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FOREWORD

The 2000-2001 ICF Annual Report provides documentation of the achievements of the
Lawrence Livermore National Laboratory (LLNL) Inertial Confinement Fusion (ICF)
Program by a summary of activity that is a narrative of important results for the fiscal years
2000 and 2001. This Annual Report is also on the Web at hitp://www.lInl.gov/nif/ict/icf.html.

The underlying theme for LLNL’s ICF Program research continues to be defined within
DOE’s Defense Programs Stockpile Stewardship missions and goals. In support of these mis-
sions and goals, the ICF Program advances scientific and technology development in major
interrelated areas related to ignition, including target theory and design, target experiments,
target fabrication, and cryogenic systems. The ICF Program also provides experimental sup-
port for studies in high-energy-density physics in support of stockpile stewardship.

While in pursuit of its goal of demonstrating thermonuclear fusion ignition and energy
gain in the laboratory, the ICF Program also partially supports the necessary research base
for the possible long-term application of inertial fusion energy for civilian power produc-
tion. ICF technologies continue to have spin-off applications for additional government
and industrial use.

The LLNL ICF Program is only one, though the largest, part of the National ICF
Program. The program is also executed at Los Alamos National Laboratory, Sandia
National Laboratories, the University of Rochester, and the Naval Research Laboratory.
General Atomics, Inc., develops and provides many of the targets for the above experimen-
tal facilities.

Questions and comments relating to the technical content of the journal should be
addressed to the ICF Program Office, Lawrence Livermore National Laboratory, P.O. Box
808, Livermore, CA 94551.

Bruce Hammel
ICF Program Leader

Al Miguel
Publication Editor
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INTRODUCTION

For 2000 and 2001, the ICF Program
consisted of two major components,
the Ignition Program and the High Energy
Density Physics (HEDP) Program. The goal
of the Ignition Program is to demonstrate
fusion ignition in the laboratory by inertial
confinement. The HEDP Program performs
experiments on the various laser and
pulsed-power facilities in support of the
National Nuclear Security Administration’s
(NNSA's) Stockpile Stewardship Program.

After the closure of the Nova laser at
Lawrence Livermore National Laboratory
(LLNL) in 1999, the experimental program
transitioned its focus to the OMEGA laser
at the University of Rochester’s
Laboratory for Laser Energetics (LLE). The
combined Program elements performed
around 300 shots per year at this facility.
In addition, support experiments were
done at the Janus laser at LLNL, the
Trident laser at Los Alamos National
Laboratory (LANL), the HELEN laser at
the Atomic Weapons Establishment (AWE)
in the United Kingdom, and the Vulcan
laser at the Rutherford-Appleton
Laboratory in the United Kingdom. The
modeling and theory element of the pro-
grams also improved its capabilities with
the addition of the ASCI White machine at
LLNL’s Advanced Simulations and
Computing (ASCI) Program, allowing
larger and faster simulations of problems
than previously attainable.

In addition, the ICF Program continued
its record of excellence as highlighted by
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the numerous awards, patents, and publica-
tions detailed in Appendices A and B.
Employees associated with the ICF
Program received over 150 patents and
coauthored over 250 publications. Several
members of the Program received presti-
gious awards, including Mordicai Rosen
who received a Teller Fellowship and John
Lindl who received the Fusion Power
Associated Leadership Award.
Accomplishments in 2000 and 2001 for
the Ignition Program are summarized in
Section 1. The Ignition Program has four
major elements corresponding to the four
divisions of the indirect-drive ignition plan
of the NNSA'’s National Ignition Program
(NIF). The four elements are hohlraum
energetics and laser—plasma interactions,
drive symmetry, shock timing and capsule
optimization, and ignition experiments.
Ignition experiments have three compo-
nents consisting of ignition target design,
ignition diagnostic development, and igni-
tion target development. Together these
make up the seven chapters in Section 1.
The hohlraum energetics and
laser—plasma interactions element of
the Ignition Program develops the
understanding of laser—plasma interac-
tions and coupling of laser light to x-rays
to optimize the efficiency of NIF
hohlraums for ignition target designs. In
2000 and 2001, this element continued
experiments and theory of laser—plasma
instabilities in large-scale, underdense
plasmas. Experiments showed that stimu-



lated Raman scattering and stimulated
Brillouin scattering are both in the highly
saturated regime. Modeling using the
pF3D code developed at LLNL predicted
the data trends using postulated nonlinear
saturation models. Research continues on
developing a better physical understand-
ing of these nonlinear saturation process-
es. The modeling effort was significantly
enhanced with the ASCI White machine,
allowing propagation calculations of the
entire NIF beam in the underdense plasma
for the first time. Experiments were per-
formed in hohlraums investigating the
effect of material mixtures that may be
more efficient than the standard Au
hohlraums presently used. Improvements
in target modeling also continued with the
inclusion of magnetic fields in LASNEX
simulations. LASNEX modeling including
magnetic fields improved agreement with
measurements of the underdense plasma
electron temperature by reducing heat
transport to the underdense plasma out-
side of the laser irradiation volume.
Modeling efforts began investigating
options for ignition targets using 2o light
at NIF. NIF can potentially produce signif-
icantly more energy with 2w light than
with 3w light. Modeling indicates that a
significantly larger target design parame-
ter space would be available if laser
backscatter and hot electron production
can be controlled. Experiments began in
2001 using the HELEN laser at AWE to
study laser coupling with 2 light.

The symmetry element of the Ignition
Program develops the understanding to
accurately control and measure the x-ray
flux asymmetries on the capsule in a
hohlraum. In 2000 and 2001, experiments
at OMEGA and modeling efforts investi-
gated various techniques for measuring
flux symmetry on capsules for tuning NIF
symmetry. Techniques were demonstrated
for use at various times during the implo-
sion, and requirements were refined for
NIF symmetry diagnostics. Implosion
experiments were also done during this
period on OMEGA. Having more beams
than Nova, OMEGA can obtain better
symmetry than Nova and more closely
approximate the NIF geometry. The
OMEGA implosion experiments demon-
strated improved implosion performance

in higher convergence than obtained in
Nova experiments. Results from implosion
experiments without argon in the capsule
obtained better agreement with modeling
than previous experiments with argon
doping in the fuel.

