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FOREWORD
The ICF Annual Report provides documentation of the achievements of the LLNL ICF
Program during the fiscal year by the use of two formats: (1) an Overview that is a narrative summary of important results for the fiscal year and (2) a compilation of the articles
that previously appeared in the ICF Quarterly Report that year. Both the Annual Overview
and Quarterly Report are also on the Web at http://lasers.llnl.gov/lasers/pubs/icfq.html.
The underlying theme for LLNLÕs ICF Program research is defined within DOEÕs
Defense Programs missions and goals. While in pursuit of its goal of demonstrating thermonuclear fusion ignition and energy gain in the laboratory, the ICF Program provides
research and development opportunities in fundamental high-energy-density physics and
supports the necessary research base for the possible long-term application of inertial fusion
energy for civilian power production. ICF technologies continue to have spin-off applications
for additional government and industrial use.
LLNLÕs ICF Program falls within DOEÕs national ICF program that includes the Nova and
Beamlet (LLNL), OMEGA (University of Rochester Laboratory for Laser Energetics), Nike
(Naval Research Laboratory), and Trident (Los Alamos National Laboratory) laser facilities.
The Particle Beam Fusion Accelerator and Saturn pulsed power facilities are at Sandia
National Laboratories. General Atomics, Inc., develops and provides many of the targets for
the above experimental facilities. Many of the Quarterly Report articles are co-authored with
colleagues from these other ICF institutions.
Questions and comments relating to the content of the journal should be addressed to
the ICF Program Office, Lawrence Livermore National Laboratory, P.O. Box 808, L-488,
Livermore, CA 94551.

Jason Carpenter
Publication Editor
Don Correll
Managing Editor

iii

ACKNOWLEDGMENTS
We thank the 28 authors and their co-authors who contributed to this Annual Report.
Their work, published in our four Quarterly Reports, is compiled here to highlight LLNLÕs
ICF Program accomplishments for the year. We are grateful for their willingness to take
time from busy schedules to write the articles that describe their work. We thank the four
Quarterly Report Scientific Editors Randall McEachern, Deanna Pennington, Alan Burnham,
and Michael Marinak for their efforts and diligent review to ensure the quality of each
Quarterly Report. We thank Roy Johnson for his careful classification reviews. We also thank
the secretaries for typing manuscripts, arranging meetings, and offering other invaluable
assistance.
We thank Technical Information Department (TID) editors Jason Carpenter, Robert
Kirvel, Al Miguel, Peter W. Murphy, Ann Parker, Joy PŽrez, Margaret A. Sands, and Dabbie
P. Schleich for editing and managing the production cycle; and artists/designers Pamela
Davis, Daniel S. Moore, Linda L. Wiseman, and Sandy Lynn for providing expertise in
graphic design and layout.
We appreciate the support of Michael Gallardo, the Government Printing Office
Coordinator, who worked with the Government Printing Office to obtain high-quality
printing; and Mary Nijhuis of TIDÕs Publications Services and TIDÕs Print Plant for making
sure that each publication was distributed with dispatch.
The talents and dedication of the ICF Program staff make the ICF Annual what it is for so
many of its readers.

John Lindl
ICF Science Director
Don Correll
ICF Operations Manager

iv

TABLE OF CONTENTS

TABLE OF CONTENTS
Foreword

iii

Acknowledgments

iv

ICF Program Overview

ix

Theory and Simulations of Nonlinear SBS in
Multispecies Plasmas

1

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

Modeling of Self-Focusing Experiments by Beam
Propagation Codes

7

To validate the codes PROP1 and PROP2, we used data from two 1053-nm self-focusing experiments in
fused silica. Self-focusing damage in the sample was induced by placing a large wire in the beam in front
of the silica sample. Using a small wire, damage to the sample was avoided, and induced lensing in the
sample produced an intense image of the wire. Using the measured beam profiles and waveforms as
input, and the value 2.7 × 10Ð16 cm2/W for the self-focusing coefficient in silica, the codes successfully
predicted the length of the self-focusing tracks and the intensity in the induced image.

Gas-Filled Target Designs Produce Ignition-Scale Plasma
Conditions with Nova

15

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

Stimulated Brillouin Scattering in Multispecies Plasmas

22

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

Optical ScatterÑA Diagnostic Tool to Investigate Laser
Damage in KDP and DKDP

27

Determining and controlling the sources of laser-induced damage in crystals of KH2PO4 and
deuterated KDP is important for successful production of crystals for the National Ignition Facility.
This article describes the implementation of a scatter diagnostic for in situ studies of laserinduced damage and initial results from these studies.

