correction introduces an additional uncer-
tainty to the experiment, resulting in a total error 
bar of 15% for Te and 20% for Ti.

In Figure 7 we compare the experimental data with
2D hydrodynamic simulations, in which the hohlraum
axis is chosen to be the axis of symmetry in the calcula-
tions. The calculated temperatures are taken at the 
location of the scattering volume, which is at a radial 
distance of 300 µm from the hohlraum axis and 950 µm
from the center of the hohlraum (see Figure 1 on p. 60).
This comparison is justified because the probe beam is
not affected by beam deflection or refraction. In Hinkel32

a deflection of 6° was calculated for scale-1 hohlraums,
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which show Mach-1 plasma flow orthogonal to the
beam path. The parameters of the calculations were a 3ω
beam with intensities of I = 3 × 1015 W/cm2 in a 3-keV
plasma with 0.1 ne /ncr. Scaling this result to our condi-
tions via32 (Iλi

2)/Te × ne / ncr gives a deflection angle 
of φ ≤1°. Refraction can be estimated with φ(rad) ≅ 0.5 
× (∆n L)/(ncr ∆y) where L is the path length of the laser
beam through a plasma region which shows density vari-
ation ∆n across the beam waist ∆y. For our conditions we
find φ ≅ 1°. Adding these numbers results in a maximum
deviation of the 2ωprobe beam of φ =2° along its path
from the laser entrance hole to the scattering volume
(~600 µm). It corresponds to an error of 21 µm in beam
pointing, which is negligible. However, more than 20% of
the probe laser power is absorbed on its path to the scat-
tering volume. This explains the decrease of the scattered
light intensity with increasing time as seen in Figure 4
because the electron density increases steadily. For this
reason, an electron density determination from the inten-
sity of the ion feature cannot be made.

Our radiation hydrodynamic simulations of both
NIF and Nova hohlraums are carried out with the
LASNEX20 computer code, which uses a flux-limited
diffusion model for heat transport. In this approxima-
tion, heat flow per unit area in regions of large classical
heat flow –κ ∇ Te has an upper bound of f (neTeve),
where neTeve is the so-called free-streaming value of
heat transport and f is the flux limit. Flux limiters of
0.01 < f < 0.1 have been found necessary to model
laser-heated disk experiments33 in which steep tem-
perature gradients near the disk surface cause classical
heat flow to become unphysically large. In laser-heated
hohlraums, however, the confined geometry results in
very different temperature and density profiles so that
the heat flow is flux limited over the volume of the hot
plasma. For that reason, equivalent results can be
obtained by merely reducing the classical transport
coefficient. In Figure 7, calculations are shown for vari-
ous (constant) free streaming electron heat transport
flux limiters in the range of f = 0.5 – f = 0.01. For exam-
ple, using f = 0.025 agrees with the experimental elec-
tron temperatures to within 35%. However, the best
description of the experimental data is obtained when
assuming a time-varying flux limiter of f = 0.1 at early
times decreasing to f = 0.01 at the peak of the drive
(dashed curve in Figure 7). Alternatively, we can model
the experiment with classical transport reduced by a
factor of 5 to 10. For gas-filled hohlraum plasmas, elec-
tron heat transport inhibition (due to magnetic fields)
by a factor of about 20 was predicted by Bodner.21 Also,
nonlocal heat transport23,34 could be important for the
present observations. Experiments and calculational
efforts35 are presently ongoing to better understand
and quantify these effects.

A variety of calculational tests were performed 
to verify that, besides the electron heat transport
model, other approximations in the calculation are 

not important for the present study. An effect on the
electron temperature of <5% was seen when we varied
the focal spot size in the 2D code to test the approxi-
mation of the laser beam power used in the simula-
tions, or when we included hot electrons in the
simulations.

Very recently we have performed LASNEX simula-
tions that include a preliminary model for self-consistent
toroidal magnetic fields. They use f = 0.5 equivalent to
classical heat transport, and show an increase of the 
electron temperature by 7% at the Thomson scattering
volume. This increase is not sufficient to explain our
experimental observations. However, the calculations do
show localized hot spots near the center of the hohlraum.
It is obvious that 3D calculations will be necessary to
obtain a definitive answer on the importance of magnetic
fields on electron heat transport in gas-filled hohlraums. 

The Thomson scattering data also gives information
about macroscopic plasma flow in hohlraums, which is
an important parameter affecting beam pointing.32,36 In
Figure 2 we observe a red shift of the spectra due to
plasma motion away from the heater beam spots on the
hohlraum wall. The speed is subsonic (v = 4.3 × 107 cm/s)
and underestimated by the 2D simulations by a factor of
2 to 3. This Doppler shift (as well as the heat-flux-driven
asymmetry) is a 3D effect and occurs when only eight
heater beams are employed. When nine heater beams are
applied, the red shift of the spectra decreases to about
20% of the sound speed (v = 1.4 × 107 cm/s), and the
spectra become symmetric because of the improved
symmetry of the hohlraum heating. In this case, agree-
ment of the flow velocity with the hydrodynamic simu-
lations is obtained within 30%. Unfortunately, the
Thomson scattering spectra with nine heater beams
show increased stray light levels because the additional
heater beam illuminates part of the diagnostic window.

Ion temperatures as a function of time for eight or
nine heater beams are shown in Figure 8. They are less
sensitive to the heat flux limiter. The experimental ion
temperatures show a steep rise to a peak value of 4 keV.
From the hydrodynamic simulations we deduce that
this behavior is due to stagnation of the compressed
low-Z plasma on the axis of the hohlraum. Electron–ion
temperature equilibration times are too large (>1 ns) to
explain the experimental data. In Figure 8 the simu-
lated ion temperature rise is delayed compared to the
experimental data by ~0.4 ns while in case of nine
heater beams, a delay of ~0.2 ns occurs. These observa-
tions can be explained by the fact that the hydrody-
namic simulations are 2D and assume a cylindrical
symmetric heating. However, in the case of eight heater
beams, the heating is fairly asymmetric so that the
plasma stagnates slightly off-axis closer to the Thomson
scattering volume, giving rise to an earlier ion tempera-
ture increase than seen in the simulations. In case of
nine heater beams, the symmetry of the heating is
improved and stagnation occurs closer to the hohlraum
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axis so that the beginning of the ion temperature rise is
better described by the LASNEX simulations. In partic-
ular, the reasonable agreement between the ion temper-
atures measured at the peak of the drive and the
maximum calculated ion temperatures shows that stag-
nation processes in gas-filled hohlraums are rather well
described by the simulations.

Consequences for NIF Hohlraums
When a reduced flux limiter of f = 0.01 is used in

NIF calculations, the optimal beam power balance and
the optimal beam pointing are slightly modified

because the x-ray flux seen by the capsule as a function
of angle is modified. This is shown in Figure 9, where
the results of LASNEX simulations are shown for con-
stant flux limiters of f = 0.05, which is the standard flux
limiter, and f = 0.01 to estimate the maximum effect of
heat transport inhibition as it is seen in Nova
hohlraums on NIF simulations.

These calculations show that increasing the heat
transport inhibition by going from f = 0.05 to f = 0.01
results in a slightly increased x-ray flux from the loca-
tions where the inner and outer beams illuminate the
hohlraum walls, while the x-ray radiation from the lip
of the laser entrance hole is reduced. The positions of
these regions are shown schematically in Figure 10.

These simulations confirm that strongly inhibiting
heat transport in the NIF hohlraum design results in
slightly less x-ray production in wall regions that are
not directly heated by the laser beams and that are
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partly heated by conduction. The x-ray flux produces
an ablation pressure on the fusion capsule that must be
very symmetric to achieve high convergence and igni-
tion of the fusion capsule.

While the total x-ray flux is not affected by the
increased heat-transport inhibition (see inset of
Figure 11), the symmetry of the fusion capsule is
modified. In Figure 11 we show the ratio P2/P0 as a
function of time which has been optimized for f = 0.05
by adjusting beam power and pointing. P2 is the coef-
ficient of the Legendre polynomial describing the
pole–equator asymmetry, while P0 describes the
spherical flux. Optimization means reducing the 
capsule asymmetries by minimizing the ratio P2/P0
(as well as higher-order Legendre polynomials).

Using beam power and pointing that was optimized
for f = 0.05 for the calculations with f = 0.01, results in
larger amplitudes of the ratio P2/P0 and consequently
the capsule yield decreases from 16.1 MJ to 3.8 MJ. The
pointing and relative power of the beams have to be
adjusted in order to improve the capsule yield.

Finally, the reasonable agreement between the
experimentally observed stagnation and the LASNEX
simulations shows that capsule implosions in gas-filled
hohlraums are not directly affected by the pressures
produced in the stagnation regions. For example, early
NIF hohlraums used plastic liners1 instead of a gas fill
to produce the low-Z beam propagation region in the
hohlraum interior. These liners blew inward at high
velocity and generated an early-time axial stagnation
pressure, which affected the subsequent capsule
implosion symmetry. However, in the gas-filled
hohlraums, the high gas pressures occur late, after the

capsule has generated a large surrounding region of
ablated material. In these hohlraums, there is virtually
no effect of the gas-region pressure on the capsule
implosion. Because the capsule is moving inward and
the radiation-ablated capsule blowoff is moving out-
ward at speeds comparable to the sound speed in the
gas fill, the capsule is essentially isolated from the
pressure generated in the gas. This is true for both the
Nova experiments and for the NIF target designs. In
NIF calculations, the capsules have essentially the
same symmetry and implosion velocity in integrated
calculations that explicitly account for the low-Z gas
pressure2,3,11 and in separate calculations that only
drive the capsule with the hohlraum x-ray flux.
However, the effect of the stagnation plasma regions
on the level of parametric instabilities, which result in
filamentation and backscatter losses by SBS and SRS,
for example, has not yet been quantified. 

Conclusions
We have developed Thomson scattering as a power-

ful diagnostic of inertial confinement fusion plasmas.
Open-geometry experiments were performed verify-
ing the theory of Fejer.17,18 They show that Thomson
scattering measures temporally and spatially resolved
electron and ion temperature in two-ion-species plasmas
with high accuracy from the frequency separation and
damping of the ion-acoustic waves. Furthermore,
plasma flow can be inferred from the Doppler shift of
the whole scattering spectra, and the relative ion densi-
ties can be determined if the ion charge state is known
independently, or vice versa. Applying this theory for
the Thomson scattering spectra from closed-geometry
hohlraum plasmas produced with 21 to 25 kJ at the
Nova laser facility benchmarked radiation hydrody-
namic LASNEX simulations. These studies are impor-
tant for our understanding of heat transport,
energetics, and beam pointing in gas-filled hohlraums.
The ion temperatures and plasma flow, i.e., quantities
that are not sensitive to the choice of the heat transport
flux limiter, agree quite well with the simulations. This
implies that stagnation effects are well described by
LASNEX. The simulations show that stagnation occurs
too late in gas-filled hohlraums so that there is no
direct effect of the high pressure stagnating plasma on
the fusion capsule. 

On the other hand, the experimental electron tem-
peratures are best approximated with a time-varying
flux limiter showing large electron heat-transport inhi-
bition at the peak of the drive. This observation is
presently not understood. We have started to include
heat-transport-limiting effects into the hydrodynamic
modeling, but more calculational and experimental
work remains to be done for a complete description of
the heat transport in gas-filled hohlraums. Another
calculational attempt to understand the experimental
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FIGURE 11. Calculated ratio of the P2/P0 symmetry of the NIF cap-
sule for constant flux limiter of f = 0.05 and f = 0.01. The inset shows
the radiation temperature as function of time. Both calculations
essentially overlap. In case of f = 0.01 reoptimization of the beam
power and pointing will be necessary to increase the capsule gain.
(08-00-0798-1555pb01)
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results used calculations that include magnetic fields
in hohlraums. They show the occurrence of megagauss
magnetic fields, hot spots, and significant heat trans-
port inhibition in plasma regions close to the scattering
volume. Although these results are encouraging as
they show features that are observed in the present
hohlraum experiments, there is not yet experimental
verification of the existence of such high magnetic
fields in hohlraums. 

New experiments are presently being performed
with a 4ω probe laser to improve our understanding of
the physics in ignition experiments. The new 4ω probe
diagnostic will allow us to measure temperatures in
directly and indirectly heated regions of the hohlraum
as well as on the hohlraum axis. In addition, the exper-
iments will be performed with smoothed Nova beams.
These types of experiments provide benchmarks for
the radiation hydrodynamic modeling, and we hope
that they will ultimately help us to improve the model-
ing for accurate prediction of the plasma conditions in
fusion targets.
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Introduction
Energy transfer between two intersecting laser

beams in a plasma directly addresses fundamental
aspects of laser–plasma interactions and is also rele-
vant to laser-driven inertial confinement fusion (ICF).
When an electromagnetic wave (frequency ω0, wave
number k0) intersects another electromagnetic wave
with equal or lower frequency (ω1, k1), optical mixing
will drive a beat-wave density perturbation in the
plasma at (Ω, K):

Ω = ω0 – ω1; K = k0 – k1 . (1)

If the driven beat-wave satisfies the plasma-dispersion
relation, then this three-wave interaction is resonant
and can be very efficient.1,2 Electron plasma waves can
be driven in this manner, using two laser beams with a
difference in frequency equal to the electron plasma
frequency.1,3 This technique has found applications in
particle acceleration.4–6 For beams of comparable fre-
quency, resonance can be reached when (Ω, K) satisfies
the dispersion relation (Ω = ωia, K = kia) = 0 for ion-
acoustic waves in a flowing plasma:

ωia = cs |kia| + vd • kia . (2)

Here cs is the ion sound speed, and vd is the drift
velocity of the plasma. In subsonic plasmas (|vd| < cs),
Eq. 1 and Eq. 2 show that identical frequency beams
cannot drive a resonant ion wave. With the appropri-
ate frequency mismatch, however, resonant ion waves
have been driven by microwaves7 and also by two

laser beams.8 This latter experiment measured a mod-
est transfer of energy mediated by a resonant ion
wave, as evidenced by the fact that no energy transfer
was observed for two laser beams of equal frequency.

Nonresonant ion waves have been produced with
two identical frequency beams, which were found to
have an effect on stimulated Raman scattering.9 More
recently, Lal et al. have observed energy transfer
between two λ = 10.6-µm-wavelength laser beams,10

but this was during a transient period on the order of a
few acoustic periods, during which energy transfer
may occur between identical frequency beams.11,12

These previous experiments were performed in sub-
sonic plasmas. In a supersonic plasma (|vd| ≥ cs) the
resonant ion wave can have zero frequency in the labo-
ratory frame if ωia = 0 in Eq. 2, and the ion wave can
therefore transfer energy between two identical fre-
quency beams over many acoustic periods.13–15 In this
article, we present the first measurements of steady-
state energy transfer between identical frequency
beams in a plasma with supersonic flow.