The shock timing and capsule optimiza-
tion element of the Ignition Program opti-
mizes the match of available drive pulses
and ablator designs to obtain proper shock
coalescence with adequate implosion sta-
bility and efficiency. A series of sensitivity
calculations were done to determine the
robustness of the ignition designs. The
timing sensitivity of the fourth shock in
the ignition pulse was completed during
this period, after a timing sensitivity study
of the first three shocks in 1999 was done.
Sensitivity studies also investigated the
robustness of the various designs to equa-
tion of state and opacity models and
assumed drive spectra. Experiments at
OMEGA addressed a number of ablator
issues. Indirect-drive halfraums were used
to measure the x-ray burnthrough in beryl-
lium and polyimide ablators and shock
timing in beryllium ablators.
Rayleigh-Taylor instability growth and the
effects of preheat were studied in poly-
imide ablators. OMEGA experiments were
also done to develop techniques for opti-
mizing ablators on NIF. The accuracy
obtainable using backlit implosions for
measuring burnthrough rates was evaluat-
ed and determined to be promising.
Activation of the VISAR diagnostic was
begun at OMEGA to measure shock timing.

Ignition target design efforts were
directed toward better understanding of
the performance of the suite of existing
ignition target designs. A comprehensive
evaluation of capsule sensitivity to
Rayleigh-Taylor instability demonstrated
that it is a strong function of absorbed
energy, drive temperature, and ablator
material. Preignition cryogenic implosion
designs were investigated using 96 beams
in a symmetric NIF geometry to perform
preignition experiments to optimize igni-
tion designs before NIF completion. Work
on hohlraum coupling efficiency suggest-
ed that energy available for imploding
capsules with indirect drive could be sub-
stantially larger. Beryllium capsule designs
driven at 250 eV with absorbed energy up
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to 600 kJ were begun. Design work was
done on polystyrene capsules absorbing
more energy than the point design, show-
ing that increased absorbed energy can
improve its robustness. Also, a number of
issues concerning design details were eval-
uated computationally. These included
sensitivity to the central gas density;, fill
holes in beryllium capsules, and low-mode
out of roundness. 3D simulations using
HYDRA continued to investigate symme-
try requirements. Finally, calculated neu-
tron spectra were evaluated to identify
potential ignition diagnostics. Measure-
ment of down-scattered neutrons was
shown to be a promising method for mea-
suring the total pr at ignition.

Techniques for ignition diagnostics are
based on neutron, charged particle, and
x-ray emission from the fuel and post-shot
analysis of target debris. In 2000 and 2001,
calculations were done of the neutron
background at OMEGA and that expected
at NIF for evaluation of neutron diagnostic
measurements. Techniques for measuring
down-scattered neutrons were evaluated.
These included use of the Medusa time-of-
flight spectrometer at OMEGA, develop-
ment of chemical vapor deposition
diamond detectors, and gated scintillator-
fiber detectors. A gas sampling system was
developed and is being installed at
OMEGA to test its use on radiochemistry
diagnosis of implosions. A technique for
taking multispectral x-ray images of
imploded capsules was demonstrated on
OMEGA.. Bubble detector options were
evaluated for neutron imaging detectors.
In collaboration with LANL, development
of a gamma ray diagnostic continued for
testing at OMEGA to measure the fusion
reaction time history.

Ignition target development in 2000 and
2001 focused on developing fuel capsules
corresponding to present designs and on
developing methods to form, characterize,
and control the cryogenic fuel layers. All
capsule fabrication techniques, except
machined beryllium, rely upon coating a
spherical plastic mandrel with the ablator
material. During this reporting period, fab-
rication of mandrel shells at sizes required
for NIF was demonstrated with sphericity
and surface finish at, or better, than NIF
specifications. Previously, it was demon-
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strated that polyimide capsules of the
design thickness could be fabricated, but
the surface quality was poor. During this
period, it was shown that the surface fin-
ish could be improved significantly,
although not yet to NIF requirements, by
suspending the capsule in an atmosphere
containing vapor solvent. Also, several
important properties such as burst
strength, hydrogen permeability, density,
and optical transmission properties of
polyimide shells were measured. Progress
also continued on developing beryllium
capsules having various additives, using
the process of physical vapor deposition
on mandrels. Most ignition target designs
have a cryogenic fuel layer coating the
inside of the capsule. Cooling the DT fuel
below the freezing point of the gas phase
forms cryogenic fuel layers. Internal heat
causes the layer to become symmetric in a
process called “beta layering.” During this
period, a number of experiments were
done to understand the beta layering pro-
cess at various cooling rates and end-point
temperatures, as well as the stability of
these layers after formation. Also, experi-
ments for studying methods for enhancing
the process using infrared light were
begun. Research began to understand how
to implement beta layering and enhanced
beta layering using infrared light in
hohlraum targets. Finally, a new cryogenic
system was delivered, and activation to
test filling and layering of indirect-drive
targets was begun.