Soft X-Ray Interferometry

32

The short wavelength of existing soft x-ray lasers makes them well suited to probing large highdensity plasmas. We have combined a multilayer optic-based interferometer and a 155 • x-ray
laser source to measure the electron density profile in millimeter-size laser-produced plasmas.

Metastable Crystal Structures of Solid Hydrogen

38

We have determined the crystal structure of vapor deposited H2 or D2 crystals using Raman
spectroscopy. While hcp is the equilibrium crystal structure, other metastable crystal structures
can be formed at low deposition temperatures. Non-hcp crystals transform to hcp continuously
and irreversibly by increasing the temperature to about half the triple point temperature. We
also measured the crystal grain size as a function of deposition temperature and deposition rate.

v

TABLE OF CONTENTS

X-Ray Production in Laser-Heated Xe Gas Targets

43

We measured x-ray production in Xe-filled gas-bag targets heated using the Nova laser at 21 kJ
of 0.35-µm light in a 1-ns pulse. X-ray production in the 0.1 to 2-keV region is ~60% of the
incident laser light and is comparable to x-ray production efficiency from Au disks. X-ray
production efficiency of Xe L-shell x rays in the 4 to 5-keV range is ~8% and is higher than disktarget efficiencies in this x-ray energy range.

Measurement of 0.35-µm Laser Imprint in a Thin Si Foil
Using an X-Ray Laser Backlighter

49

We describe measurements of the modulation in optical depth imprinted in thin Si foils by
direct 0.35-µm laser irradiation at low intensities and with static random phase plate and onedimensional (1-D) smoothing by spectral dispersion (SSD). These measurements were made at
the time of shock breakout using an x-ray laser backlighter at 15.5 nm with a multilayer optics
imaging system. Measurements of the imprinted modulation are compared with the optical
speckle pattern and smoothing due to 1-D SSD.

Absorption of Laser Light in Overdense Plasmas by Sheath
Inverse Bremsstrahlung

55

This article describes our modification of the original sheath inverse bremsstrahlung model
and how we achieved significantly different results from those derived without the v × B term.
We show that the sheath inverse bremsstrahlung and the anomalous skin effect are limiting
cases of the same collisionless absorption mechanism. We also compare results from particle-incell (PIC) simulations with analytical theory, and we use PIC simulations to investigate effects
of finite density gradients.

Radiation-Effects Testing for the National Ignition Facility
Final Optics

61

A series of neutron and gamma-ray irradiation experiments was performed on the National
Ignition Facility final optics to perform accelerated life testing and to select the optimal materials.

Temporal Pulse Shaping of Fiber-Optic Laser Beams

75

We discuss the design and performance of an integrated electrooptic modulator driven by a 5-V
arbitrary pulse shape generator. We also show how this arrangement satisfies the National
Ignition Facility requirements for flexible laser pulse shaping.

Studies of Energy Transfer Between Crossing Laser
Beams in Plasmas

82

We have demonstrated that two laser beams crossing in a low-density plasma can transfer
energy by resonantly interacting with an ion acoustic wave. The resonant energy transfer is
controlled by a small mismatch in the wavelengths of the two beams. These techniques may
prove important for controlling energy-deposition NIF experiments.

Ion-Beam Propagation in a Low-Density Reactor Chamber
for Heavy-Ion Fusion

89

We have assessed constraints of spot size and vacuum for ballistic transport of ion beams in
inertial fusion energy reactors. We have simulated transport of a partially neutralized beam at
low pressures and examined interactions of multiple beams. Further simulations show that
partial beam neutralization allows higher chamber pressures and higher charge-to-mass ions,
both of which allow for lower reactor cost.

Efficient Production and Applications of 2- to 10-KeV
X Rays by Laser-Heated Underdense Radiators

96

The proposed National Ignition Facility (NIF) offers the prospect of producing up to several
hundred kilojoules of multi-keV x rays. This may allow us to perform experiments and field
diagnostics we could never consider with current laser facilities. We discuss applications of
high-energy, multi-keV sources with the NIF.