This effect has been the subject of much theoretical
work,12,16,17 in part motivated by current designs for
fusion experiments on the National Ignition Facility18

(NIF) in which multiple laser beams cross as they enter
a cylindrical radiation enclosure (hohlraum). Because
the plasma flow leaving the enclosure is near super-
sonic,15 there may be resonant energy exchange
between the laser beams. This would have deleterious
effects on the symmetry of the laser radiation inside
the hohlraum and might require the use of the NIF’s
ability to frequency detune the crossed beams and
avoid a resonance.

Experimental Configuration
The experiments were performed on the 10-beam

Nova laser facility at Lawrence Livermore National
Laboratory (LLNL), using four f/4.3 beams with 
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λ = 351 nm. Two of the beams were partially defocused
to 80-µm-diam spots, each spatially smoothed with a
kinoform phase plate19 (KPP) and each containing 3 kJ
of energy in a square pulse lasting from t = 0 to t = 3 ns.
These two heater beams were incident (40° to normal)
on both sides of a 5-µm-thick Be (Z = 4) rectangular foil,
2 mm by 4 mm. The exploding foil was initially mod-
eled with LASNEX,20 using the heater beam parameters
described above. A layer with Mach 1 flow (|vd| = cs)
was calculated to move out from the initial foil position
over time, reaching a distance of 500 µm from the foil at
t = 3 ns. At this time, the density along the center normal
of the foil had reached a 1-mm-scale plateau of a roughly
constant electron density ne = 0.06 nc, where nc is the 
critical density for 351-nm light (9 × 1021 cm–3). 

The flow velocity was experimentally characterized
with a Thomson scattering technique.21 A lower-
intensity, λ = 526-nm beam was focused in a 100-µm
full-width at half maximum (FWHM) spot, 500 µm
from the center foil position. The frequency- and 
time-resolved Thomson scattered light is shown in
Figure 1a. At t = 2.9 ns, the upshifted ion wave feature
overlaps the stray light, signifying that ωia = 0 and 
that a Mach 1 plasma flow was present. Figure 1b
shows that this measured Mach 1 position (z = 500 µm,
t = 2.9 ns) is consistent with the LASNEX calculation.
However, the measured electron plasma temperature
at t = 2.9 ns is 0.8 ± 0.1 keV, lower than the predicted
1.2 keV at this location. The error bars of the Mach 1
measurement are largest in the direction away from
the foil due to the possibility that the beam was
deflected by the plasma density gradient, with a maxi-
mum error defined by the spatial view of our diagnos-
tic. Even with this effect, the error in the Mach 1
measurement is much smaller than the spatial and
temporal extent of the region sampled in the main
experiment.

The main experiment was then performed by crossing
two additional λ = 351-nm beams in the exploding foil
plasma. We refer to the higher-intensity beam as the
“pump” and the lower-intensity beam as the “probe.” As
shown in Figure 2, these beams arrived from opposite
directions, separated by an angle of 152°. Both the pump
and probe were incident at 14° from the normal of the foil
(the z-axis, defined in Figure 2), and the resultant ion
wave was therefore aligned to the plasma flow along the
z-axis. The pump and probe beams were originally
focused at a location z = –500 µm from the z = 0 initial foil
position. The pump has a higher frequency in the frame
of the flowing plasma on the – z half of the foil, and there-
fore the resonance would be expected to transfer energy
from the pump to the probe and the ion wave. 

The probe light transmitted through the plasma was
incident on a frosted fused-silica plate 1.5 m from the
target, and the scattered light was then imaged onto a
fast photodiode.22 Postprocessing of the photodiode
signal helped correct for the finite-time response of
both the large scatter plate and the diode. The final
absolute uncertainty in the transmission measure-
ments is ±14% (±20% for time scales <100 ps), and the
relative uncertainty between different shots is ±10%.

The specifications of the crossing beams were as 
follows: the pump beam was identical to the heater
beams (square pulse, 3 kJ in 3 ns, KPP), but arrived 
1 ns late, staying on from t = 1 ns to t = 4 ns. The pump
was focused to a 340-µm full-diam spot, reaching an
intensity of 1015 Wcm–2. The probe beam had a typical
energy of 0.2 kJ, and two focal spots were used. First,
no phase plate was used on the probe, allowing a
focused FWHM of 100 µm (170-µm full diameter). The
probe’s pulse shape was a 3-ns upward ramp, beginning
at t = 1 ns and reaching a peak of 150 GW at t = 4 ns. 
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FIGURE 2. The experimental geometry is shown. The 5-µm Be foil is
initially at z = 0, where z is the normal to the foil in the direction of
the “pump” beam propagation. At t = 0 ns, two heater beams (not
shown) illuminate the foil from both sides. At t = 1 ns, the “pump”
and “probe” laser beams intersect at a known distance from the foil,
at a 152° angle. The diamond-shaped crossing region can have a 
z-extent of 850 µm to 1300 µm depending on the focal spot sizes,
but >75% of the intensity intersects in a region only half this size.
(08-00-0798-1542pb01)



Results
The transmission of this probe beam is plotted against

time in Figure 3a. With no pump beam present, the trans-
mission of the probe through the exploding foil stabilized
at 50–60%. With the addition of the pump beam, crossing
the probe at a location z = –500 µm, the transmission of
the probe increased to near 100% on short time scales.
However, when the two beams were crossed at a location
z = –750 µm, the probe transmission returned to the pre-
vious 50–60% level. Because the probe passed through
the bulk of the exploding foil plasma before reaching the
crossing region, this region had an average intensity ratio
Ipump/Iprobe of ~3.

To change this intensity ratio, a KPP was then added
to the probe beam, increasing the spot size to 340 µm
(full diameter) and raising the average Ipump/Iprobe
to ~25. Also, the probe’s pulse shape was changed to a 
4-ns square pulse, extending from t = 1 ns to t = 5 ns.
The increased size of the probe stretched the z-extent of
the diamond-shaped region where the full beams inter-
sected from 850 µm to 1350 µm. The length of the region
where >80% of the energy intersected increased from
500 µm to 800 µm. 

Figure 3b shows the transmission of this lower-
intensity probe beam, both with and without the pump
beam. The no-pump transmission was nearly identical to
the previous case despite the different pulse shapes, evi-
dence that the low-intensity probe beam was not strongly
affecting the plasma. With the pump beam present, the
transmission was again increased to ~100% levels when
the beams were crossed at z = –500 µm; ~80% levels
when the beams were crossed at the original foil position
(z = 0); and no significant transmission enhancement
when the beams were crossed at z = +500 µm. 

Discussion
Increased transmission of the probe beam in the

presence of a pump, however, is not by itself absolute
evidence of energy transfer; alternatively, the pump
might heat the plasma and thereby decrease the
inverse bremsstrahlung absorption of the probe beam.
LASNEX simulations show no pump beam effect on
the plasma density or Mach 1 location, but do show a
higher temperature plasma when the pump is on. This
temperature change increases the peak theoretical
probe transmission from 60% to 70%, but cannot
explain the observed ~100% transmission. In addition,
this effect is calculated to occur late in the pump pulse,
from t = 3 ns onward, rather than the earlier t = ~2 ns
where our peak transmission is observed. Further evi-
dence against this pump-heating scenario includes a
measurement of the transmission of the pump beam; it
peaks later in time (t = 3.2 ns), at a level of 55%, while
the amplified probe signal peaks earlier (t = 2.4 ns) and
with much higher transmission levels. Because the two

beams are not exactly colinear, any pump-induced
heating should have primarily increased the pump
transmission. 

For each transmission measurement, a linear gain 
factor can be computed by simply dividing the crossed-
beam transmission by the no-pump transmission.
Although the early-time peak gains are large (>3) in both
cases where the beams were crossed at z = –500 µm, the
corresponding errors are large as well because of the
lower no-pump transmission values at these times. A
more quantitative gain measurement can be made by
averaging the gain over 2 ns < t < 3 ns, the time period
when the Mach 1 flow velocity is calculated to be
between z = –300 µm and z = –500 µm. These averages
are plotted versus position in Figure 4. The large horizon-
tal error bars represent the extent in the z-axis of the high-
intensity diamond-shaped crossing region of the two
beams. The maximum gain values of ~1.6 occurred when
the crossing region overlapped the Mach 1 region; little
gain was observed when the beams were crossed outside
this region. This dependence on position is strong evi-
dence of a resonant process.

It is interesting to note that the measured average
gain at z = –500 µm is roughly the same (~1.6) for both
experimental intensity ratios. If the resonant ion wave
were saturated, one would expect the gain to increase
with increasing Ipump/Iprobe. Our equal gain measure-
ments, however, suggest that this process is not in a
saturated regime. This conclusion concurs with previ-
ous resonant energy-transfer scaling8 but is at odds
with the near-complete transfer of the pump energy
predicted by assuming a linearly driven ion wave in a
homogeneous plasma.12,16
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One mechanism that could explain the low energy
transfer is a spatial degradation of gain due to velocity
fluctuations produced by spatially inhomogeneous laser
beams.8,16,23 Laser “hot spots” can also modify the
plasma’s electron distribution function, creating fluctua-
tions in the ion-acoustic frequency,24 which could fur-
ther spatially detune the resonance condition in our
experiment. Both of these effects would be enhanced 
by large-scale filamentation of the pump beam.25

Numerical simulations of such plasmas with strong
gradients show further reductions of the amplification.
BZOHAR, a 2D electromagnetic code that uses particle
ions and Boltzmann fluid electrons,26 has been used to
perform simulations of this experiment on small spa-
tial scales.27 This suggests that the resonant ion waves
and the probe amplification saturate after several ion
acoustic periods, but the energy gain quickly relaxes
(after 40 ps) and becomes nearly proportional to the
input probe intensity, as seen in the experiments. 
BZOHAR arrives at this “linear” condition by means
of nonlinear detuning and nonlinear localization of 
the ion-wave resonance.

Summary
Enhanced transmission of a laser beam has now been

observed when it is crossed with a higher-intensity beam
of the same frequency in a flowing plasma. Positional
and temporal scaling of this effect demonstrates that this
is due to a resonance with an ion wave that has zero fre-
quency in the laboratory frame, making this the first
observation of steady-state energy transfer between iden-
tical frequency laser beams. The observed intensity gain
of ~1.6 in two different intensity regimes suggests that
the resonant energy transfer is responding linearly to the
driving laser beams.
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Introduction
The scattering of laser energy by large-amplitude

Langmuir waves has long been recognized as an
important loss mechanism in laser driven inertial con-
finement fusion (ICF) research.1 The scattering waves
are driven to large amplitude by the three-wave pro-
cess of stimulated Raman scattering (SRS), in which
the incident electromagnetic wave decays into a
Langmuir wave and a scattered wave. Early modeling
efforts assumed the three-wave process was limited by
simple convective saturation, which results from the
propagation of energy out of the interaction volume by
the decay waves. In the large-scale plasmas expected
in ignition experiments, however, the convective satu-
ration level is sufficiently high that the stimulated
Langmuir waves can be saturated at much lower
amplitude by nonlinear processes, such as secondary
stimulation of ion-acoustic, Langmuir, and electromag-
netic waves.2–6 The primary manifestation of nonlinear
saturation is that the Langmuir-wave amplitude can
no longer increase linearly with the ponderomotive
force, but rather is limited to a lower, saturated level.
Previous experiments have found evidence of sec-
ondary mechanisms and their effect on SRS.7–13 More
recent experiments have shown that, under conditions
similar to what is expected under ignition conditions,
the SRS reflectivity is dependent on the damping rate
of the ion-acoustic wave,14–16 consistent with satura-
tion by secondary decay. Further, it has been shown
that the scattered SRS spectrum has both a shape17 and
magnitude14 that are consistent with Langmuir-wave
saturation by a secondary decay involving ion waves.
However, there was previously no direct observation
of the nonlinear response of the Langmuir wave. The

potential to observe the Langmuir wave response has
been shown by theoretical18,19 and experimental13,20–22

studies, in which Langmuir waves and their secondary
decay products23 have been generated by the beating
of two laser beams of different frequency. A parallel
line of experimentation using beating laser beams to
excite ion waves24,25 has succeeded in demonstrating
that the response of the waves to ponderomotive force
is linear.

We now report the first demonstration of the nonlin-
ear saturation of Langmuir waves driven by pondero-
motive force under conditions relevant to indirect-drive
ignition experiments. The Langmuir waves are driven
by the beating of two intersecting laser beams of widely
disparate frequency. Scattering of energy from the high-
frequency beam to the low-frequency beam provides a
measure of the wave amplitude, while adjustment of
the intensity of the low-frequency beam allows the pon-
deromotive force to be varied. The amplitude of the
Langmuir wave is thus found to be very weakly depen-
dent on the ponderomotive drive when the drive is
large, as expected by secondary decay models.2-6 The
experiments are done in low-Z plasmas, which have
electron temperatures, densities, and scale length 
similar to what is expected in indirect-drive ignition
experiments26,27 and which support the interpretation
of the observed dependence of SRS reflectivity on the
damping rate of the ion-acoustic wave14,15,16 as due to
saturation by secondary decay under these conditions.