Accomplishments in 2000 and 2001 for
the HEDP Program are summarized in
Section 2. These accomplishments repre-
sent only the unclassified portion of the
HEDP Program. The principal activities
were directed toward developing tech-
nigues and capabilities for OMEGA and
NIF experiments. Techniques were investi-
gated for studying hydrodynamics in
spherical implosions on OMEGA. The
effects of mix at the pusher fuel interface
were studied in experiments designed to
be sensitive to this effect. Also, x-ray back-
lighting was used to study mix at this
interface with specially designed targets.
A number of experiments were done relat-
ed to studying energy dynamics in indirect
targets. These included studying radiation
transport in underdense materials by



imaging both self-emission and backlight-
ing. Experiments were done using a variety
of radiation transport geometries to under-
stand their effects. Dependence of
hohlraum performance on wall conditions
was also investigated. Capabilities for NIF
hydrodynamics experiments require
improvements in resolution and fidelity.
Several pinhole geometries were tested to
improve resolution and signal to noise.
Performance of gated imaging detectors
was improved by changing the recording
medium from film to charge-coupled
device arrays. Removing the small-scale
noise by characterization and flat fielding
the data also enhanced the image quality.
Other imaging techniques such as dual
color radiography and fluorescence
anisotropy for measuring micron-scale

features were also investigated. The
physics of materials at high density can be
extremely complex and their properties
difficult to diagnose. During this period,
experiments demonstrated a technique to
use x-ray Thomson scattering to measure
electron temperature in dense, bulk-heated
beryllium.

In summary, progress has been made in
a number of areas in the Ignition and
HEDP Programs. This progress has led to
improved understanding, taking us closer
to the goals of ignition and more general
understanding of high-energy-density
physics. Also, important techniques con-
tinue to be developed for the better use of
NIF when it becomes operational. This
report summarizes this work for the years
2000 and 2001.
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SECTION 1

IGNITION TARGET PHYSICS
EXPERIMENTS THEORY AND MODELING
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HoHLRAUM ENERGETICS AND
LASER—PLASMA INTERACTIONS

S. H. Glenzer

I he production of soft x-rays and
x-ray—-driven capsule implosions

on the National Ignition Facility (NIF)
depends on the efficient coupling of laser
light to the target. The use of large gas-
filled hohlraums (~1 cm) and long laser
pulse lengths (~20 ns) results in the pro-
duction of large-scale underdense plasmas
through which the laser beams will propa-
gate on their way to the hohlraum wall,
where the laser beams are converted into
soft x-rays.

In fiscal years 2000 (FY00) and 2001
(FY01), we have developed theoretical
modeling of the laser beam propagation
through underdense plasmas and have
verified calculations of laser beam absorp-
tion and intensity profile modification
with experiments. On the other hand, the
stimulated scattering processes in these
plasmas like stimulated Brillouin scatter-
ing (SBS) and stimulated Raman scattering
(SRS) are not as well understood. These
instabilities drive ion-acoustic and electron
plasma waves to large amplitudes through
the laser beam itself and scatter the laser
light back, reducing the laser power avail-
able for the production of soft x-rays.
Experiments and modeling in this period
have shown that the amplitudes of these
waves are saturated. Moreover, progress
on understanding the nonlinear saturation
mechanisms has been made indicating
that a predictive design capability may be
possible to find the optimum laser-target
coupling regime on NIF. An additional
method to improve the total soft x-ray
production on NIF might be the use of
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hohlraum walls made of high-Z mixtures.
Experiments have begun in this period
comparing the soft x-ray production of
various mixtures with standard gold
hohlraums.

Hohlraum Energetics

Significant experimental and theoretical
progress in FY00 and FYO01 has indicated
that a predictive capability of the laser—
plasma interaction (LPI) target physics may
be in our reach for designing the perfor-
mance of NIF experiments. Efficient con-
version of laser light to soft x-rays, hard
x-rays, or shocks is important for all NIF
users (in particular, for the indirect-drive
ignition targets or high-gain implosions).
The conversion efficiency can be reduced
by instabilities such as SBS and SRS that
scatter the incident laser light before it can
couple into the target. Furthermore, SRS
can produce hot electrons that can preheat
the ignition capsule. Control of LPI using
laser beam-smoothing techniques, such as
smoothing by spectral dispersion (SSD),
has been demonstrated in Nova experi-
ments, 2 but the extrapolation to predict
NIF target performance requires under-
standing of the nonlinear saturation® * of
the instabilities expected on NIF.

In FYQO, our capability to calculate laser
beam propagation in underdense plasmas
has improved to a level where the interac-
tion of whole NIF-like laser beams with
mm-scale plasmas can be simulated.



Various experiments in this period study-
ing the laser beam self-smoothing,® fila-
mentation,® and collisional absorption’
have increased our confidence in calculat-
ing laser beam intensity profiles deep into
long-scale-length plasmas. However, the
comparison of the calculated ion wave
amplitude and the associated SBS losses
with Nova gasbag experiments have clear-
ly demonstrated the need for including
nonlinear saturation models that limit the
wave amplitude in the simulations.®

In FY01, a first successful attempt to
develop a first-principle understanding of
the saturation mechanisms with Thomson
scattering experiments® on the Trident laser
facility at Los Alamos National Laboratory
(LANL) has revealed that ion trapping
plays an important role in low-Z plasmas,
such as those produced in the gas plasma
inside an ignition hohlraum.X® This impor-
tant finding has led to extensive analytic
modeling and supporting particle in cell
(PI1C) simulations with BZOHAR, which
indicate that ion-acoustic frequency shifts
generated by ion trapping may quantita-
tively account for the saturation of the ion
waves in SBS™ and crossed-beam energy
transfer experiments.’? This model has
resulted in the first successful quantitative
calculation of SBS backscattering losses.

The nonlinear ion wave response is
also important in the studies of crossing
laser beam effects on the University of
Rochester’s Laboratory for Laser Energetics
OMEGA laser. The experiments show sig-
nificant energy transfer in plasmas with
Mach-1 flow and are designed to help in
developing a mitigation strategy for this
process on NIF. For electron plasma waves
that are participating in the SRS backscat-
tering process, progress has been made
studying the decay of the primary electron
plasma wave into a secondary plasma
wave and an ion-acoustic wave.'? The exis-
tence of this so-called Langmuir decay
instability (LDI) in high-temperature plas-
mas has been observed in FY00 as a poten-
tial saturation mechanism for SRS.