LaserÐTissue Interaction Modeling with the LATIS
Computer Program
A new computer program, based on many years of experience in laser-matter interaction
modeling, is being used to design new laser-medical instruments and procedures.

vi

103

TABLE OF CONTENTS

The Energetics of Gas-Filled Hohlraums

110

We have measured the effect of gas-fill on the drive temperature in Nova scale-1 hohlraums.
Increasing electron density results in a reduced drive temperature. A significant part of the
reduced drive can be attributed to stimulated scattering of the incident laser light. This
scattering may be reduced by beam smoothing.

Fusion Reaction-Rate MeasurementsÑNova and NIF

115

At Nova, we measure ICF targetsÕ burn history with a resolution of <30 ps. Our neutron-based
technique uses a fast-rise-time plastic scintillator and a high-speed optical streak camera.
Measured burn durations range from ~50 ps to ~1 ns. For the NIF, we are investigating new
measurement techniques based on gamma rays released in the fusion process.

Laser-SpeckleÐInduced Perturbations in Laser-Driven Foils

123

We have calibrated the amplitude and RayleighÐTaylor growth of modulations imprinted by
laser speckle in CH2 foils with single-mode surface perturbations, converting the imprint to an
equivalent surface finish. The addition of bandwidth and dispersion to the drive laser reduced
the imprinted modulations, with the highest bandwidth showing the largest reduction in
imprint, in agreement with LASNEX simulations.

WARP3d, a Three-Dimensional PIC Code for High-Current
Ion-Beam Propagation Developed for Heavy-Ion Fusion

129

WARP3d is a three-dimensional electrostatic particle-in-cell simulation code developed to study
beam behavior from first principles in realistic geometries. The code has been used to examine
high-current, space-chargeÐdominated beams for heavy-ion fusion and will be developed
further for future applications.

Three-Dimensional Nonlinear Hydrodynamics Code to Study
LaserÐPlasma Interactions

138

This article describes a fully nonlinear, three-dimensional, time-dependent hydrodynamics and
heat transport code. The code has proven to be very robust, and extends our ability to model
experiments far beyond the limits of earlier treatments.

Three-Dimensional Simulations of National Ignition Facility
Capsule Implosions with HYDRA

143

The HYDRA radiation hydrodynamics code was used to perform the first direct three-dimensional
simulations of the National Ignition Facility point-design capsule. Direct three-dimensional
numerical simulations most accurately treat saturation effects and multimode coupling for
capsules with realistic surface perturbations in the presence of multiple shocks, ablation,
convergence, and finite shell thickness.

LASNEXÑA 2-D Physics Code for Modeling ICF

150

The LASNEX code represents the spatial variation of many physical quantities on a twodimensional, axially symmetric mesh composed of arbitrarily shaped quadrilaterals. This
article describes LASNEX, its physics models, the code structure, its equation-solving
methods, and the user interface.

The ICF3D Code

165

ICF3D is a three-dimensional, inertial confinement fusion code that is based on unstructured
grids and discretized using finite elements. It is portable, running on uniprocessor and massively
parallel architectures. This article provides an overview of the codeÕs modules, discusses the
physics packages and how they are coupled, and presents some results.

NIF Design Optimization

181

The design of the National Ignition Facility is based on cost/performance optimization studies
done in a zero-dimensional performance model and a one-dimensional propagation model.
The optimization efforts give us confidence that we are designing the least expensive system
that meets the facilityÕs functional requirements.

Laser Optimization Techniques

192

This article describes the techniques developed to optimize the design of large laser
systems, such as the National Ignition Facility, using realistic components and realistic
laser light propagation.

vii

TABLE OF CONTENTS

Frequency-Conversion Modeling

199

Frequency conversion is a complex nonlinear process requiring precise tolerances for
optimum results. Newly developed frequency-conversion codes have aided the designers
of the Beamlet and National Ignition Facility lasers in specifying the correct converter
designs needed for a variety of operating scenarios.