Description of the Experiments
The experiments were performed at the ten-beam

Nova laser facility, using eight of the beams to preheat a
gas-filled target and the remaining two beams as inter-
action beams. The target consists of a 0.3-µm-thick poly-
imide bag that is filled with atmospheric pressure gas so
that it is nearly spherical, with a radius of 1.3 mm, when
placed in the vacuum chamber. The target is preheated
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with eight of the f/4.3 beams that are defocused (con-
verging) to a diameter of ~1.7 mm. The heater beams
each deliver 2.5 kJ at a wavelength of 351 nm in a 1-ns
square pulse that produces a plasma that is hot and 
relatively homogeneous in the region inside a 1-mm
radius and during the latter half of the heating pulse 
(0.5 to 1.0 ns). The target is filled to between 730 and 
800 T with a mixture of the following gases: C3H8, C5H12,
CH4, and a 1% Ar impurity to allow for x-ray spectral
analysis.26 The three carbonous gases are mixed in vari-
ous percentages, which together with small variations in
the fill pressure allows the density of electrons to be con-
trolled, thus allowing adjustment of the Langmuir-wave
resonance. Application of the heater beams for a duration
of 1.0 ns results in a plasma with an electron density
approximately that of the initial gas fill (n0) inside a
radius of ~1 mm and an electron temperature that
increases to a maximum of ~2.6 keV at 1.0 ns. The elec-
tron temperature is determined from x-ray spectral 
measurements from a region of plasma at r = 400 µm, 
and its peak value is in reasonable agreement with 
LASNEX simulations.26

The remaining two beams are focused in the interior 
of the plasma and brought to best focus at the same point
at r = 400 µm, where the plasma is expected to be most
uniform. The beams are chosen to cross 25° away 
from antiparallel, approximating the geometry of SRS
backscatter.27 The pump beam is f/4.3 with 2.5 kJ of
energy at a wavelength of 351 nm in a 1-ns square pulse
that is delayed 0.5 ns with respect to the heaters. The use
of a random phase plate (RPP) on the pump beam limits
the spot size to 320-µm full width at half maximum
(FWHM) at best focus. The probe beam has a wavelength
of 527 nm with a variable energy (100 J to 1 kJ) in a 
2-ns pulse that is turned on simultaneously with the
heaters. The RPP on the probe limits the spot size to 
350 µm. This allows the beams to interact in a parallelo-
gram 800 µm on each side with an acute interior angle of
25° as shown in Figure 1. The timing of the beams allows
the interaction to occur during the 0.5- to 1.5-ns period.
During the first half of this period, the plasma is being
heated, while during the second half the plasma is being
cooled by radiation and expansion. The transmitted
power of the probe beam is collected by a scatter plate of
roughened fused silica. The plate is imaged onto a gated
optical imager and onto the cathode of a photodiode that
provides a measure of the transmitted probe power as a
function of time.28 The response time of the photodiode
measurements is improved to 150 ps by deconvolving the
measured impulse response of the system.

Measurements of the transmission of the probe beam
were performed over a range of plasma densities and
compared with the transmission from experiments under
the same conditions with no pump beam. The initial den-
sity in each experiment was determined by differing gas
fill pressures and molecular composition. The initial den-
sity was varied from 5.6% to 8.2% of the critical density

for 351 nm light (nc0), which brackets the Langmuir-wave
resonance in this case. The plasma density during the 
0.5- to 1.0-ns interaction period is very close to the initial
density over this range, as expected from LASNEX simu-
lations27 and confirmed by the measurements of the
peak wavelength of SRS back27 and forward28 scattering.
The transmitted probe power in the absence of a pump
beam (pump-off) was only weakly sensitive to the
changes in density, while the transmitted power in the
presence of the pump beam (pump-on) was observed to
have a substantial enhancement compared to the pump-
off case when the initial plasma density was in the vicin-
ity of n0/nc0 = 7.1%. Figure 2 shows the time history of
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FIGURE 1. Geometry of the crossing beam experiment showing a
short wavelength, high-intensity pump beam and a long wavelength,
low-intensity probe beam intersecting in a spherical, low-density
plasma. The transmitted beam diagnostic measures the time history of
the transmitted power of the probe beam. (08-00-0798-1537pb01)
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the transmitted probe power near the resonant value of
density for both the pump-on and pump-off cases. 
The observed attenuation of the transmitted beam in
the pump-off case is determined primarily by inverse
bremsstrahlung absorption and is also affected by 
scattering, as described in Moody.28 In the pump-on
case, the probe transmission is observed to be strongly
enhanced during the 0.5- to 1.5-ns window when both
pump and probe are on, indicating that significant
energy is transferred from the pump beam. The ampli-
fication is measured during the 0.5- to 1.0-ns period by
averaging the transmitted power over this period and
taking the ratio of the average power in the pump-on
case to that in the pump-off case. This amplification is
2.15 (±0.3) for the case shown in Figure 2. Spectral
measurements of the transmitted power in the pump-
on experiment show a very narrow line width (≤2 nm).
The interaction is found to be strongly resonant with
plasma density, as observed in the plot of amplifica-
tion vs n0 shown in Figure 3. The data in Figure 3 is
restricted to the case of low probe-beam power 
(P ≤ 0.2 TW), so that the wave response is small and
unsaturated. The observation of maximum amplifica-
tion at 7.1% of the critical density combined with the
observation of little or no effect of the pump (amplifi-
cation ~1) at both higher and lower density in Figure 3

are consistent with the calculated Langmuir-wave 
resonance for a plasma with an electron temperature of
2.1 keV, which is somewhat lower than the peak value26

and is consistent with the average temperature measured
during the 0.5- to 1.0-ns period. The data in Figure 3 sup-
ports the interpretation that the amplification is due to a
resonant three-wave interaction of the two beams with a
Langmuir wave in the plasma. 

Having identified a density resonant with the
Langmuir wave in this experiment (n/nc = 7.1%) and
determined the magnitude of the amplification when
the Langmuir-wave amplitude is small, we performed
experiments to investigate the nonlinear response of
Langmuir waves at larger amplitudes by increasing
the probe-beam intensity. These experiments show that
the amplification is substantially reduced by increasing
the probe intensity, while holding the plasma density
close to the resonant value (i.e., within the shaded
region in Figure 3). For example, the amplification
observed at low probe power (65 GW) under the con-
ditions of Figure 2 is 2.5 ± 0.5, while the amplification
in a similar experiment with a probe power of 500 GW
is less than 1.32 ± 0.12 (where 1.0 represents no reso-
nance). The nonlinearity is not due to the transmission
diagnostic, which has been calibrated and found to be
linear with up to an order-of-magnitude-higher trans-
mitted power.28 These observations are used to
demonstrate the saturation of the Langmuir wave by
interpreting the enhancement of the probe beam as a
measurement of the Langmuir-wave amplitude and
the product of the incident intensities of the probe and
pump beams as the ponderomotive force that drives
the Langmuir wave. This analysis can be understood
by considering the total power scattered from the
pump beam rather than the amplification of the probe.
The power scattered from the pump is determined as
the difference between the transmitted probe power
with the pump on and with the pump off, again aver-
aging over the 0.5- to 1.0-ns period when all the beams
are on. This scattered power is corrected for absorption
between the point of scattering (where the center of the
beams cross) and the outer edge of the plasma and is
plotted vs the incident probe power with the pump
power constant in Figure 4. Because the power scat-
tered by the Langmuir wave is proportional to the
square of its amplitude δn2, and because the probe-
beam intensity is proportional to the square of the pon-
deromotive force driving the Langmuir wave, a linear
Langmuir wave response would be represented by
data that parallels the linear scaling curve shown as a
black line in Figure 4. Clearly, the scattered power falls
below the linear scaling when the probe power is
greater than 200 GW, demonstrating that the
Langmuir-wave amplitude is nonlinearly saturated at
high ponderomotive drive. This observation of the
nonlinearly saturated response of the Langmuir wave
to the ponderomotive force produced by the beating of
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the two laser beams is the primary result of this article.
Such a nonlinearity may be created by many mecha-
nisms, ranging from nonlinear Landau damping, to the
relativistic detuning that has been studied in high-
phase-velocity plasma waves,21 to the secondary decay
of the Langmuir wave2-6 and as such is consistent with
previous interpretations of data from ignition-relevant
plasmas that suggest that SRS backscatter is limited by
saturation by secondary decays involving ion
waves.14,15

The structure of the spectrum of transmitted light
and scattering waves was studied in a further set of
experiments. These experiments studied the interac-
tion of the two beams during the 1.15- to 1.5-ns period,
after the heater beams shut off, to eliminate spectral
contributions from heater side scatter.  The transmitted
probe beam was analyzed by a high-resolution spec-
trometer for cases corresponding to incident probe
powers of 50, 200, and 450 GW in Figure 4. In all cases
the spectrum was less than 0.6-nm FWHM, corre-
sponding to a Langmuir-wave spectrum with a width
of ∆ω/ω= 5 × 10–3. Amplification of the probe beam
was clearly observed in the lowest-power experiment
and diminished in higher-power experiments. This 
is consistent with the early time measurements of
Figure 4. This data cannot be directly compared with
the data in Figure 4, however, because the absence of
heaters during this period makes the plasma condi-
tions and their time dependence different than during
the early period. The observed Langmuir-wave spec-
trum is much narrower than expected for a cascade of

multiple Langmuir decay instabilities  (LDIs), indicat-
ing that if such a cascade is present, it involves very lit-
tle energy. Because of the geometry and wavelength of
the measurements, the transmitted spectrum provides
information only about Langmuir waves that are
copropagating with the primary Langmuir wave, and
it may be consistent with either saturation by a single
Langmuir decay producing a counterpropagating
wave8,9 or with saturation by the electromagnetic
decay instability (EDI) in which the decay products are
not Langmuir waves.

Comparison with Secondary
Decay Model

A comparison of the observations with theories 
of secondary decay of the Langmuir wave2–6 can be
made by estimating the amplitude of the waves from
the fraction of power they scatter from the pump
beam. Such an estimate is made using a 1D, Bragg
wave scattering model for a homogeneous
beam,14,29 which gives an estimate of the scattering
wave amplitude. This model gives the relationship
between the fraction of pump power scattered F and
the wave amplitude (δn/n) in terms of the normalized
plasma density, the incident-beam wave number, and
two characteristic lengths (the system size L and the
correlation length of the Langmuir waves ∆k)–1.

(1)

As an estimate of the correlation length, we use the
correlation length of the driving ponderomotive force
produced by the two f/4.3 beams. The width of the
spectrum of kz = (k1 – k2)• is the speckle length pro-
jected into the axis of the beam ( ). We use this 
width of the kz spectrum of the incident beams as an
estimate of the correlation length of the Langmuir
waves: ∆k ≈ 1.2 × 106 m–1. Using this length and 
the experimental plasma parameters in Eq. 1, we
estimate the amplitude of the scattering Langmuir
wave from the measurements of the fraction of
pump-beam power that the wave scatters, as shown
on the right axis in Figure 4. This fraction is calcu-
lated using the pump-beam power determined from
the incident power and a correction for inverse
bremsstrahlung between the plasma edge and the
point at which the centers of the two beams cross.
The results are compared with the threshold for the
secondary decay instability, shown as the gray line
in Figure 4. The threshold is determined by the
damping rates of the secondary decay products and
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can be written in terms of the Langmuir-wave
amplitude as

(2)

where kL is the wave number of the primary Langmuir
wave driven by the beating of the two beams, λD is the
Debye length, ωia and νia are the real and imaginary
parts of the frequency of the ion-acoustic decay
product (νia/ωia ≈ 0.2 for a Tion/Te ≈ 0.15 as deter-
mined by simulations for this case30), and ω3 and ν3
represent the frequency of the third wave. 

When the instability is EDI, the third wave is an
electromagnetic wave,6 and ω3 and ν3 are approxi-
mately the plasma frequency and the inverse
bremsstrahlung absorption rate. When the instability is
LDI, the third wave is a Langmuir wave, and ω3 and ν3
are approximately the plasma frequency and the elec-
tron Landau damping rate. Electrons are produced in
these plasmas by mechanisms such as collisional
absorption of the beams, nonlinear Landau damping
of the Langmuir waves, and nonlocal heat transport.31

Recent analysis of the non-Maxwellian velocity distri-
bution of such electrons has shown that the electron
Landau damping rate may be much lower than in a
Maxwellian plasma. In a laser hot spot the damping
rate could be reduced by an order of magnitude,
approaching the collisional damping rate as a lower
limit. As a result, a necessary condition for the pres-
ence of EDI or LDI in a non-Maxwellian plasma is that
the δn/n estimated from the measured scattered power
(points in Figure 4) be greater than or equal to the
threshold given by Eq. 2 evaluated with ω3 and ν3
equal to the plasma frequency and the collisional
damping rate (gray line in Figure 4). This threshold is
found to be close to the observed saturation level in
Figure 4. This is consistent with previous interpreta-
tions2–6, 14–16 that the Langmuir wave is saturated by a
secondary decay process involving ion waves. 

Conclusion
We have developed a technique to study the proper-

ties of Langmuir waves in ignition-relevant plasmas and
used this technique to demonstrate that the response of
Langmuir waves to ponderomotive force is nonlinearly
saturated consistent with earlier studies of SRS.14,15
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Introduction
Stimulated Brillouin scattering (SBS) is an instability

in which intense laser light incident on a target can
decay into a scattered light wave and an ion sound
wave. The process requires frequency and wave vector
matching (i.e., ω0 = ωsc + ωi and k0 = ksc + ki), which
corresponds to energy and momentum conservation.
Here ω0 (ωsc) is the frequency of the incident (scat-
tered) light wave; ωi is the frequency of a sound wave
in the plasma; and k0, ksc, ki are the corresponding
wave vectors. It is important to understand and con-
trol this instability to optimize energy deposition in
inertial fusion targets. 

Although there has been much progress in character-
izing SBS in experiments,1,2 a better understanding of
the nonlinear behavior is clearly needed. The nonlinear
behavior of the ion wave is particularly complex.
Collisionless particle-in-cell (PIC) simulations3–7 have
emphasized strong distortions in the ion distribution
function near the ion wave phase velocity. The damp-
ing and dispersion of the driven ion wave are then
determined by nonlinear processes, such as trapping,
self-consistent tail formation, and mode coupling. It
should be emphasized that the distributions are modi-
fied quite rapidly even when the driven ion wave has a
rather small amplitude. A characteristic time for the ion
distribution to distort is τb = π/ωb, where ωb is the
bounce frequency of a resonant ion in the potential
trough of the ion wave. Here ωb = (ZeEki/M)1/2, where
E is the electric field, ki the wave number, Z the ion
charge state, and M its mass. For even a very small ion
wave amplitude corresponding to a fluctuating density
δn/n ≈ 1%, the bounce time is only about 1 ps in typical
experiments using 0.35-µm lasers. 

It is readily seen that ion–ion collisions can
strongly reduce these distortions of the ion distribu-
tion function, especially in high-Z plasmas found in
laser-irradiated hohlraums. The scattering rate of an

ion at the phase velocity [approximated as the sound
speed, Cs ≡ (ZTe/M)1/2] is

(1)

where Te (Ti) is the electron (ion) temperature and τi is
the Braginskii ion–ion collision time

(2)

Here, ni is the ion number density and λii is the Coulomb
logarithm for ion–ion collisions. The time required for
collisions to restore the distribution is determined by the
trapping width (δvtrap ≈ 2ωb/ki) and ν⊥ :

(3)

These arguments are easily generalized to the case of a
plasma composed of a light minority species (α) and a
heavy species (β). 