To further test our LPI modeling capa-
bility and to obtain quantitative measure-
ments of these nonlinear saturation
processes for SBS and SRS, we are present-
ly developing a Thomson scattering capa-
bility at the OMEGA laser facility. Initially,
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the Thomson scattering probe beam will
operate at 527 nm (2w) and may also be
employed to assess the interaction of 2
laser beams with large—scale-length plas-
mas. These studies have been motivated by
detailed design calculations in this period
that have indicated that it may be possible
to couple 1 MJ of energy to a fusion capsule
for high-gain ignition on NIF. These predic-
tions take advantage of the higher laser
damage threshold for 2w laser light result-
ing in an increased laser output relative to
NIF’s 3w performance as well as of
advanced hohlraum wall materials (i.e.,
“cocktails™). The latter are under investiga-
tion at the OMEGA laser. Experiments have
shown enhanced soft x-ray reemission at
energies around 450 eV when compared to
pure gold hohlraums consistent with LAS-
NEX predictions indicating that improved
hohlraum performance may be possible.

Developing a Basis for
Optimizing Laser Beam
Smoothing for NIF

Experiments to study laser self-smooth-
ing and beam propagation in large-scale
plasmas were conducted at the Vulcan
laser facility at the Rutherford Appleton
Laboratory, UK. An incident laser with a
wavelength of 527 nm was passed through
a mask creating an intensity pattern in the
near field. The beam was then focused
with an f/10 optic and propagated trans-
versely to the density gradient of a pre-
formed exploding foil plasma. The
transmitted light was collected with a sec-
ond f/10 optic. The measured transmitted
near-field intensity was then compared to
the incident near-field intensity, allowing a
detailed test of our beam profile modeling
capability using the code pF3D.

A series of shots were performed to
investigate the effects of varying probe
energy, plasma length (0.5-3 mm), and
probe smoothing (random phase plate
[RPP] and no RPP) on the plasma-induced
self-smoothing. The plasma density was
inferred from the SRS spectra—ranging
from 4% to 8% of the 2w critical density, .
The electron temperature was measured
with Thomson scattering to be T, = 500 eV.
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These measurements provide critical input
into the pF3D simulations, which include
the mask, the RPP (if present), and the
beam phase in the near field.

The simulations reproduced many of the
features and trends observed in the experi-
ment. First, with low probe energy (2.5 J
incident), neither the simulations nor the
experiment shows significant self-smooth-
ing effects. On the other hand, at high probe
intensities (10 W cm~2), most of the inci-
dent light undergoes scattering in the focal
region. For example, we observe that for the
non-RPP case, the average intensity within
the masked regions is approximately equal
to the unmasked in both simulation and
experiment. However, the edges of the
mask remain distinct. We understand this
in that the high spatial frequencies repre-
sented by these edges correspond to the
fringes of the focal spot, where the intensity
is too low for the speckle self-focusing and
forward Brillouin scatter mechanisms
responsible for plasma-induced self-
smoothing to take effect. As can be seen
qualitatively in Figure 1, these features are

No plasma

‘N

pF3D simulation

Il
{

Experiment

10 W cm2

FIGURE 1.Experimental and simulated transmitted near-
field images for the no-plasma case and for a high-inten-
sity laser shot through a 1-mm-long CH plasma. In the
simulation, half of the energy is scattered outside the
originally unmasked area into the masked areas (and
outside the f/10 cone where it was unmeasured).
Nevertheless, the edges of the mask remain very distinct.
(NIF-0602-05262pb01)
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well reproduced by the pF3D modeling. A
quantitative comparison that uses the
Fourier analysis of the transmitted light has
demonstrated the need for refined heat
transport models that affect laser beam
filamentation and self-smoothing. These
models are presently being developed

in collaboration with scientists at the
University of Alberta, Canada, and will be
tested against these data.

In another series of experiments per-
formed at the Helen Laser Facility, UK, we
have explored the interaction of a single
high-energy 2w laser beam with under-
dense gas targets. These experiments with
gasbags and small, gas-filled gold contain-
ers were intended to develop an ability to
control laser scattering losses by SBS and
SRS, as well as the hot-electron production
with 2w laser beams. The Au containers
filled with C;H,, showed that by going to
fairly extreme conditions, n, ~ n./4 and
I=6x10""W cm=2, it is possible to convert
up to 20% of the laser energy to hot elec-
trons. However, by decreasing the intensi-
ty and/or density, this conversion fraction
can readily be reduced to below 10%.
Gasbags filled with CgzH;, produced hot
electrons with a similar efficiency as the
containers, up to the highest density
explored (~0.15 n,). A very exciting result
came from gasbags filled with CO, and
CsH;,. Changing to CO, from CsH;,
caused both the Raman backscattering and
the hot electron fraction to drop precipi-
tously, presumably because of the decrease
in ion Landau damping.

This finding is consistent with the Nova
gasbag experiments that have shown satu-
rated SBS losses and saturated ion-acoustic
wave amplitudes but negligible SRS with a
CO, fill. Under these conditions, the LDI
may prevent the growth of SRS. The Nova
experiments* supporting this physical pic-
ture are discussed below. The single-beam
Helen experiments described in this sec-
tion clearly indicate that it may be possible
to control hot electron production at 2o by
judicious choice of materials, in addition to
density and intensity. The range of differ-
ent targets included underdense gasbags
filled with CsH,, gasbags filled with CO,,
Kr jets, and C5H,,-filled Au containers
heated by a single laser beam equipped
with and without phase plates. The data
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FIGURE 2.Experimental
SRS reflectivity from a 2m
laser beam interacting
with various underdense
gas targets.The SRS
reflectivity decreases by
an order of magnitude by
only changing the gas fill
in the experiment.
(NIF-0602-05263pb01)

FIGURE 3. Experimental
SBS reflectivity from a 2@
laser beam interacting
with various underdense
gas targets. The SBS
reflectivity increases sig-
nificantly in CO, where
SRS is shown to decrease.
(NIF-0602-05264pb01)
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set, taken as a whole, shows that at 2o it is
possible to make changes that greatly
change the backscattering losses. Figure 2
shows the time-integrated SRS reflectivity
from the various targets. It shows that on
Helen, SRS can be controlled by gas selec-
tion, by using jet plasmas (gradient) vs
gasbag, and by beam smoothing.