The PROP92 Fourier Beam Propagation Code

207

PROP92 is a full-featured Fourier optics laser modeling, design, and optimization tool, with
integrated models for optical elements and effects and sophisticated risk-assessment
algorithms. We describe the physical basis for and numerical implementation of PROP92Õs
most important modules.

viii

Nova/Beamlet/NIF Updates

U-1

Publications

P-1

Articles by Author

A-1

ICF PROGRAM OVERVIEW

Introduction
The continuing objective of the Inertial Confinement
Fusion (ICF) Program is the demonstration of thermonuclear fusion ignition and energy gain in the laboratory.
The underlying theme of all ICF activities as a science
research and development program is the Department
of EnergyÕs (DOEÕs) Defense Programs (DP) sciencebased Stockpile Stewardship and Management (SSM)
Program. The extension of current program research
capabilities in the National Ignition Facility (NIF) is
necessary for the ICF Program to satisfy its stewardship
responsibilities. ICF resources (people and facilities) are
increasingly being redirected in support of the performance, schedule, and cost goals of the NIF.
One of the more important aspects of ICF research is
the national nature of the program. Lawrence
Livermore National LaboratoryÕs (LLNLÕs) ICF
Program falls within DOEÕs national ICF Program,
which includes the Nova and Beamlet laser facilities at
LLNL and the OMEGA, Nike, and Trident laser facilities at the University of Rochester (Laboratory for Laser
Energetics, UR/LLE), the Naval Research Laboratory
(NRL), and Los Alamos National Laboratory (LANL),
respectively. The Particle Beam Fusion Accelerator
(PBFA) and Saturn pulsed-power facilities are at Sandia
National Laboratories (SNL). General Atomics, Inc.
(GA) develops and provides many of the targets for the
above experimental facilities.
LLNLÕs ICF Program supports activities in two
major interrelated areas: (1) target physics and
technology (experimental, theoretical, and computational research); and (2) laser science and optics
technology development. Experiments on LLNLÕs
Nova laser primarily support ignition and weapons
physics research. Experiments on LLNLÕs Beamlet
laser support laser science and optics technology
development.
In addition, ICF sciences and technologies, developed as part of the DP mission goals, continue to
support additional DOE objectives. These objectives

are (1) to achieve diversity in energy sources through
inertial fusion energy (IFE) research and (2) to maintain
a competitive U.S. economy through new development
of technologies of interest for government and industrial use, including Laboratory Directed Research and
Development (LDRD).
This Overview is divided into sections that include
Target Physics and Technology, Laser Science and
Optics Technology, the National Ignition Facility, and
Inertial Fusion Energy/New Technologies. These sections summarize the findings within the individual
articles of this Annual Report, and also discuss important results from FY 1996 that have not been covered
explicitly in the articles.
Many of the articles within this 1996 ICF Annual
Report have been co-authored with colleagues from
other national ICF institutions.

Target Physics and Technology
The activities of the Target Physics and
Technology (TP&T) Program are directed to ensure
the success of achieving ignition on the NIF and supporting the science mission of the DP SSM Program.
The activities fall into the following three main areas:
Nova target physics, NIF target design and code
development, and NIF target area technology development. In the FY 95 annual report overview, we
reported that the DOEÕs Inertial Confinement Fusion
Advisory Committee (ICFAC) had achieved its major
target physics mission objective. This was a result of
the following factors: (1) the Nova Technical Contract
(NTC) was essentially completed; (2) there had been
significant progress in establishing a robust target
design for the NIF; and (3) major progress had been
made in achieving adequate target surface finish of
cryogenic ignition targets. During 1996, the TP&T
Program has shifted its emphasis to better ensure
successful ignition on the NIF and expand support
for the DP SSM Program. The following is a brief
summary of activities in these areas during FY 1996.
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Nova Target Physics

an unsmoothed beam. During this past year, a KPP
design was developed to produce approximately
round spots on the hohlraum wall. A single KPP was
manufactured. Figure 2 shows the improvement of the
beam spot at the equivalent plane of the laser entrance
hole with a KPP compared to a Nova beam without
smoothing. In single-beam experiments, the KPP performed similarly to the RPP in showing SBS and SRS.
The thermal x-ray emission is similar to the calculated
emission pattern. Manufacture of KPPs for the rest of
the Nova beams is in progress and experiments will be
done in 1997.
Most of the progress made in high-growth-factor
implosions was in the area of analysis to understand the
difference in predictions and calculations of the neutron
yield for implosions with capsules having a good quality
surface finish. Using the new capabilities in the 3-D code
HYDRA, the effects of low-mode capsule asymmetry
coupling to intrinsic hohlraum asymmetry were investigated. The coupling of these effects was shown to reduce
the neutron yield more than if the two effects were
assumed to be independent. Work continues to apply
these capabilities in understanding the experiments.
We performed two weeks of indirect-drive experiments on the Omega laser at UR in collaboration with UR
and LANL scientists. These were the first indirect-drive
experiments performed in the facility. The experiments
showed that indirect-drive experiments could successfully be fielded on Omega. Drive and implosion
symmetry experiments were conducted similar to
those conducted on Nova. These demonstrated that
Omega can produce similar irradiation conditions as
Nova when operated at similar power levels.