In the following example, Be is added to a Au
plasma8 to increase the Landau damping of the ion
waves. For an equal mixture Au+50/Be+4 plasma, with
electron temperature Te = 3 keV, δn/n = 0.05, electron
plasma density ne = nc/4 (nc = critical density), and
ki = 3.5 × 105/cm1 (≈ 2k0 for blue laser light): τdetrap 
≈ τbounce ≈ 1 ps. Similar results can be estimated for
recent gas bag experiments with Xe/H mixtures.9

In addition to countering and/or modifying tail for-
mation in the nonlinear state, ion–ion collisions can
inhibit the transport of heated ions from the interaction
region. (In collisionless simulations, they simply free-
stream away.) The reduced transport enhances the local
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ion heating, which can reduce the instability growth.
Such an effect will be particularly important on long
time scales, when significant energy has been trans-
ferred via the driven ion waves.

Hybrid Simulation Model
Hybrid simulations, which model some physical

species with particles and others with fluids, have
been applied to a wide variety of problems in magneti-
cally confined fusion plasmas and space plasma
physics. Typically, the regime of interest is such that
the ions are essentially collisionless and require a
kinetic treatment, while the electrons may be repre-
sented by a fluid. More recently, such simulation mod-
els are being applied to laser-generated plasmas.4–7

Our simulations are performed in one spatial dimen-
sion, using a PIC description for the kinetic ions and
an isothermal electron fluid at constant temperature
Te. The particle ion velocities and positions are simply
advanced by 

(4)

using the longitudinal electric field Ex = –∂Φ/∂x. The
electrostatic potential Φ is found from solution of the
nonlinear Poisson equation in terms of the total ion
charge density and the electron density (ne) given by a
Boltzmann relation, 

(5)

The use of a reduced treatment for the electrons
enables efficient simulation of longer time scales; in
particular, the restriction of resolving the electron
plasma frequency is relaxed. The ponderomotive
potential is accumulated in time 
during the explicit advance of the electromagnetic field
equations and transverse electron fluid velocity (uy),
which are subcycled in time relative to the ion particle
advance. Use of the nonlinear Poisson equation retains
the physics of charge separation due to finite-electron
Debye length, and hence includes modifications to the
ion-acoustic dispersion relation embodied in the 
linear dispersion relation , where 
λDe = (4πnee2/Te)–1/2 is the Debye length.

Although for the parameters considered here the
dispersive effect of finite kλDe is small, the smoothing
achieved is beneficial in reducing numerical heating, a
major concern for these high ZTe/Ti plasmas.10

Additionally, we use quadratic splines to interpolate
between particles and grid and large numbers of parti-
cles per cell, typically 200 to 400 for each ion species.
The use of quadratic splines reduces numerical heating
approximately an order of magnitude compared to 
linear interpolation.

Ion–ion collisions between particles are handled
using a scheme substantially like that developed by
Takizuka and Abe.11 Particles sharing the same spatial
cell are randomly paired up and then undergo a colli-
sion irrespective of their positions in the cell. Each 
collision is kinematically correct, thus ensuring micro-
scopic momentum and energy conservation. For 
scattering between species α and β, the collision is 
performed in the center of mass frame for each particle
pair with a polar scattering angle picked from a
Gaussian distribution of width,

(6)

where mαβ = mαmβ/(mα + mβ) is the reduced mass and
δv is the relative velocity between each scattering pair.
The collisional time period δt is typically equal to the
particle advance time step ∆t or a small multiple of it.
The azimuthal scattering angle is picked uniformly
over the interval [0, 2π]. The postcollision velocity of
the particle from species β is given by the kinematic
relations. The Coulomb logarithm λαβ is set to a con-
stant in these simulations and provides a convenient
multiplier to vary the collisionality. Extensive tests
have verified that this method is equivalent to a
Fokker–Planck description of cumulative small-angle
Coulomb scattering. In the multispecies simulations
performed here, typically only the light–heavy species
(α–β) collisions were included. The rate of collisions
between light ions (α–α) is typically low enough to
ignore, while the heavy–heavy (β–β) collisions also
contribute little to wave damping. In fact, failure to
properly resolve the short collisional scales for
heavy–heavy collisions can artificially enhance the
wave damping rate.

Wave Damping 
As a simple illustrative example of the relevant

physics, we first consider the damping of a finite-
amplitude ion wave composed of a mixture of light
and heavy ions. The linear damping of such a mixed-
species plasma has been discussed by several authors,
both with12,13 and without14 collisions. Consider the
Au/Be plasma previously discussed. We can estimate
the ion Landau damping in the absence of collisions 
to be approximately γi ≈ 0.07ωi. Figure 1a shows the
time history of the electron fluid velocity from a simu-
lation of a single wavelength, initially with amplitude
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perturbation δn/n = 0.05. (Because the plasma is initial-
ized as a standing wave, the total initial ion density
perturbation is the sum of left- and right-going
waves, 2δn/n = 0.10). We can clearly see the initial
linear decay with γi ≈ 0.07ωi, followed by a recur-
rence due to nonlinear trapping; this occurs at time 
t ≈ 1 ps ≈ τb. The ion velocity distribution is presented
in Figure 1b, clearly showing the nonlinear distortion
near the phase velocity of the ion wave. In contrast, a
simulation including ion–ion collisions between the
Au and Be particles is also shown, which displays
steady linear damping.

It is important to note that the linear damping rate
is unaffected by this level of collisions (λαβ = 2). This is 
consistent with estimates for the amount of damping
contributed by frictional and viscous effects caused by
collisions, γcollision ≈ 5 × 10–3 ωi << γLandau.

13 Increasing 
or decreasing the collisionality by a factor of two was
observed to have essentially no effect, either on the 
linear damping rate or the supression of trapping.
Significantly decreasing the collision rate eventually
returns to the collisionless result of nonlinear trapping;
significantly increasing the collisionality eventually
suppresses Landau damping, and the wave damping
rate is observed to monotonically decrease with fur-
ther increases in collisionality. (Much like the situation
of a single-ion species,15 a mixture with reduced ion
Landau damping, e.g., Te/Ti = 8, exhibits a maximum
in the wave damping for ναβ ≈ ωi, where ναβ is the 
generalization of Branginskii’s collision time for 
multiple species13). 

Self-Consistently Driven Ion Waves
We now consider a case with ion waves self-

consistently driven by SBS. The system is a finite-
length plasma slab composed of the same Au/Be
plasma just considered, with laser light (wavelength 
λ0 = 0.35 µm) of intensity I0 = 4.0 × 1015 W/cm2, 
incident from the left-hand side. The plasma slab is
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composed of an active plasma region (represented by
particles) L = 11 µm, buffered between fixed ion
regions; the fixed ions prevent plasma expansion
driven by the ambipolar field at the slab edges, which
have linear density ramps to minimize reflection. The
density profile is shown in Figure 2a for a collisionless
case, illustrating the geometry as well as showing the
strong ion wave fluctuations present in this case due to
SBS. The time-dependent reflectivity is presented in
Figure 2b; note that it reaches a very high level, R ≈
80%. Inspection of the ion velocity phase space shows
trapping of resonant ions in the large-amplitude
waves, δn/n ≈ 15–20%. For comparison, an identical
case except for ion–ion collisions (λαβ = 2) is also 
presented that shows a significant decrease in the satu-
rated reflectivity R < 1%. For this case, the instability
saturates at a much lower level, δn/n ≈ 2–3%, and
although the ion velocity distribution shows strong
heating, the slope of the distribution is observed to still
be monotonic. We note that a reduction in the reflec-
tion is one effect in the right direction, because colli-
sionless simulations have typically predicted too much
reflectivity from large regions of plasma. 
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FIGURE 1. Damping of a small-amplitude wave in a Be/Au plasma:
(a) time history of electron fluid velocity and (b) velocity distribution
of Be ions for collisionless (gray line) and collisional (black line) 
simulations. (50-00-0898-1711pb01)
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sity from a collisionless simulation and (b) time-dependent reflectivi-
ties from collisionless (gray line) and collisional (black line)
simulations. (50-00-0898-1712pb01)

The saturated ion wave amplitude for the colli-
sional case is consistent with our earlier estimates of
the level below which collisions can repopulate the
resonant region and counteract trapping. The colli-
sion rate necessary to maintain wave damping
depends on the strength of the instability driving the
ion waves. This is illustrated by a set of simulations
presented in Figure 3 for a fully ionized CH plasma
(1:1, ne = nc/4, Te = 10Ti = 3 keV, L = 22 µm). In 
Figure 3a, the time-dependent reflectivity for an 
incident intensity of I0 = 2.7 × 1015 W/cm2 is com-
pared for a collisionless simulation and three colli-
sional runs employing half, nominal, and double



collisionality (λαβ = 2, 4, and 8 respectively); all the col-
lisional runs are similar with peak reflectivity R ≈ 1%. A
similar insensitivity was found for the Au/Be plasma
case previously described. In contrast, increasing the
incident pump strength to I0 = 3.4 × 1015 W/cm2 , as
shown in Figure 3b, drives the ion waves strongly
enough that the case with collisionality halved now
nearly follows the collisionless result. If the collision
rate is significantly increased, however, the wave
damping is decreased, increasing the linear gain and
increasing the reflectivity. An additional simulation at
I0 = 3.4 × 1015 W/cm2 with collisionality increased 
by a factor of thirty clearly showed faster instability
growth, consistent with the decreased damping 
(γi/ωi ≈ 0.06 measured in a linear wave damping test).
In spite of this, the saturated reflectivity (R ≈ 10%) was
still lower than the collisionless result. 

A number of self-consistent SBS simulations are
summarized in Figure 4, which shows peak reflectivity
as a function of the linear gain exponent 

(7)

where v0/ve is the ratio of an electron’s quiver velocity
in the pump laser field to its thermal velocity. In all the
simulations, the electron parameters were ne = nc/4 and
Te = 3 keV. We see that the collisionless reflectivities are
all very large and only weakly dependent on the gain.
In contrast, the simulations including ion–ion collisions
more nearly follow an exponential gain relationship, 
R ≈ R0exp(Q), until the gain is large enough to drive
the ion wave amplitude beyond the level where colli-
sions keep pace with the trapping. In addition to the
Au+50/Be+4 and C+6/H+ plasmas, simulations are also
shown for a Xe+44/H+ mixture (1:4, Te = 2Ti, λαβ = 2, 
L = 11 µm) with similar behavior. This Xe/H plasma 

differs fundamentally in that the resonant ion wave is
the slow mode, with phase velocity smaller than the
proton thermal velocity. Simulations of the damping of
small amplitude waves determined the damping rates
used in Eq. 7 to calculate the linear gain, γi/ωi ≈ 0.10
for the C/H plasma and γi/ωi ≈ 0.05 for the Xe/H
plasma. 

In addition to affecting tail formation, ion–ion colli-
sions can inhibit the transport of heated ions from the
interaction region. We illustrate this with a simulation
of a single-species plasma, Au+50 (ne = nc/4, Te = Ti 
= 3 keV, L = 11 µm). The sound speed Cs = 2.7 × 
107 cm/s is much larger than the ion thermal velocity 
vi = (Ti/mi)

1/2 = 3.8 × 106 cm/s, so that ion Landau
damping is very weak. (In fact, no resonant particles
are initially present in the simulation.) Because of the
large ratio of sound speed to thermal velocity, colli-
sional damping of the wave is also very small, in spite
of the large collision rate τiωi ≈ 0.10. Thus, the reflectiv-
ities from two simulations with and without collisions
are initially very similar, as shown in Figure 5a. The
driven ion waves are very large, so that collisions are
slow to repopulate the tail. Collisions are effective,
however, in preventing the heated ions from free-
streaming out of the simulation as rapidly as occurs in
the collisionless case. Figure 5b shows the mean ion
energy         as a function of position from the colli-
sional simulation at two different times; although not
Maxwellian, the ion distribution is fairly isotropic. 
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At late time (t > 100 ps), the mean ion energy exceeds
20 keV for much of the simulation region, and the
reflectivity is significantly reduced compared to the
collisionless run. This decrease in reflectivity can be
interpreted as being due to the increase in linear
damping of the ion waves. This increase in linear
damping may be due to Landau damping from the
nonlinearly populated tails, but is also due to increased
collisional damping. Assuming a Maxwellian with 
Ti = 15 keV ≈ 2        /3, the collisional wave damping15

is γi/ωi ≈ 0.04, and the linear gain exponent of the sys-
tem is reduced to Q ≈ 7. The late-time reflectivity is
consistent with this reduced gain. 

Conclusion
In summary, we have shown the important effect

that ion–ion collisions can have on SBS. By restoring the
nonlinearly distorted distribution function, damping is
maintained closer to the linear value, significantly
reducing the reflectivity observed in simulations. The
fact that damping is maintained close to the linear

value for finite-amplitude ion waves is important to the
interpretation of recent experiments,9,16 which have
observed an inverse correlation between stimulated
Raman scattering and linear ion wave damping, as well
as one important justification for reduced descriptions
of coupled parametric processes that assume linear
damping. Collisions also modify the ion transport and
enhance long-term changes in the plasma conditions,
which can disrupt SBS. Although not always impor-
tant, the collisional effects we have identified should be
assessed for each application.
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FIGURE 5. Simulations of SBS in a Au plasma showing (a) reflectiv-
ities from collisionless (gray line) and collisional (black line) simula-
tions and (b) average ion energy as a function of position from
collisional simulation. (50-00-0898-1714pb01)
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Introduction
Achievement of inertial confinement fusion with

upcoming megajoule-scale laser facilities requires
intense laser light to be propagated through thousands
of wavelengths of underdense plasma—a situation
naturally susceptible to vigorous growth of laser-
plasma instabilities. These instabilities affect the propa-
gation of the incident light by absorbing and/or
scattering energy; they prevent efficient coupling to
the target and can threaten the symmetry of the x-ray
drive imposed on the capsule. The eventual result is a
reduction of the safety margin included in the design
of the facilities. These detrimental processes are most
violent in the so-called hot spots of the beam, where
the laser intensity is significantly higher than its aver-
age value over the focal spot. Moreover, the concentra-
tion of energy into the hot spots is itself prone to an
unstable phenomenon, known as self-focusing or fila-
mentation.1–3 In the regions of high laser intensity, the
increased thermal electron pressure and the pondero-
motive force cooperate to expel the plasma, increasing
the refractive index and leading to a still higher inten-
sity. Temporal and spatial smoothing have been
observed to significantly reduce both the backscat-
ter4–6 and filamentation7 from underdense plasmas.
Stimulated Raman and Brillouin backscattering from
very low-density plasma, associated with strong fila-
mentation, was virtually eliminated with temporal
smoothing.5,6 Suppressing filamentation is therefore
needed to control backscattering instabilities and
requires as much beam smoothing as possible.