A similar chart for SBS (Figure 3) shows
that for some conditions this instability
appears to be anticorrelated to SRS (CsH,,
vs CO,. This behavior may help us to sup-
press backscattering losses by choosing
materials with low ion wave damping to
suppress SRS and apply laser beam
smoothing with phase plate and spectral
dispersion to directly reduce SBS. Also
interesting is the very low total SRS and
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SBS reflectivity from the Kr jet. Whether
this is due to the gradient, the material,
or something else is presently under
investigation.

In FY01, we also have completed the
interpretation of Nova experiments that
have shown strong anomalous absorption
of a 2w laser beam in a highly ionized gold
plasma.” By varying the laser power of a
2m probe beam over four orders of magni-
tude, we have observed that laser absorp-
tion begins to deviate from predictions of
an inverse bremsstrahlung absorption
model for intensities of I > 10 W cm~2,
By further increasing the (vacuum) laser
intensity of the probe beam to I = 8 x 10'°
W-2 cm, the absorption rises to a maxi-
mum measured value of 50%. Simulta-
neously, the electron temperature of the
plasma rises from T, = 900 eV to 2 keV.
Both these parameters are measured inde-
pendently; the absorption with a full-
aperture detector for the transmitted laser
light and the temperature with Thomson
scattering.

The experimental observations are suc-
cessfully explained in terms of anomalous
processes involving ion-acoustic turbu-
lence which is excited by the heat-
flux—driven return current instability.
lon-acoustic turbulence in inertial confine-
ment fusion (ICF) plasmas has been pre-
dicted to be an important process
influencing the laser light absorption, ther-
mal transport, and growth and saturation
of scattering instabilities.* In spite of the
previous work, ion-acoustic turbulence
has been poorly characterized in laser-pro-
duced plasmas. In collaboration with the
University of Alberta and the Institute for
Laser Science and Applications at LLNL,
we have developed a new absorption
model that includes these theories of
anomalous absorption and thermal trans-
port. This model provides good agreement
with the experiment and is thus one of the
most convincing evidences so far for the
ion-acoustic turbulence.

Figure 4 shows the laser beam absorp-
tion for various 2m probe beam intensities.
The comparison of the experimental data
with calculations from two models shows
that inverse bremsstrahlung absorption is
not sufficient to explain the measurements
(squares). Good agreement can be seen by
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FIGURE 4.Experimental absorption from a 2w laser beam
in a highly ionized Au plasma.The large absorption can
be modeled by ion-acoustic turbulence.
(NIF-0602-05265pb01)

including ion-acoustic turbulence leading
to an enhanced collisionality and therefore
to an enhanced laser beam absorption with
increasing laser intensity. Similarly, we also
find improved agreement of the ion-acous-
tic turbulence model with the electron tem-
perature in the plasma as measured with
Thomson scattering (not shown). This
study introduces modeling of the ion-
acoustic turbulence on the scale of a single
laser hot spot, thus motivating the devel-
opment of a reduced model for our
laser—plasma interaction code to better
take into account transport and interaction
physics in large-scale underdense plasmas
created by randomized laser beams.

Predictive Capability of
Laser—-Plasma
Interactions

Modeling Developments

The parallel code pF3D is being devel-
oped to predict the backscattering losses,
transmission, spreading, and deflection of
NIF laser beams in ignition plasmas.

UCRL-LR-105820-00/01

Presently, pF3D contains physics modules
that model light propagation, nonlinear
3D Eulerian hydrodynamics, and lin-
earized nonlocal heat conduction so that
the simulations take into account impor-
tant processes such as filamentation,
beam bending, and forward SBS. In addi-
tion, major progress has been made by
including SBS and SRS backscattering
processes into pF3D. The new routines
have been tested and verified against the
old code in small-scale calculations, and
new diagnostics has been added to quan-
tify the levels of the Langmuir and ion-
acoustic waves and of the backscattered
(Raman and Brillouin) light. Present com-
putational capabilities have allowed the
simulation of plasmas with the dimen-
sions of 720 um x 720 um x 1010 pum,
which is approaching the size of a NIF
beam (with the SBS and SRS backscatter-
ing models included).

Resolving the evolution of the SBS/SRS
backscatter requires a time step reduction
of approximately 50, compared to simula-
tions which modeled only filamentation
and forward SBS. The resulting run times
would have made full-beam SBS/SRS
backscatter simulations impractical with-
out significant algorithmic improvement.
This motivated our work on subcycling
the light propagation calculations and fur-
ther domain decomposition in the direc-
tion of laser propagation. The former
reduces the amount of calculations per
hydrodynamic time step; the latter allows
a greater degree of efficient parallelism
and scalability to larger numbers of pro-
cessors as bigger machines become avail-
able. Run time decreases close to linearly
with the number of subdomains in the
laser direction.

As an example, our October 1999 mile-
stone run propagating a Nova beam
through 1.1 mm of 0.1 n, plasma with
only filamentation/forward SBS physics
ran at a rate of 1.7 ps/hr on 128 CPUs of
the ASCI Blue/SKY machines. Our
October 2001 milestone simulation of the
same beam and plasma conditions, but
including the new SBS/SRS backscatter
packages and algorithmic improvement,
ran at 0.8 ps/hr on 160 CPUs of ASCI
Blue/SKY. Beyond the major capability
addition of modeling SBS and SRS, we

11
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FIGURE 5. Calculated
Nova near-field images of
the incident laser light

(left) and the back-reflect-

ed SBS light (right) at the
entrance plane of the
simulation at 21 ps.
(NIF-0602-05266pb01)
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have made numerous other code

improvements:

= The Bychenkov et al. model of non-
local transport has been added as an
additional option to our original
model.

= Kinetic dispersion relations for mul-
tispecies ion-acoustic waves and
Langmuir waves have been imple-
mented by table lookup.

= Simple nonlinear saturation models
for SBS and SRS based on increasing
the ion wave or Langmuir wave
damping above the two-ion decay or
LDI thresholds, respectively, were
implemented.

= We have added a very extensive set
of run time and postprocessing diag-
nostics to the code.

= \We have added the ability to import
and design RPP and kinoform phase
plate (KPP) beams for whole beam
and letterbox simulations.

Simulations using pF3D in its current
form have been extremely useful for inter-
preting experiments and as a tool for theo-
retical laser—plasma interaction physics
studies. The simulations have indicated
that plasma self-smoothing and filamenta-
tion of the laser beams are important
effects that need to be modeled to better
design laser smoothing concepts, such as
RPPs. However, nonlinear saturation mod-
els will need to be added in the future to
obtain a predictive capability. This topic is
presently the focus of much activity in this
area and is further described below. The
pF3D code has already drawn consider-
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able attention in the community and has
been used by a number of outside groups
including Princeton University, the
University of Alberta, Canada, and the
Commissariat a I’'Energie Atomique
(CEA), France.

For example, in collaboration with CEA,
a model was added for increasing the
damping of Langmuir waves in the pres-
ence of large amplitude ion-acoustic
waves, such as those driven by SBS
backscattering. The model calculates the
effect of reducing the strength of SRS
when the ion-acoustic wave driven by SBS
is large enough and when SRS and SBS
occur in the same spatial location. This
mechanism is different from the effect
already known where the SBS and SRS
compete directly for the laser power in a
speckle. Simulations that include this
model might help us to provide insight in
the anticorrelation between SRS and SBS
observed in many experiments.

The code pF3D has also been applied to
simulate for the first time the propagation
and backscattering of full-sized Nova /8
KPP beams through a 1-mm-long plasma
(Figure 5). The 1024*512*640 zone mesh is
the same as was used in the milestone
runs of more than two years ago with only
filamentation and forward SBS physics.
However, since that time we have added
SRS and SBS backscatter physics, many
diagnostics, and other code improvements
as described above. A C;H,, plasma was
modeled that was 1 mm long with a densi-
ty ramping linearly from 0.02 to 0.2 of crit-
ical, at a temperature of 3 keV, with a
transverse flow at 2 x 107 cm/s. The Nova

[t1(k) 2 at Z =0 (iz = 1), time 20.97 ps 36.141
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beam had 2 TW of power, focused into an
elliptical spot with the aid of the KPP.1

The instantaneous reflectivity is as high
as 75% (20% time average). These high
values are obtained because the SBS gain
in the absence of longitudinal velocity
gradients is very high. Most of the light is
reflected back into the lens cone. The SRS
reflectivity is negligible; suppressed by the
density gradient and the strong SBS. Beam
spreading was likewise suppressed by the
strong SBS reflectivity. A second simula-
tion, shown in Figure 6, uses a logarithmic
density ramp from 2% to 20% n,, to sup-
press backward SRS and a transverse flow
to look at beam steering in the presence of
backward SBS.

In this period, pF3D was also used to
study the 2mw/3w scaling of filamentation in
smoothed beams (Figure 7). It is well estab-
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lished that potentially deleterious
laser—plasma interactions, such as filamen-
tation, beam spray, beam bending, and
stimulated Raman and Brillouin backscat-
tering, increase as the incident laser wave-
length increases. Nevertheless, since more
power and energy may be available from
NIF at 2o than at 3w, it is worth looking
more closely at the trade-off: more incident
power and energy vs more problematic
laser—plasma interactions.

As the first step in this quantification, a
series of simulations of the interaction of
an RPP-smoothed laser beam with a uni-
form slab of plasma was performed
describing adequately thermal and pon-
deromotive filamentation and forward
SBS. Simulations including models of
backward SRS and SBS will follow in the
next phase. The modeling propagated 2®m

FIGURE 6. Calculated slice

3.3216%1° . ;
through the laser intensity
8000 |— -3t vs the longer transverse
o515 (X) direction and the laser
6000 |— - propagation (Z) direction
= - (left). Note that the beam
2 . c+15  shows deflection in the
N 4000 |— 1> positive X direction. A
1+15 similar slice through the
2000 — 514 backscattered SBS light
(right) at a time when

there was approximately

2000 4000 0 40% reflectivity.

0
-4000 -2000 O

X (um) (NIF-0602-05267pb01)
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0.25 FIGURE 7.Scaling of self-
: Cxl-ei - + focusing showing 5/l
020 = 4 xe .. against /A%n/n,, (left) and
B CH + scaling of beam spray
0.15 (right). The latter shows the

calculated cone angle in
which 90% of the exiting
laser power of the original
f/8 beam is contained vs
the same /A?n/n, parame-
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and 3w beams through uniform slabs of
CH and Xe plasmas with electron and ion
temperatures of 3 and 1 keV respectively.
The slabs were 192 x 192\ by 24002 in
size, containing about 500 speckles in the
cross section, which is sufficient to provide
adequate statistics for the high-intensity
tail of the speckle distribution, which is
the first to self-focus. The same random
phases for the /8 square RPP were used
for each simulation to facilitate compari-
son between the runs. The electron densi-
ties were varied from 0.044 to 0.225 of the
corresponding critical density, and intensi-
ties were varied from 2 x 10 to 2 x

101 W/cm?. The simulations were run for
24 ps with a smooth 7-ps rise time, at
which point the simulations appeared to
have reached a statistical macroscopic
steady state. Two phenomena are of partic-
ular concern: self-focusing of the higher
intensity speckles (which is exacerbating
stimulated laser backscattering) and beam
spray (which can affect radiation symme-
try in hohlraums).