A number of approaches to smoothing have been
proposed for megajoule-class lasers.8–12 One such
approach is to use a random phase plate (RPP)9 to
homogenize the long-scale structure of the focal spot
and to then reduce the residual fine-scale speckle

within the focal envelope by using the temporal
smoothing by spectral dispersion (SSD) method.10 In
this method, the laser pulse is spectrally broadened by
phase modulation, and the resulting bandwidth is then
angularly dispersed by a diffraction grating so differ-
ent frequencies produce shifted speckle patterns that
average out in the focal plane. From a time domain
viewpoint, the speckle pattern in the focal plane
changes at a rate determined by the total bandwidth of
the modulation, and thus, the time-integrated intensity
seen by the plasma is smoothed. If this rate is more
rapid than the plasma hydrodynamic response time,
then one expects the smoothing method to be effective
in reducing self-focusing. However, this rate is
bounded by practical limits on the maximum laser
bandwidth, and an alternative or complementary
smoothing technique is therefore of great interest.

In this article, we present the first calculations of the
effect of polarization smoothing (PS) on the filamenta-
tion instability. These calculations show that PS by
itself is highly effective in controlling filament forma-
tion. In addition, it is shown that PS, with unexpected
efficacy, can be combined with SSD to provide sup-
pression greater than either smoothing technique can
provide alone. Because PS can be implemented in a
large laser system without loss of performance and at
reasonable cost, it is a smoothing alternative that satis-
fies the requirements of both laser engineers and iner-
tial fusion target scientists.

Polarization Smoothing in
Vacuum

A few simple techniques have been suggested for
PS.11–13 In the implementation examined here, the
laser beam is incident upon a wedged birefringent
crystal, with its linear polarization at 45° from both the
ordinary and extraordinary axes of the crystal.11 The
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crystal output then consists of two beams with equal
intensities and orthogonal polarizations. Their direc-
tions of propagation are separated by an angle α to the
wedge θ; the birefringence ∆n of the crystal: α = θ∆n.14

Due to their orthogonal polarizations, the two waves
do not interfere in the target plane, and the total inci-
dent intensity is simply the sum of both intensities.
The angular shift between the beams in the near-field
translates into a spatial shift at focus: ∆x = αL = αfD,
where L and f are the focal length and the f-number of
the lens, and D is the width of the beam at the lens.
The intensity speckle pattern of one beam at focus has
a transverse coherence length of l⊥ = fλ0.15,16 For the
sum of the two beams, the intensity statistics are deter-
mined by the correlation between the shifted speckle
patterns,15 and hence the displacement ∆x. The correla-
tion function, g(∆x), is given by the Fourier transform
of the near-field beam aperture. In our simulations, the
beam is square, and ∆x = [sin(π∆x/fλ0)]/(π∆x/fλ0). It is
straightforward to determine the intensity distribution
function for a finite displacement, x, between the pat-
terns. The probability P(I)dI that the total intensity lies
in the interval, I to I + dI, is given by

(1)

The function I0 is the modified Bessel function of
zeroth order. If the separation between the two beams
is much smaller than the transverse coherence length
of one of them, ∆x«l⊥ , the intensity statistics in vacuum
have the exponential distribution of a single beam; the
probability P1(I)dI that the total intensity lies in the
interval, I to I + dI, is given by P1(I) = exp(–I/I0)/I0,
where I0 is the total average intensity.15 An elementary
calculation then shows that the fraction of beam
energy contained in regions where the intensity is
higher than nI0 is F1(n) = (1 + n)exp(–n). Hence, e.g.,
4% of the beam energy has a local intensity above 5I0.
Conversely, if the beams are completely uncorrelated
(e.g., a displacement of fλ0), g = 0, and the intensity
distribution is that of the incoherent sum of two
speckle patterns governed by P2(I) = 4Iexp(–2I/I0)/I0

2.
Now the fraction of beam energy above nI0 reads F2(n)
= (1 + 2n + 2n2)exp(–2n), and is less than 0.3% for n = 5.
The intensity contrast, defined as 

is reduced from 1 for one RPP beam to for the
superposition of two uncorrelated beams,15 indicating
a smoother intensity distribution.

Polarization Smoothing 
in a Plasma

These promising properties of speckle statistics in
vacuum will be modified in a plasma, where the elec-
tron density, and hence the refractive index, is nonlin-
early dependent on the local intensity. To model this
intricate laser–plasma coupling, we used the code F3D,
which has been described elsewhere.3 For this first
study, we limited our attention to the “slow” ion
waves responsible for self-focusing and filamentation
of the light. PS is modeled by generating two tilted
beams at the final focusing lens, resulting in two
shifted speckle patterns in the focal plane. To advance
the simulation by one time step, each beam is propa-
gated independently (in the z direction) in the density
profile. The total intensity distribution in the plasma is
then computed by summing the intensities of both
beams, and it is used to update the plasma hydrody-
namic quantities (density, momentum, and energy)
through the ponderomotive and thermal pressures.

The parameters that we used in our simulations
are representative of the plasmas that will be pro-
duced inside the hohlraums of the future megajoule-
scale lasers:6 equimolar CH mixture; electron
density ne = 0.1nc, where nc is the critical density at
the laser wavelength λ0 = 0.35 µm; and electron and
ion temperatures Te = 3 keV and Ti = 1 keV, respec-
tively. The incident light is focused with an f/8
square lens. Unless otherwise specified, the laser
intensity is I0 = 2 × 1015 W/cm2. The plasma is typi-
cally two speckle lengths long, i.e., 2l = 16ƒ2λ0 
= 1024λ0, and the usual simulation time is 100 ps.
SSD is modeled in its simplest form (1D-SSD),10 where
the laser is sinusoidally phase modulated (FM) at a
modulation frequency νFM, and the grating disper-
sion is chosen such that the FM sidebands are each
separated at focus by ƒλ0 in the y direction (“critical
dispersion”).

Results and Discussion
Filamentation in the plasma can dramatically

change the intensity distribution by increasing the
probability of power at high intensity. To illustrate that
process and the effect of PS, we display in Figure 1, as
a function of position along the propagation axis, the
fraction of beam power exceeding five times the aver-
age intensity I0. This measure of the modified intensity
distribution, hereafter called the “tail fraction,” is
admittedly arbitrary, but other measures are similar in
behavior. Four different smoothing configurations are
considered in Figure 1: (a) a beam smoothed by RPP
only, (b) a beam smoothed by RPP and SSD along the y
direction, (c) a beam smoothed by RPP and PS, with a
separation between the two shifted beams ∆x = l⊥ = 8λ0
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along x, and finally (d) a beam smoothed by a conjunc-
tion of all three techniques (RPP, SSD along y, and PS
along x). For all cases the tail fraction first increases
monotonically with distance, as small filaments form
in the target, concentrating large amounts of the inci-
dent energy to high irradiance. Then the tail fraction
drops back to roughly its initial value, indicating that
the small filamented structures defocus. The first two
curves, without PS, start at the value of 4% expected
for irradiation by a single beam. Whereas curve 
(a) reaches a maximum of ~20%, curve (b) grows at the
same rate but stops at 11%. SSD apparently has little
effect on the focusing of the most unstable hot spots,
but is effective in stabilizing the more slowly growing
filaments. The PS case, curve (c) starts from a lower
value and increases more slowly in space, which
reflects the lack of power in fast-growing filaments.
That is, PS reduces the power at high intensity in the
incident beam. It even turns out, in this case, that the
maximum tail fraction is slightly lower than that 
produced by SSD. Finally [curve (d)], using both 
techniques is highly effective because PS eliminates the
power in fast-growing filaments, while SSD suppresses
the growth of slower filaments. The maximum tail
fraction in this last case is about the same (4%) as 
that for an RPP beam in vacuum, illustrating the 
effectiveness of PS.

The time history of the tail fractions (measured, at
each time, at the z positions where their maxima are
achieved) confirms the above description, even though
the maximum tail fraction can oscillate in time by a
few percent around the values of Figure 1. The rise
time with PS is slightly longer than with the RPP alone
(10 ps versus 7 ps), whereas the growth with SSD is
much slower (rise time ~50 ps) and oscillatory. The

maximum intensity in the plasma reaches 50Ι0 when
only an RPP is used, but is limited to 14Ι0 when PS and
SSD are operated together. The values for SSD alone
and PS alone are similar, around 30I0.

The importance of using SSD and PS together can 
be illustrated more practically. For a beam smoothed
by RPP only, roughly 21% of the energy will be above
5Ι0 = 1016 W/cm2 at maximum. If we use an SSD- and
PS-smoothed beam with the parameters mentioned
above and tolerate the same fraction of beam energy
above 1016 W/cm2, we can use a pulse with nearly
twice the average intensity: I0 = 4 × 1015 W/cm2. 
On the other hand, if we only accept the same abso-
lute amount of energy above 1016 W/cm2, we can still
drive the plasma around I0 = 3 × 1015 W/cm2, i.e., at a
50% higher intensity with RPP, SSD, and PS than with
RPP alone.

From another point of view, PS can effectively
increase the bandwidth of the pulse, but without the
usual decrease in laser performance. In fact, at 
I0 = 2 × 1015 W/cm2, the benefit provided by PS
seems out of reach of SSD alone, as shown in 
Figure 2. When the pulse bandwidth is increased
from ∆ ν/ν = 2.5 × 10–4 to 6 × 10–4, the tail fraction
produced by a SSD-smoothed beam only drops from
13% to 10%, far from the 5% obtained with PS at
∆ν/ν = 2.5 × 10–4. The same conclusion holds at 
I0 = 4 × 1015 W/cm2, where a bandwidth ∆ν/ν = 6 × 10–4

results in a maximum tail fraction of roughly 15%,
whereas it is only 9% to 10% for a combined smooth-
ing by SSD (∆ν/ν = 2.5 × 10–4 at 3 GHz) and PS 
(∆x = fλ0). Figure 2 also confirms the effectiveness of
PS alone relative to SSD alone. With PS alone, the
tail fraction is found to be ~12%. To achieve an
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FIGURE 1.  Fraction of beam energy above 5I0 vs axial position z in
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equivalent tail fraction with SSD alone requires a
bandwidth of ∆ν/ν ~3 × 10–4. This result is quite
notable in that PS only sums two speckle patterns,
whereas SSD (asymptotically) sums many more; at
∆ν/ν = 3 × 10–4 and νFM = 3 GHz, the number of FM
sidebands, and hence speckle patterns, is ~85. This
emphasizes the importance of the instantaneous nature
of PS, and one can conclude that the temporal smooth-
ing rate is critical for suppression of filamentation. 

It is interesting to note that some of the data points
in Figure 2 have been obtained with 3 GHz SSD, and
the other ones with 20 GHz SSD, in both cases critically
dispersed. Yet both series obviously lie on the same
curve. At a fixed bandwidth ∆ν, a change in the SSD
modulation frequency does not change the time it takes
for two independent speckle patterns to be successively
generated in the focal plane, which is simply the coher-
ence time, τ = 1/∆ν. Yet a higher SSD modulator fre-
quency means that fewer independent speckle patterns
will be formed on the target, so that the asymptotic
contrast value will be higher (meaning less smoothing)
and reached in a shorter time. The insensitivity of the
plasma to the modulation frequency is explained by the
fact that its reaction time is of the order of the laser
coherence time, so that the larger number of speckle
patterns produced in the low νFM case appears well
after the plasma has responded and cannot effectively
participate in smoothing the intensity distribution. This
is fully consistent with the above statement that the
instantaneous smoothing produced by PS is paramount
to explaining its effectiveness. Moreover, this also sup-
ports using a relatively high SSD modulation frequency
in future facilities, since a critically dispersed beam is
less divergent at high νFM. Then the usual difficulties of
propagating a divergent beam through a laser chain
(such as pinhole clipping in the spatial filters, modifica-
tion of the pulse shape, and smearing of the focal spot)
can be substantially reduced, without negatively
impacting the smoothing efficiency. 

As is the case in vacuum, the efficiency of PS
depends on the amount of spatial separation that is
introduced between the beams in the target plane. Our
results for I0 = 1, 2 and 4 × 1015 W/cm2 are summa-
rized in Figure 3. The conditions for these simulations
are an RPP only (open points); or an RPP, SSD along y
with νFM = 3 GHz and bandwidth ∆ν/ν= 2.5 × 10–4

(closed points); and PS with a variable shift along x
between the two beams (shaded points). Linear 
optics in vacuum (see “Polarization Smoothing in
Vacuum” on p. 83) suggests that the absolute mini-
mum in the tail fraction should be reached for a shift
equal to ∆x = fλ0. Plasma-induced nonlinearities 
modify this simple picture, and the tail fraction
appears to be best minimized only for shifts ≥2fλ0.

The initial independence between the beam profiles
can change as they propagate into the plasma. To assess
this effect, we define a normalized cross-correlation func-
tion between the intensities I1 and I2 of beams 1 and 2 as

(2)

where the z dependence of I1 and I2 is omitted for 
clarity, and the brackets stand for averaging over the
transverse coordinates u and ν. Close to the laser
entrance plane and as we expected, the cross-correla-
tion function is maximum and equal to 1 for (x,y) equal
to the displacement of beam 1 relative to beam 2. Far
from this peak, K typically oscillates around ±0.1,
owing to the sampling statistics of our finite grid size.
We observe two opposing trends when the beams
propagate deeper into the plasma—K gets smoothed
out, and its maximum oscillates around a low value,
Kmax = 0.1 to 0.2, but also the location of this maximum
can shift toward the origin in the (x,y) plane. The latter
observation means that the beams tend to recorrelate
under the influence of the plasma, each one being
focused into the density troughs created by the other.
Fortunately, the decay of K is faster than this mutual
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attraction—only a small fraction of the beams will
effectively be recorrelated, while on the whole, they
will even lose the “preferred” cross-correlation dis-
tance (–∆x) that they had at the plasma entrance. 

For our nominal conditions, with an initial beam
shift ∆x = 2fλ0 and a laser irradiance I0 = 2 × 1014

W/cm2, this decay of the cross-correlation function
occurs after propagation through roughly 750 λ0.
When the irradiance is twice as large, it happens after
only 375λ0. This I–1 scaling is consistent with a phe-
nomenon driven by the ponderomotive force of the
laser via the plasma density modulations. The varia-
tions of Kmax with z are established in less than 20 ps
and remain constant in time thereafter. If the initial
separation between the beams, or their intensity, is var-
ied, the competition between recorrelation and decor-
relation can evolve differently. At I0 = 4 × 1015 W/cm2,
e.g., the decay of K along the z axis is roughly the same
for ∆x = 2fλ0 and ∆x = 1fλ0, but the maximum of K is
localized around the origin in the latter case, indicating
less decorrelation by the plasma. When the shift is
reduced further to ∆x = 0.5fλ0, K steadily maximizes 
at the origin of the (x,y) plane after propagation along
400λ0, with a value of 0.5, supporting a stronger 
but still partial recorrelation of the beams. This cross-
influence of the beams explains why it can be more
effective, contrary to what linear optics suggests, but 
in agreement with Figure 3, to use an initial separation
∆x greater than l⊥ = ƒλ0 . Note that other implementa-
tions of PS,12,13 where the second beam is completely
decorrelated from the first one instead of simply being
a shifted duplicate, can significantly reduce this con-
cern. This is, for instance, the case if the orthogonally
polarized pulses are transmitted through different
phase plates.