The expected scaling parameter for both
ponderomotive filamentation and forward
SBS is INn/n,. Here I is the averaged laser
intensity, A the wavelength of the incident
laser light, and n/n,, the ratio of the electron

(b)

Wavelength (nm)

FIGURE 8. (a) Time-resolved Thomson scattering spectrum showing coherent scattering on
ion waves driven by SBS, scattering on the blast wave, and thermal incoherent scattering at
late times.The time sequence of the laser beams is indicated on the left. (b) Lineouts at t =
0.8 ns and t = 1.4 ns.The earlier lineout shows 2 orders of magnitude enhanced scattering
compared to the spectrum at later times. The fits of the theoretical Thomson scattering
form factor for a gas fill of CO, plus 1% Ar gives T, =3 keV at 0.8 ns and T, = 2.5 keV

and T; = 1.7 keV at 1.4 ns. (NIF-0602-05269pb01)
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density over the critical density for which the
laser light cannot propagate in the plasma.

For both processes we find that the data
lie largely on a single curve, indicating
that thermal effects are playing a minor
role, even in xenon. The scaling of the
onset of filamentation and forward SBS at
IAN*n/ng = 10 is thus reasonably well
characterized. The influence of backscat-
tering losses and the scaling with smooth-
ing by spectral dispersion bandwidth (of
which more may be available on NIF at
2) is the subject of further study.

Nonlinear Saturation
Experiments

Nova experiments and modeling in
FY00 have observed for the first time that
ion-acoustic wave amplitudes are saturat-
ed for conditions similar to those antici-
pated in future ignition experiments.

For these measurements, we have
applied ultraviolet Thomson scattering of
a 263-nm probe beam in well-character-
ized large scale-length gasbag plasmas
with an electron temperature of T, = 3 keV.
The temporally resolved Thomson scatter-
ing spectra have shown simultaneously
the scattering from thermal electrostatic
fluctuations and ion-acoustic waves that
have been excited to large amplitudes by
SBS from a kilojoule interaction beam at
351 nm (cf. Figure 8). By varying the inten-
sity, I, of the interaction beam, we have
observed that the ion-acoustic waves satu-
rate for I > 5 x 10* W cm=. These results
of the local Thomson scattering measure-
ments are also consistent with the
observed SBS reflectivity that shows satu-
ration at the 30% level for these interaction
beam intensities.

The experiments have been compared
with calculations using the laser-plasma
interaction code pF3D. Simulating the
propagation and SBS of the 3w interaction
beam through the whole length of the gas-
bag plasma, we find that 30% SBS corre-
sponds to an ion wave amplitude of én/n,
=2 x 1073 (normalized to the electron den-
sity, n,). Without nonlinear damping, the
simulations show 100% reflectivity and
ion-acoustic fluctuations in the Thomson
scattering volume that return to the thermal
level after a short initial burst, both in

UCRL-LR-105820-00/01
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contradiction with experimental data. Only
by including a nonlinear damping model
that is based on secondary decay of the
primary ion-acoustic wave into two ion
waves, do we observe results that are con-
sistent with the experiments. Choosing a
maximum ion wave amplitude that scales
with ion wave decay is particularly moti-
vated by the fact that CO, plasmas
approach low ion wave damping condi-
tions (similar to high-Z plasmas like Xe or
Au) for which other nonlinear effects are
less important. For example, the ion wave
fluctuation level observed in these experi-
ments is significantly smaller than the
threshold for ion trapping, i.e., n/n, = 0.2.
Figure 9 shows that by using a nonlinear
scaling, both SBS reflectivity and Thomson
scattering data can be reproduced. The
remaining small discrepancies might be
explained by uncertainties in the absolute
measured scattering power introduced by
the Cassegrain telescope (alignment and
incomplete sampling). However, the model
assumed that two-ion wave decay occurs at
a threshold lower than suggested by theo-
retical linear calculations. This indicates that
either our theory of the two-ion wave decay
instability is insufficient, or that other non-
linear mechanisms need to be included.
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FIGURE 9. Scattering amplitude of the blue-shifted ion-
acoustic wave normalized to the intensity of the red-shift-
ed thermal peak (solid squares) for various beam
intensities. Amplitudes are for t = 0.8 ns. SBS reflectivity
data are obtained with and without RPPs (solid circles
and open squares, respectively) and is observed to satu-
rate at the 30% level. The curves represent the modeling.
(NIF-0602-05270pb01)
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Intensity

These experiments provide the first
experimental evidence that the SBS insta-
bility is saturated in ICF plasmas. Our
findings further indicate that laser scatter-
ing losses in future ignition experiments
on the NIF might be reduced by control-
ling the plasma conditions together with
the nonlinear wave saturation processes.
Moreover, these Nova gasbag experiments
have clearly shown the limits of our pre-
sent modeling capability. It is obvious that
a first-principle understanding of the satu-
ration process will be required to obtain a
predictive modeling capability. We are
planning to address the nonlinear wave
physics of the high-temperature, low—
ion-wave damping plasmas that primarily
occur in the high-Z wall plasma of an igni-
tion hohlraum in the immediate future
using the Thomson scattering capability
that we are presently implementing on the
OMEGA laser facility. In FY01, experi-
ments on the Trident laser have already
begun to investigate the ion wave satura-
tion physics of highly damped systems
such as Be or He that will occur in the
low-Z gas plasma of the large-scale interior
fillings of ignition hohlraums.