Because PS and SSD each disperse in a selected
direction, one expects different results depending on
whether the PS dispersion is parallel or orthogonal to
the direction of SSD dispersion. SSD can be thought 
of as generating on target a large number of speckle
patterns shifted along y. If the PS dispersion is in the
same direction, we might expect only a small benefit
since the additional dispersion is only marginal. On
the other hand, if PS shifts the beams in the orthogonal
(x) direction, the maximum smoothing is expected.
This effect is simulated with the same plasma parame-
ters as above, SSD bandwidth of ∆ν/ν = 2.5 × 10–4, 
νFM = 30 GHz, a shift of 2fλ0 between the PS-generated
beams, and a simulation time of 110 ps. For an average
intensity I0 = 1015 W/cm2, the tail fraction averages to
2% if PS is dispersed along x and 3% if it is dispersed
along y parallel to SSD. At I0 = 2 × 1015 W/cm2, the tail
fractions for the two directions are still similar—3.5%
for PS orthogonal to SSD and 5% for PS parallel to

SSD, both much smaller than the 13% obtained with-
out PS. Thus, one sees that PS is quite effective even
when it is applied along the same direction as SSD.
This is due to the fact that even though the PS disper-
sion is small compared to SSD, PS acts instantaneously,
whereas SSD irradiates the plasma with a speckle pat-
tern that changes at the bandwidth limited rate. The
addition of PS reduces the tail fraction by smoothing
the changing speckle pattern at each instant in time.
Although not simulated here, our results suggest that
similar benefits will be obtained when PS is combined
with any other temporal smoothing method, such as
the induced spatial incoherence method.8

Conclusion
In conclusion, we have investigated the dynamics

of an underdense plasma, typical of those that will
be produced by next-generation megajoule-class
lasers, when irradiated by an intense laser whose
intensity speckle inhomogeneities are reduced by
polarization smoothing. The essence of this scheme
lies in the superposition, in the focal plane, of two
orthogonally polarized and uncorrelated speckle
patterns, that, e.g., can be achieved with a wedged
birefringent crystal. For intensities of a few times
1015 W/cm2, polarization smoothing was found to
be highly effective in reducing the self-focusing of
light in the plasma. Its operation in conjunction 
with SSD leads to a suppression of self-focusing 
that could not be achieved by SSD alone. We found
that a relatively small shift (typically 2fλ0) between
the orthogonally polarized beams in the focal plane
is sufficient to achieve this result, since the tendency
of the beams to recorrelate as they propagate is
found to be limited.
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A-1

Nova Operations
Nova Operations performed 200 full system shots

resulting in 208 experiments during this quarter. These
experiments supported efforts in ICF, Defense Sciences,
university collaborations, laser science, and Nova facil-
ity maintenance. As the technicians hired during the
previous quarter gained experience in operating the
laser, we were able to begin expanding the shift sched-
ule. In the middle of the quarter, the second shift was
moved to end at 10:30 p.m. During the next quarter, the
operation of Nova will expand back to a full two shifts
per day, with the second shift ending at 12:30 a.m.

During this quarter, 94-cm full-aperture gratings were
installed in the Petawatt laser system. This allowed an
increase in beam diameter to 55 cm, with a corresponding
maximum energy of ~900 J. With the completion of the
full-aperture compression system, activation of an adap-
tive-optic wavefront correction system began. Experi-
ments in the Petawatt front-end demonstrated the ability
of the deformable mirror to correct for several waves of
distortion in a reproducible fashion. Hartmann sensor
packages were then deployed in the Nova Output sensor
and in the Petawatt diagnostic station following compres-
sion. An automatic component status verification system
was deployed on the Petawatt system at this time to
ensure the proper configuration of components before a
full-system shot with the deformable mirror.

A newly redesigned system was built to retrofit one
beamline of Nova with an f/8 final focus lens for experi-
ments designed to estimate the backscatter levels in NIF
hohlraum targets. These experiments during the next
quarter will give us confidence that there will be no 
surprises in NIF hohlraum backscatter levels with rea-
sonable amounts of bandwidth from a high-frequency
modulator in conjunction with kinoform phase plates.
The experiments will also investigate the effect of a
polarization smoothing technique on backscatter levels
from various types of targets. 

Beamlet Operations
Beamlet completed a total of 121 shots in 44 shot

days this quarter. We performed major campaigns on
final optics damage at 5 J/cm2 at 3ω, evaluated exten-
sively the NIF first-boule doubling crystal, executed
the final series of pinhole closure experiments at high
energy and long pulse, and measured pinhole closure
and propagation effects of 1D smoothing by spectral
dispersion (1D-SSD). We also began experiments to
determine doubling efficiency of the first large fast-
growth KDP crystal. Beamlet operations and experi-
mental campaigns are detailed as follows:
• The final optics cell (FOC) and integrated optics

module (IOM) were assembled in late December
and installed in the Test Mule just before the end
of the year. Following alignment, calibration, and
the first 5 ramp-up shots, we vented and
inspected the medium damage threshold final
focus lens (MDT-RFL). We inspected once more
the MDT-RFL following the first two shots at the
desired fluence (5 J/cm2), then proceeded with the
shot series (see Figure 1). A special optics inspec-
tion mechanism was developed for inspecting the
MDT-RFL mounted in the Test Mule. 

• Eleven shots at 5 kJ (5 J/cm2) were performed,
followed by another Test Mule vent and lens
inspection that revealed growing damage as
was observed using the on-line inspection sys-
tem (Schlieren On-Line Imaging of Damage)
and by high-resolution near-field photographic
film images. Eight more shots were done, and
then the IOM/FOC was removed for disassem-
bly, inspection, and damage mapping.

• A new frequency doubler, cut from the NIF first-
bundle boule, was delivered to LLNL the last
week of December. It was coated, characterized,
and installed in the second FOC (FOC-B) by the
week of January 26, 1998. The MDT lens, from the
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above damage tests, was installed in FOC-B, and
the IOM/FOC assembly was returned to Beamlet
in late January for Test Mule installation and
alignment. System shots for the Doubler Only
campaign commenced at the end of January and
continued through the end of February. 

• Significant calibration effort was performed to
obtain confidence in the doubler efficiency exper-
imental results. The design of the focal plane
diagnostics (FPDs) does not allow for a direct
measurement of all three wavelengths; instead
the 2ω is inferred by subtracting a measurement
of the 1ω from the whole-beam calorimeter. In
addition, the large FPD attenuation precludes
direct calibration, and there were unresolved
stray light problems affecting the energy diodes.
To circumvent this, a large plate of BG18 (1ω-
blocking) filter glass was installed to obtain abso-
lute 2ω measurement of the whole-beam
calorimeter from which we scaled all of the
Doubler Only experiments. This data linked all
the previous measurements to the absolute fre-
quency-doubling conversion efficiency of 73.2%
for the whole beam, temporal and spatial varia-
tions included. This compared to 72.9% from the
plane wave model, accounting for the measured
pulse shapes. Following these experiments, the
diagnostics were redesigned similar to the
Beamlet Phase I system, using prisms and
calorimeters to separate and independently mea-
sure energy in each of the three colors.

• Hardware design is under way for the French
Commissariat à l’Energie Atomique experiments
scheduled for June. The experiments include silica
plate filamentation experiments at 3ω, full-aper-
ture polarizer damage testing, and high-fluence
1ωmirror damage testing at reduced aperture. 

• The final pinhole closure experiments, 20 shots,
were conducted during the month of March,
including cone-shaped 100-µrad Ta, 100-µrad
stainless steel (SS), 100-µrad diamond-oriented
gold-plated SS, and a 100-µrad solid Au pinhole.
Of course, we still had the 150-µrad SS cone,
which has been the workhorse for some time
because of its superior back-reflection (none) and
closure characteristics. In addition, we tested the
French pinhole—a design similar to two short
cones in series. The Ta cone pinhole performed
the best. It took over 7 kJ in a 20-ns square pulse
to close it, and it stayed open up to 11 kJ in a Haan
ignition pulse with the nominal SSD. The diag-
nostics for closure worked very well, with good
returns from the streaked pinhole interferometer
and the gated optical imager. Data analysis was
greatly improved with the addition of numerous
Interface Definition Language routines to auto-
matically calculate the contrast ratio for a number
of 5- × 5-cm patches for each shot. We also mea-
sured the threshold for pinhole closure with back-
ground pressure, taking shots up to 3.5 kJ through
the 100-µrad cone at 90 mT.

• 1D-SSD experiments were purposely limited to
a demonstration of transmission through two
different pinholes. Two shots above 15 kJ (15.1
and 15.4) were taken through the 150-µrad pin-
hole with ±7.5 µrad of 1D-SSD using the Haan
ignition pulse. Evidence of pinhole closure initi-
ation was observed on the pinhole interferome-
ter, but the plasma was far enough out of the
beam focus to not cause near-field beam modu-
lation. We also propagated 20-ns square and
Haan ignition pulses through the 100-µrad Ta
cone. The Ta cone was the big surprise in the
campaign, as it performed exceedingly well. It
transmitted 11 kJ using ±7.5-µrad divergence
with the Haan ignition pulse shape. The last
mirror in the mirror tower (M9), damaged dur-
ing the first 11-kJ Haan ignition pulse shape,
incurred a damage spot of about 3 mm and was
subsequently replaced. Although the spot is not
growing, the modulation is too large for further
high-fluence frequency conversion campaigns.

National Ignition Facility

Summary
Overall progress on the NIF Project remains satisfac-

tory for the second quarter of FY98. During this quarter,
NIF construction subcontractors recovered four of the
estimated six to eight weeks of schedule lost in the
November and December El Niño rains, despite the
heaviest rainfall on record for the month of February.
Implementation of a wet weather construction plan,
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FIGURE 1. Beamlet MDT Lens Campaign, January 1998.
(50-00-1098-1955pb01)
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additional construction equipment, additional man-
power, and an extended workweek combined with a sec-
ond shift generated a sense of urgency and improved
productivity through the quarter.

In Special Equipment, 79% of the Mid-Title II (65%)
design reviews and 10% of the Title II (100%) final
design reviews have been completed. The two major
procurements, Beam Transport Stainless Steel and the
Target Chamber, are on schedule. 

In Optics, the progress on facilitization contracts and
development activities remains satisfactory. The first full-
scale continuous pour of NIF laser glass has yielded posi-
tive results. The potassium dihydrogen phosphate (KDP)
rapid growth decision was made early, and the KDP
facilitization contracts awarded. Also, the contracts for
mirror and polarizer coating facilitization were awarded.

There were no Level 0, 1, 2, 3 milestones due during
the second quarter. There were 18 Department of
Energy/Oakland (DOE/OAK) Performance Measure-
ment Milestones due this quarter, and 19 were accom-
plished. There was a total of 30 milestones due in the
first half of FY98, and 31 have been accomplished, 
for an overall variance of (–1). In March, nine mile-
stones were completed, whereas seven were planned.
This is based upon DOE/OAK’s concurrence with
Revision A of the FY98 Milestones, which was effective
February 28, 1998.

Key Assurance activities during the second quarter
to support the Project included assurances preparation
for major concrete pours and disposition of mammoth
bones. Litigation activities included the following:
• Litigation support to the DOE for the settlement

of 60(b) (Agreement to prepare a Progammatic
Environmental Impact Study supplement anal-
ysis and to conduct specific evaluations and
surveillance of potential buried hazardous
materials) and the overall litigation against the
Stockpile Stewardship Program’s Programmatic
Environmental Impact Statement.

• The NIF Construction Safety Program. 
• Interface with the LLNL Institutional surveil-

lance for buried hazardous/toxic and/or
radioactive materials.

• Risk Management Plans.
• The Final Safety Analysis Report.
• Assurance surveillances and audits.
• Support for environmental permits.
All are on schedule.

The current assessment of Project status remains 
as stated last quarter; there will be no change to the
4th Qtr. 2001 Level 2 milestone for the End of Conven-
tional Construction nor to the 4th Qtr. 2003 Project
Completion date. However, it is still anticipated 
that there could be a three- to six-week impact to the
4th Qtr. 2001 Level 4 milestone for the start-up of the
First Bundle. The current assessment is that there may
also remain two to four weeks’ impact to other internal

milestones for construction. This is an improvement
since the first quarter report resulting from the acceler-
ated use of overtime on the construction site. Acceler-
ated activities in addition to the rain mitigation actions
taken in the second quarter, which could reduce the
First Bundle schedule impact, are currently being
assessed in conjunction with construction contractors.

Site and Conventional Facilities
The NIF Conventional Facilities construction sub-

contractors recovered four weeks of lost schedule dur-
ing the second quarter despite the heaviest rainfall on
record for the month of February. At the end of March,
Walsh Pacific (Construction Subcontract Package
[CSP]-3, Target Building Mat and Laser Bay
Foundations) had recovered one-half of the two
months schedule lost in the November and December
El Niño rains. As noted above, implementation of a
wet weather construction plan, additional construction
equipment, additional manpower, and an extended
workweek combined with a second shift generated a
sense of urgency and improved productivity through
the quarter (see Figure 2).

The bids for CSP-6/10, Target Area Building Shell
and Buildout, were received in March, bringing to 
closure the procurement phase of the major Conven-
tional Facilities construction subcontracts. Seven of the
eight Conventional Facilities construction subcontracts
have been awarded; two of these subcontracts (CSP-1
and 2) are complete, and four subcontractors (CSP-3, 4,
5, and 9) are actively constructing on the NIF site.
Construction work in place at the end of the second
quarter is approximately 9%.

The Conventional Facilities Title II engineering
design ended on schedule in February, and Title III
engineering support to construction began in earnest
concurrent with the ramp-up of subcontractors and
craftspersons at the NIF site.

FIGURE 2. Target Area retaining wall forms and rebar.
(40-60-0198-0084#46pb02)
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Construction Milestones. Several important mile-
stones were achieved on the NIF site in the second
quarter. The critical path backfill of the retaining wall
along gridline 10/12 was completed (FY98 DOE/OAK
Performance Measurement Milestone). This was impor-
tant for two reasons. First, the completion of backfill
allowed footings and tie-beams in the Laser Bays to be
completed, a prerequisite to start of structural steel erec-
tion, which is, in turn, on the critical path of construction
activities for the Laser Bay. Second, the completion of the
Target Building retaining wall backfill was the final con-
struction work by Teichert under CSP-2. 

Another significant milestone achieved by Walsh
Pacific (CSP-3) was the placement of the Target Bay mat
slab (FY98 DOE/OAK Performance Measurement
Milestone); this 3300-cubic-yard continuous pour
occurred over an 18-hour period in late March (see
Figure 3). This critical path concrete work in the Target
Building is the first of three major mat slab pours by
Walsh Pacific that are prerequisite to the start of work in
the Target Building by Nielsen-Dillingham, CSP-6/10.
Other work completed by Walsh Pacific included form-
ing, rebar, installation, and placement of concrete in the
Target Building retaining wall and footings; the Target
Building wing walls; and the footings, short pilasters,
and tie beams within the Laser Building core.

Nielsen-Dillingham (CSP-4) continued steel fabrica-
tion in Oklahoma City during the second quarter, with
anticipated arrival on site in mid-April. All critical sub-
mittals and shop drawings have been reviewed and
approved. Dillingham (CSP-5) also completed the
Optics Assembly Building (OAB) concrete footings six
days ahead of schedule (FY98 DOE/OAK Performance
Measurement Milestone). The work on contract
includes: completed footing and foundations, poured
basement walls, continued installation of the ground-
ing loop for building steel, erected structural steel 
column stubs on the entire perimeter, and started 

basement wall. The Nielsen-Dillingham CSP-6/10 bids
were opened and the contract was awarded in March.

Hensel-Phelps (CSP-9) and their subcontractors
have fully mobilized their trailers on site. A full plat-
form proposal that will shorten the subcontractor’s
duration in the Laser Building was negotiated this
quarter at no cost to the NIF Project. Hensel Phelps
will begin site utilities in April, including: storm drain
and sewer lines at the east side of the site, tie into
mechanical bundle at the northeast side of the site, and
site temporary power.

Mammoth Bones. The excavation of the mammoth
bones in the area of the Laser Building 1 retaining wall
footing, adjacent to Switchyard 1, was completed in
February. DOE confirmed in March that bones located
adjacent to the Diagnostics Building and Switchyard 2,
outside the building footprint, will not be removed at
this time. Change orders will be issued to subcontrac-
tors by Conventional Facilities to protect the bones for
future recovery. Survey information and maps identi-
fying the locations of the bones have been recorded for
future reference.

Special Equipment
This quarter, a major focus was to successfully bring

closure to outstanding requirement issues as part of
the Mid-Title II (65%) design reviews. With the com-
pletion of the second quarter, a majority of the Mid-
Title II design reviews were completed, and more of
the final (100%) design reviews were held. Reviews of
the Beam Transport procurement packages also began. 

Mid-Title II reviews were held for the Laser
Amplifier, the Target Positioner, the Optical Pulse
Generation (OPG), Optical Assembly and Alignment
Systems, Alignment Control, Precision Diagnostics,
Roving Mirror and Roving Assemblies, Power
Diagnostic and Back-reflection Sensor/Portable Sensor,
Energy Diagnostic, the Final Optics Assembly (FOA),
the Target Chamber Vacuum System, Target Area
Structures, and Relay Optics/3ω Energy. Final design
reviews were held for the Supervisory Control
(Framework) and the Computer Systems. Design
review reports were prepared and released for the
Pockels Cells, the Beam Transport, the Target Positioner,
the Amplifier, the OPG, and the OAB reviews.

Laser Systems. Nearly all Laser Systems design
issues have been resolved, and detailed drawings are
being produced in all areas. Substantial progress was
made on prototypes during the second quarter. The
preamplifier prototype was procured and assembled
in preparation for testing during the third quarter.
Tests on the Amplifier Module Prototype Laboratory
(AMPLAB) amplifier prototype were completed for
the 2-slab-long configurations. The 4 × 1 Pockels cell
prototype was assembled and tested, demonstratingFIGURE 3. Finishing the Target Bay slab. (40-60-0398-0616#20pb01)
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the necessary switching performance for the NIF. The
detailed design of the power conditioning first-article
prototype was completed, while the performance
models were validated by tests on the existing proto-
type capacitor module. Design documentation is being
produced at a rapid pace consistent with completing
in time to procure hardware for the first beam bundle.

Optical Pulse Generation. A substantial effort dur-
ing the past quarter focused on resolving the remaining
issues required to complete the OPG design. Experi-
ments and modeling quantified the modulation due to
FM-to-AM conversion from the modulators in the
Master Oscillator system. A decision was made to use
polarizing fiber to minimize the modulation, while sys-
tem propagation modeling began to quantify the impact
of the residual AM on laser performance. The rmaining
hardware for the prototype preamplifier module
arrived, and assembly of this complex subsystem began.
Perfor-mance of important subassemblies was valid-
ated, in-cluding commercial diode arrays, the regenera-
tive amplifier, and the optoelectro-mechanical beam-
shaping module produced by Allied Signal in Kansas
City. Optical design of the preamplifier beam transport
system was completed, enabling the team to freeze the
design and begin detailed drawing production.

Amplifier. Since the key features of the amplifier
design were frozen in the first quarter, the design team
is now in the process of creating detailed fabrication
drawings. During the second quarter, many of the
computer-aided design (CAD) models were suffi-
ciently completed that they could be exported to a
subcontractor for detailing. 

A parallel experimental effort, centered in the
AMPLAB, worked to address the few remaining open
issues and provide a final physics validation of the
design. The 4 × 2 × 2 AMPLAB gain and wavefront
experiments were completed during the second quar-
ter, and the facility is currently being configured to
measure three-slab-long gain and wavefront to com-
plete the data set required to validate the amplifier
model. The three-slab-long measurement is expected
to show that most of the wavefront error is produced
by the end slabs in the amplifier chain. This would
explain the concern raised earlier this quarter regard-
ing a discrepancy between the expected and measured
wavefront error on the AMPLAB. Analysis of the data
is ongoing, but so far indicates that the amplifier will
meet or exceed its gain requirement.

In response to the issue raised earlier this quarter,
the cleanliness tiger-team, consisting of NIF amplifier,
cleanliness, and optics personnel as well as LLNL ana-
lytical chemists, continued to characterize the nature,
source, and effects of the contamination observed in
AMPLAB. A detailed plan was developed to complete
the tests necessary to demonstrate that the amplifier
can be installed and operated cleanly.

Pockels Cell. During the past quarter, the plasma
electrode Pockels cell (PEPC) detailed design has pro-
gressed in parallel with activation and testing of the
4 × 1 prototype cell. The prototype drawings, also
considered the Title II drawings, were entered into
the Project Data Management system and placed
under configuration control. Several interface control
documents (ICDs) were updated to reflect changes
since the 65% review. Parts for the prototype control
system were ordered. The controls approach will be
validated through integrated testing with the 4 × 1
prototype. The prototype was assembled and tested
for the first time during the second quarter. Minor
problems with potting and simmering were encoun-
tered and solved. By the end of March, the prototype
was operating, and simultaneous measurements on
all four apertures indicated that the cell exceeds the
minimum NIF requirements for switching efficiency
in both the “on” and “off” states. The remaining
operational prototype effort will test the cell against
the remaining system requirements and validate the
controls and diagnostics designs via integrated test-
ing and operations. The mechanical prototype is
assembled, and preparations are under way for
mounting and alignment tests.

Power Conditioning. The power conditioning
effort during the past quarter was focused on complet-
ing the design of the first article so that parts could be
ordered and on using the existing 2 × 2 × 5 capacitor
prototype module to refine and validate a detailed cir-
cuit model. The model was then modified to reflect the
design of the 2 × 3 × 4 first article and predict its per-
formance. Several meetings of the design team were
held to resolve the issues regarding the first article
design. Among the decisions made were the follow-
ing: the use of coaxial cable instead of twin-line, the
architecture of the first article module (2 × 3 × 4), the
grounding strategy for the bank/amplifier system,
and the details of the preionization pulse require-
ments. A scale model of the first article module was
completed and is being used to develop maintenance
and safety procedures for the bank, as well as to help
the design team evaluate the architecture. The life test
of the baseline (ST-300) switch commenced in order to
demonstrate adequate life and performance at the ele-
vated currents associated with 24-capacitor operation.

Beam Transport System (BTS). Final checking and
documentation for critical path components were
highly focused activities in this quarter. The installa-
tion schedule drove all resource priorities. The first
two procurement packages, for the Laser Bay steel
material and spatial filter vacuum vessels, were 
completed and reviewed, including checked and
signed drawings, engineering calculations, and all
Title II deliverables. The BTS structural/mechanical
analysis team completed the Title II analyses and
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final analysis reports for the BTS Laser Bay struc-
tures, the Bldg. 298 laydown area grading activity is
under way, the amplifier cooling system fan units
have begun fabrication and are on schedule, and the
stainless steel plate is on schedule.
• The spatial filter vacuum vessel designs were

completed, and drawings were signed and
released into Configuration Management (CM).
The fabrication specification was completed and
reviewed. Mill production of stainless steel is
nearing completion and is on schedule.

• Discussions with Los Alamos National Labor-
atory (LANL) regarding the proposed Roving
Mirror system design, space allocation, align-
ment, installation sequence, and cleaning issues
for the switchyard enclosures were continued.
BTS has finalized its decision to perform design
and installation of enclosures using internal
rather than external resources to allow more
schedule flexibility for the Roving Mirror
changes proposed by LANL system.

• Ports were added to the Laser Bay interstage
beam tubes for clean air purge in the event of in
situ maintenance. Seal testing was initiated to
evaluate three candidate materials (solid sili-
cone, silicone foam, and expanded Teflon tape)
and a number of bolt patterns at both switch-
yard and Laser Bay pressure differentials.

• The PEPC team recently made a change to use
self-contained, local dry pumps to provide
backing turbomolecular pumps for the vacuum
system. Therefore, a separate backing line to the
PEPC is no longer needed from Auxiliary
Systems.

• Leak rate measurements for one design of the
beam tube seals was completed to validate the
design of the gas-handling system.

• The Switchyard 2 structural support structural
drawings are about 80% complete, and the
structural steel quantity takeoff (spread sheet) is
95% complete. It includes everything but LM5
support subframes because some member sizes
are not available.

• Finite-element analysis plots of forces and
moments necessary for the completion of the
concrete pedestal reinforcement design calcula-
tions for the Laser Bay were generated. Pedestal
design is nearing completion. Steel-concrete
interface force data for the pedestal embedment
plates was prepared.

• Tests of o-ring, flat gasket, and formed gasket
seal designs for the spatial filter lens prototype
were conducted. All three seal designs met the
design requirements. These test results provide
high confidence in proceeding to final, detail
drawings for the spatial filter lens cassettes (see
Figure 4). The prototype testing has shown that
formed gaskets can be used in place of o-rings
at lower cost and similar performance.

• A modified transport mirror attachment design
was tested during February. This modification
contacted the bore in the back of the mirror at its
midplane, which reduced the distortion induced
on the front face. Interferometer tests confirmed
that a significant reduction was achieved.
Improvements to address two problems, plastic
deformation of the attachment and creep of the
elastomer within the attachment, have been
identified.

FIGURE 4. A single spatial filter lens assembly is shown above on the left. Four such assemblies are installed into a cassette, which has a
strong back for stiffness/handling (shown on right). (50-00-1098-1989pb01 and 50-00-1098-1990pb01)
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Integrated Computer Control System (ICCS).
Title II 100% Design Reviews were conducted a month
early for the Computer System and the Supervisory
Software Frameworks.
• The 100% design review for the computer sys-

tem and network held in February featured
153 drawings, all of which are under configu-
ration control.  The network design has
evolved since the 65% review to become a
hybrid topology of switched Fast Ethernet
and Asynchronous Transfer Mode networks.
Analysis of expected traffic over the full-shot
cycle combined with simulation study shows
that substantial performance margin exists in
the design. The prototype operator console
was delivered and installed in Bldg. 481-1206
for conducting ICCS testbed demonstrations.

• The Title II 100% Review of the Software
Frameworks was delivered in February. The
review featured a number of presentations on
the framework including front-end processor
(FEP) preparation, operations databases, system
management, status monitoring and reporting,
CORBA distribution strategy and measure-
ments, and results from the discrete event simu-
lation for the status monitor performance. 

• The report for the 65% Design Review for the
integrated timing system was released. In total
the reviewers generated 46 comments, of which
7 were level one, 35 were level two, and 4 were
level 3. The review committee recommended
that an additional prototype of the timing dis-
tribution backbone be pursued to demonstrate
precision timing requirements and ensure con-
tinuing vendor involvement leading to NIF
deployment.

• The Control Logix integrated safety system beta
unit was received from Allen-Bradley and acti-
vated for testing. This unit represents the next
generation of higher-performance pro-
grammable logic controllers and will form the
basis for the NIF Industrial Control Systems.

• The Preliminary Timing Analysis of NIF Beamline
Alignment was finalized and used to demonstrate
Alignment Control’s ability to meet Software
Subsystem Design Requirements (SSDR) align-
ment time specifications in support of the 65%
review. This analysis defines the step-by-step
alignment procedures from the Preamplifier
Module (PAM) through the Target Chamber and
includes how shared resources (such as the
Output Sensor and Target Chamber) impact sys-
tem performance. 
Optomechanical Systems Management. Title II

design progress was very good. Spatial filter lens 
cassette prototype testing was completed. Mirror

attachment design testing continued with moderate
success. Transport mirror sizes were determined. Most
of main laser cavity optics final drawings have been
released. The FOA Mid-Title II (65%) design review
was held. The final optics configuration was updated
to incorporate ECR180. Major pieces of FOA proto-
type hardware were received. The CAVE (Crystal
Assembly Verification Equipment) became ready to
begin manual measurements.

Optical Design. Title II optical design progress dur-
ing the second quarter included the following:
• The final, planned update to the main laser

design optical configuration drawing was
released. The optical design of the main laser
cavity is complete.

• The optical design of the OPG system was pre-
sented by the responsible optical engineer at the
Mid-Title II (65%) review in February. Important
results were reported for the optical stability
analysis, the wavefront specifications for optical
components, the optical layout (under CM), and
the optical design performance.

• Detailed optical design studies of the telescopes
in the preamplifier beam transport section
(PABTS) of the OPG were completed and
showed that a lengthening of the relay telescope
was necessary to reduce fluence on lenses within
the telescope. As part of the system design, the
telescope in the input sensor package was also
redesigned to better balance the energy loading.