We performed further experiments on
saturation at the Trident laser facility,
utilizing a new, very accurate Thomson
scattering technique, which characterizes
plasma conditions and the amplitudes of
ion-acoustic waves in two-ion-species
plasmas. Figure 10 shows the red- and
blue-shifted ion-acoustic wave spectra
with and without excitation by the SBS

Driven ion wave

10

Thermal ion wave
fluctuation

I e SO S e\ -
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| | | |
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FIGURE 10.Thomson
scattering spectra from
two-ion-species plasmas
(10% Au, 90% Be) show
increased damping of the
blue-shifted Be mode as
well as the driven red-
shifted ion wave when
exciting SBS with an inter-
action beam of 3.5 x

10'> W cm~2 (gray circles).
The data shown as black
squares are taken without
the interaction beam.
(NIF-0602-05271pb01)
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FIGURE 11.5BS reflectivity
for various two-ion-
species plasmas (from 1%
Au, 99% Be to 10% Au,
90% Be mix) showing
excellent agreement with
the nonlinear modeling
that is based on ion trap-
ping.  (NIF-0602-05272pb01)
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instability.? A wealth of information is
obtained from these data; the red-shifted
peaks show the nonthermal excitation,
which only affects the lighter element,
while the blue-shifted peaks measure the
resultant thermal changes. We observe up
to a twofold increase of the ion tempera-
ture when exciting ion-acoustic waves to
large amplitudes by SBS. The ion tempera-
ture increase and its correlation with SBS
reflectivity measurements are the first
direct quantitative evidence of hot ions
created by ion trapping in laser plasmas.
The experiment has been modeled
assuming a 1-mm-long slab of homoge-
neous plasma (preformed to 7, = 102cm™3,
T.=430eV, 140 eV < T; < 250 eV as mea-
sured with Thomson scattering), and a 527-
nm interaction beam with intensities
ranging from 10%° to 4 x 10'®* W cm=. The
interaction beam was not smoothed and
had a focal spot diameter of ~60 um.
Solving the kinetic dispersion relation for
the 10% Au to 90% Be mix shows the pres-
ence of a fast, weakly damped mode (with
a normalized Landau damping v/, = 0.05)
and a slow, heavily damped mode (v/®, =
0.3). The linear gain calculations are in
agreement with the Thomson scattering
spectra of the driven SBS acoustic waves,
which show only one red-shifted peak: the
gain for the fast (Be-like) mode is G ~ 200,
while there is almost no amplification of the
slow mode (Gggg o< 1/V). The frequency of
the acoustic wave is well reproduced.
While linear theory explains the shape
of the spectrum, it predicts a reflectivity of
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Rggs ~ 100% for such a large gain; thus one
needs to invoke nonlinear saturation pro-
cesses. The observation of an increase in T;
when the SBS acoustic wave is driven (see
the increased damping of the blue Be-like
peak in Figure 10 and also Figure 12
below) suggests the presence of trapped
Be ions. Indeed, with Zz T,/ T, ~ 10, there
is a large population of Be ions at the
phase velocity of the acoustic wave.
Trapping reduces the ionic part of the
Landau damping (by flattening the distri-
bution function of Be ions at the phase
velocity), leading to a minimum value
v/ o, ~ 0.015, and modifies the dispersion
relation for the acoustic waves, detuning
the 3-wave coupling of the SBS instability.
The resulting nonlinear frequency shift
reduces the expected reflectivity from Rggg
~ 100% (linear theory) to be of the order of
10%, in agreement with the experimental
measurements. Furthermore, the scaling of
Rggs With the percentage of gold impuri-
ties is well reproduced: as gold ions are
added, the phase velocity of the fast mode
decreases, more Be ions are trapped, giv-
ing a larger frequency shift and a lower
reflectivity (Figure 11).

This model can further be validated
estimating the increase in T; due to SBS.

0.6 —

T/T,

0.4

0.3 |

I I I I
1 2 3 4 5
lon wave amplitude

FIGURE 12.lon-to-electron temperature ratio in the
Thomson scattering volume as function of the amplitude
of the driven SBS acoustic wave. Because no absolute
measurement of the ion wave amplitude is available, the
theoretical ratio is matched with the experimental ratio
for a high-amplitude/high-reflectivity data point.
(NIF-0602-05273pb01)
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Balancing the energy flux deposited into the
acoustic waves (from the Manley-Rowe rela-
tions) with a free-streaming heat flux carried
by Be ions gives T, in the Thomson scatter-
ing volume. The scaling seen in the experi-
ments is well reproduced by this model
(Figure 12).

The combined data set of the Thomson
scattering and reflectivity measurements
provide the strongest evidence so far for
ion trapping and frequency detuning as
the dominant SBS saturation mechanism in
low-Z plasmas. The model is in excellent
agreement with the experimental SBS data
without using multipliers, indicating that
it will be an important part of a predictive
code capability. Full physics particle simu-
lations are presently being used to bench-
mark this simple analytical model,
developing it into a standard tool in pF3D.
Figure 11, on the other hand, also shows
that saturation in high-Z plasma is still not
understood. No sophisticated modeling is
presently available that can be compared
to the data point for 100% Au, and future
studies will need to address these condi-
tions for the calculation of the reflectivity
from the hohlraum wall plasma on NIF.

Crossing Laser Beams

In FYO01, the energy transfer between
crossing beams has been thoroughly inves-
tigated with experiments as well as with
theory and simulations. In the past, model-

ing was limited to transverse flows that are
constant in space and time at a given axial
position. However, in the OMEGA experi-
ments performed in this period and in the
NIF targets they emulate, a spatial flow
gradient is present so that the flow is sig-
nificantly different from sonic in most of
the crossing beam region. To address this
problem and begin to model the OMEGA
experiments, we have performed 2D simu-
lations that include transverse flow gradi-
ents, and we compared the results with
theoretical scaling.

Because pF3D cannot presently handle
nonperiodic transverse boundary condi-
tions, we used the ALPS code to simulate
the energy exchange between crossing laser
beams. In addition to the energy exchange,
these simulations take into account a densi-
ty gradient that varies exponentially
through the crossing beam region with the
same scale length as the flow gradient. The
density at the sonic point was 0.1 n,. The
simulations further include refraction of the
light in the density gradient and beam
deflection by the transverse flow as well as
the energy exchange by 