• Good progress was made on releasing final main
laser optics drawings into CM. The following
drawings have been released: amplifier blank,
spatial filter lens, cavity mirrors and polarizer,
switch window, and diagnostic beamsplitter. The
remaining cavity optics drawings (switch crystal
and amplifier finishing) are being updated by the
optics manufacturing organizations.

• The Title II mirror sizes for the transport mirrors
were determined. The alignment scheme (i.e.,
which mirrors would be used to control pointing
to the target and centering at the final optics) had
to be changed to obtain mirror sizes acceptable to
the various interfacing groups, generally
decreasing in size. As a result, the final drawings
(nine) for the mirror blanks were released.

• Two out of six FOA optics drawings are under
CM (target chamber vacuum window and focus
lens). The final sizes of the diffractive optics
plates and debris shields were established and
the Title II drawings should be released in April.

• The defect-induced damage analysis calculations
for the NIF vacuum barriers investigated the
beam modulation at spatial filter lenses (vacuum
barriers) arising from defects in optical compo-
nents. The results showed that the presence of



A-8

PROGRAM UPDATES

UCRL-LR-105821-98-2

defects modulates the beam slightly more than
fabrication phase errors, but that this modulation
is below damage thresholds. The results confirm
that the polarizer and LM3 are the most sensitive
locations for defects.
Optical Components. Several potential qualified

suppliers have expressed strong interest in supplying
the BK-7 mirror and polarizer substrate materials for
the NIF. In contrast to the other materials, BK-7 is a
commodity glass requiring no special facilitization or
development efforts. The statement of work was writ-
ten for these substrates in conjunction with the release
of the Title II mirror and polarizer substrate drawings.

Significant progress was made in NIF small optics
in the second quarter. A list of prototypes and a deliv-
ery schedule were developed, along with a vendor
survey from which a qualified bid list will be devel-
oped for production optics. The Vendor Qualification
Plan was also completed and released on schedule.

The small-sample cleanliness verification system
was completed, as was a comprehensive technical
review of the large-optics processing plan. This review
included a status of the following areas: all optics pro-
cessing support facilities for the NIF, QA for optics
processing, staffing and training, database documenta-
tion, facility and process cleanliness control, and
mechanical handling equipment and fixtures. The
requirements document for the Metrology Data
Management System, which will be used to assist
inspection and quality assurance (QA) of the optics at
the vendors and LLNL, was updated based on input
from the optics component lead engineers and the
vendors.

Laser Control. Considerable progress has been
made in completing and reviewing parts of the laser
control design. In addition, various prototype compo-
nents were ordered, received, and assembled, with
more on the way.
• The Transport Spatial Filter area now has a fully

integrated design that encompasses the
mechanical, optical, and electronic systems for
the preamplifier module, injection beams, align-
ment and diagnostic beams, input sensors, out-
put sensors, and beam enclosures.

• Solid modeling of the Input Sensor package is
essentially complete, and some detail drawings
are also finished.

• Signal level requirements for beam control light
sources were analyzed in more detail using a
complete NIF transmission model for all optical
paths from the light source locations to the cor-
responding detectors. The model compared
well with the transmission elements of current
beam propagation codes, and the two methods
are believed to be equivalent.

• Substantially all of the mechanical parts for the
Output Sensor prototype have been received,

and assembly is being planned. Similarly, all
purchased parts for the sensor test stand are in
hand while fabrication parts are on order.

• The optical design of the Laser Optic Damage
Inspection (LODI) System was modified to
accommodate 3ω light. When the Schlieren
focus stop is removed, LODI can be used to
record near-field images of light that have made
a round trip to the final optic and back. This
will likely be part of an on-line system for mea-
suring the net 3ω reflectivity profile of the 1ω
transport mirrors.
Target Experimental Systems. The Target

Experimental System has continued Title II design
according to schedule, for the most part.
• All 18 target chamber plates have been formed

and shipped to Precision Components Corp.
(PCC) for edge machining. The first sphere plate
edge machining was done at PCC, with the long
sides of the plate receiving the weld groove con-
figuration. The land of the weld joint will be at a
5064 mm (199.38 in.) radius on all pieces (see
Figure 5). This will facilitate alignment and use
of semiautomated welding equipment.

• Stainless steel louvers appear to work for both the
x-ray panels and beam dumps in the target cham-
ber first wall. Tests showed that either B4C or
stainless steel louvers pass the requirement,
which is the debris shield contamination rate
limit. Stainless steel louvers are substantially
cheaper than B4C louvers, and since the base
material does not matter, there is no strong reason
to go to the additional expense of B4C louvers.

Work is proceeding to test a prototype stainless
steel louvered beam dump on Nova. The fixture is
designed and is being reviewed with Nova per-
sonnel. The stainless steel louver without a verti-
cal member has been tested on 2-beam, and a

FIGURE 5. Shown is the radiused weld prep that has been machined
on one of the target chamber sections. (40-00-1098-2033pb01)
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larger panel with 45° louvers with vertical mem-
bers will be tested on Nova.

• The 65% Title II Design Reviews for the target
chamber vacuum system and the target posi-
tioner were held this quarter. Creation of
detailed mechanical drawings for the Target Bay
vacuum components assemblies and detailed
design of the positioner are proceeding.

• A Diagnostics Working Group Meeting was
held at Jackson Hole, Wyoming, to present the
status of the NIF design and discuss the diag-
nostics to be placed on the NIF and other laser
facilities. Data Acquisition, Calibration facili-
ties, X-Ray Diagnostics, and Neutron
Diagnostics were also discussed. Participants
included representatives from LLNL, LANL,
Sandia National Laboratories (SNL), Laboratory
for Laser Energetics (LLE), and Atomic
Weapons Research Establishment (AWE), who
are also developing a Web page to share diag-
nostic design information. It will soon be pass-
word accessible by diagnostic users.

• The design of the diagnostic instrument manipu-
lator (DIM) is proceeding. AWE has designed and
is starting the fabrication of a test setup to verify
the design of the rails that mount the insertion
tube and the z-axis motor design. Detailed draw-
ings of this test setup have been received. AWE is
reviewing the DIM development schedule and
LANL has volunteered the Trident laser facility
for evaluating the prototype DIM.

• The Q31T mirror support frame, the largest and
most complex, is located in a position within
the Target Area Building that experiences the
most severe environmental conditions. For this
reason, it has been extensively analyzed to vali-
date the proposed structural design, and detail
drawings are being prepared so it can be a
model for the remaining frames.
Final Optics Assembly. Title II second quarter

progress for the FOA is summarized below.
• The Mid-Title II (65%) FOA design review was

presented in February. All mechanical subsys-
tems were reviewed: integrated optics module
(IOM), final optics cell (FOC), debris shield cas-
sette, actuation system, alignment fiducial arm,
3ω calorimeter chamber, vacuum isolation valve,
thermal control system, and vacuum/venting
system. The optical configuration was described,
and a scientific update on frequency conversion,
with special attention paid to the performance
error budget, was also given. Analysis results
presented included structural, seismic, thermal,
and computational fluid dynamics.

• The optical configuration was revised to imple-
ment the requirements imposed by ECR180
(additional diffractive optic cassette). Extensive

ghost analysis and optical chief ray tracing pro-
vided detailed input to establish the revised
configuration.

• Work has focused on incorporating ghost miti-
gation measures (e.g., absorbing glass) into the
IOM. The ghost analysis has indicated that two
sides and both ends of the of the IOM require
mitigation. It is highly desirable to use glass
that is textured appropriately to diffuse or scat-
ter the incident light, thereby reducing the flu-
ence on subsequent surfaces. Work has also
been proceeding on ghost control in the FOC.
Two sides of the cell are “illuminated” by stray
light at sufficient levels to require protection.
The baseline scheme involves covering the sides
of the cell and the retaining flanges with
absorbing glass. Key test data is needed for the
damage limits of various materials (aluminum
surfaces, ceramics, and absorbing glass) to com-
plete the design.

• Major pieces of FOA prototype hardware were
received: the calorimeter chamber, three inte-
grated optics modules, large test stand, and debris
shield cassette hardware. The test stand was
installed in Bldg. 432, and the pumping system

FIGURE 6. The full-scale FOA test stand (large steel structure in center
of photo) was installed in the Bldg. 432 high-bay in March. A CAD rep-
resentation of the FOA has been superimposed to illustrate the soon-to-
be-installed hardware. The actual vacuum isolation valve is shown on a
support stand at the bottom of the photo. (40-00-1098-2032pb01)
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was located at the base of the stand, as shown in
Figure 6. It will permit testing of the prototype
hardware in an orientation consistent with instal-
lation on the target chamber. The vacuum isola-
tion valve will be installed after the valve body is
caustic-etched, and the revised bell crank mecha-
nism is fabricated. The calorimeter chamber is
ready for installation thereafter.

• All hardware for the CAVE has been delivered
and assembled in Bldg. 432 (see Figure 7).
Specifically, the following items were installed:
optical table, temperature-controlled clean room,
high-power laser, and large reference mirror. The
laser operational safety procedure and interlocks
were approved so that operations can begin.
Operations Special Equipment. Title II design is

progressing well. Hardware prototyping is providing
excellent cleanliness data and design validation.
During the second quarter, the group completed the
Transport and Handling (T&H) 35% Review, the OAB
Mid-Title II (65%) Review, and an Informal OAB
Corridor Review.
• Line-replaceable unit (LRU) refurbishment meet-

ings with various LRU owners continued in order
to develop requirements for refurbishment.
Requirements for LRU and equipment movement
in the OAB corridor were documented. The draw-
ing package of the corridor is now complete.

• The detailed designs of the bottom-loading, top-
loading, side-loading, switchyard, and Target
Area delivery systems are progressing well. The
35% Review was completed this quarter.

• The interface and Phase II requirements review
was held this quarter with RedZone Robotics,
Inc./AGV Products, Inc. to clarify the Laser Bay

transporter deliverables and the requirements
of the design. Permission was given to the ven-
dor to start procuring long-lead items for the
fabrication of the first vehicle.

• The assembly and testing of the T&H prototype
hardware is progressing well. The “clean” test-
ing of the cover removal mechanism for the bot-
tom-loading canister has begun and will be
completed next quarter. The assembly of the
components for the insertion mechanism is
complete, and dirty testing of the mechanism
has begun. The hardware for the scissors mech-
anism and vacuum cover has been fabricated,
and assembly will start in April.

• The OAB hardware designs and the simulation
model were presented in February at the Mid-
Title II (65%) design review. The review was
highly interactive, key areas of interest were
discussed with the interface partners, and all
comments have now been addressed.

• The software requirements specifications were
completed for the FEPs for bottom-loading, top-
loading, side-loading, and switchyard delivery
systems. The control points (sensors, actuators)
for all T&H prototype delivery systems were
specified. A draft interface specification was com-
pleted identifying data interfaces between the
Laser Bay transport system computer systems
and the T&H FEPs and Supervisory System. A
“proof of concept” graphical user interface of an
OAB integrated desktop was presented at the
OAB 65% review and received very positive feed-
back.

Start-Up Activities
Integrated Project Schedule (IPS) Assessment. The

month-end March status of the IPS showed no impact
to Level 0–3 milestones. Current schedule issues are
(1) the coordination challenge of interfacing Conven-
tional Facilities multiple subcontractor activities with
Special Equipment activities, (2) restructuring the
Optics schedule module in the IPS from process-
based (development/facilitization/pilot/production)
to component-based (windows/lenses/mirrors/
polarizers/etc.) activities, and (3) adding equipment
installation details to the IPS. 

Start-Up Planning. A draft Start-Up Plan for the 
first bundle has been completed on schedule. The pur-
pose of this plan is to outline the sequence of integrated
system Operational Test Procedures, which constitute
start-up of the first bundle of eight beam-lines. These
integrated tests will be conducted once all first bundle
special equipment in Laser Bay 2 has been installed and
Acceptance Test Procedures have been completed. After
start-up has been successfully completed, the first 

FIGURE 7.  The CAVE FOC mount, the reference flat, horizontal slide,
and autocollimators for tracking tip/tilt as the mount is translated.
(40-00-1098-2031pb01)
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bundle will be ready for ICF/NIF Program experimental
operations.

Advanced Operations Planning. A draft NIF
Operations Procedures Plan document has been com-
pleted. The NIF Start-Up and Operations Planning
Group is responsible for providing the management
and technical oversight necessary to ensure a smooth
project transition from the construction and equip-
ment development phase of the NIF to integrated
beamline operation in a fully functional facility.

Optics Technology
Facilitization efforts are proceeding well. The initial

evaluation of the Schott laser glass melting campaign
at the end of the first quarter was very promising. The
glass was formed at full size without any major prob-
lems with inclusions or fracturing. Minor problems
with the melter and batch feeding system will be
addressed when the melter is rebuilt for the pilot pro-
duction campaign in the first quarter 1999. Though not
all of the specifications were met during this cam-
paign, the assessment both at Schott and LLNL is posi-
tive. Hoya started and completed its final subscale
campaign at the production facility in Fremont,
California. The glass met nearly all the NIF specifica-
tions, but OH content needs to be reduced slightly.
Fine annealing of both the Schott and Hoya glass will
be complete in the third quarter, so the glass can be
evaluated for homogeneity.

Facilitization of the remaining four rapid crystal
growth tanks was accelerated during the second quar-
ter due to the early decision to select rapid growth as

the baseline process for NIF crystals. Several crystals
were fabricated from development boules for frequency
conversion testing on Beamlet; the optical quality and
damage threshold meet NIF specifications.

Finishing facilitization at Zygo is on schedule and
going extremely well. The NIF facility was formally
dedicated in February 1998. The start of the Tinsley
building construction was delayed from November
1997 until April 1998, primarily due to the extended
rains. Aside from the building, most of the equipment
design and construction at Tinsley is on schedule.

Coatings facilitization contracts were negotiated
and signed with Spectra Physics and LLE in the sec-
ond quarter. Veeco Process Metrology, formerly Wyko,
delivered interferometry unit Nos. 2 and 3 to LLNL
and Hoya, respectively. Facilitization efforts in other
metrology areas, including photometry and surface
inspection, also went well.

Upcoming Major Activities
During the third quarter of FY98, Conventional

Facilities will complete the CSP-3 Target Bay and Mat
Foundations work and begin the CSP-4 erection of the
Laser Building steel. In the OAB, the concrete founda-
tions will be completed, and the steel work will begin.
In Special Equipment, the 65% and 100% design
reviews will continue at a faster pace, and procure-
ments will be initiated for some of the Beam Transport
items such as the Spatial Filter Vacuum vessels. In
Optics, the contracts for mirror and polarizer sub-
strates should be placed, and the vendor facilitization
activities will continue.
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