Nova Ignition Experiments. Experiments and analyses continued in plasma physics, hohlraum physics,
and high-growth-factor implosions. Much of the effort
was devoted to extending quantitative understanding
of the physics beyond the NTC and to better define the
limits in target performance for the NIF. In addition,
initial indirect-drive experiments were done on the
Omega laser at UR (in collaboration with scientists
from LANL and LLE) in order to determine the feasibility of using the facility for indirect drive.
Plasma physics experiments continued to investigate
stimulated scattering processes in NIF-like plasmas
using Ògas-bagÓ and gas-filled Òscale 1Ó Nova
hohlraum targets. An extended set of experiments
were done using the f/8 lens in beamline 7 to
approximate the NIF focusing geometry. These
experiments demonstrated an anticorrelation between
stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS) as a function of plasma density. This trend is seen in Fig. 1, which shows the SBS
and SRS as a function of plasma densities. The data are
from gas-bag targets using NIF focusing conditions of
0.35-µm light focused to intensities of 2 × 1015 W/cm2
using an f/8 lens. Scattering levels have a weak but
measurable dependence on smoothing by spectral dispersion (SSD) laser bandwidth as shown in Fig. 1. In
addition, a new Thomson scattering diagnostic has
been activated during the past year. Initial experiments
using the probe during the past year measured temperature and density from gas-filled hohlraums.
During the upcoming year, a new 4ω probe will be
activated to extend the capability to higher density.
The principal activity for understanding symmetry
in gas-filled hohlraums was to manufacture ten kinoform phase plates (KPP) to perform hohlraum coupling and symmetry experiments with ten smooth
beams. Experiments in the previous year using one
beam with a random phase plate (RPP) showed that
the beam performed much closer to expectation than
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FIGURE 1.

A scaling of (a) SBS
and (b) SRS reflectivity as a
function of plasma density for
various laser conditions. The
data are taken on Nova with
one beam approximating NIF
focusing conditions of 2 × 105
W/cm2 of 0.35-µm light using
an f/8 lens.

Nova Weapons Physics Experiments. The ICF
Program and scientists in LLNLÕs A Division, B Division,
V Division, and H Division continued to collaborate on
weapons physics experiments on Nova in FY 96.
Nova can produce a range of radiation temperature
and pulse length capabilities for driving SSM-based
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FIGURE 2. Far-field images of
a Nova beam comparing the
beam structure of a normal
Nova beam (a) with one having
a kinoform phase plate (b).
(02-25-0397-0476pb01)

experiments and these capabilities can be scaled to the
NIF. During this period, a collaboration between V &
A Divisions and the ICF Program demonstrated that
very-high-temperature hohlraums can be produced
with hohlraums scaled down to a smaller size than the
Nova scale 1, which is 2.6 mm length by 1.6 mm diameter. At the other extreme, a radiation temperature of
>80 eV was produced for 14 nsec in a scaled-up
hohlraum. The technique used for producing a long
laser pulse was to stagger the 2-ns laser pulses. This
capability has been used to produce drives for radiation flow experiments down gas-filled tubes where
the position of the radiation front was measured by
soft x-ray emission. These experiments complement
similar experiments at SNL on their z-pinch sources.
For the NIF longer pulses, close to 100 ns at 100 eV
could be produced. At intermediate pulse lengths,
ablation pressures of ~40 Mbar have been produced
with 3% uniformity over scale lengths of up to 1 mm.
In collaboration with B Division, experiments have
begun on Nova which measure the growth of hydrodynamic instabilities and equations of state in the presence
of material strength. At pressures of ~1 Mbar, the melt
temperature of metals increases up to 1 eV at compressions of 2Ð3 in accord with the Lindemann melt model.
By carefully shaping the drive pulse on Nova, with a
foot/pulse ratio of 50, we have been able (in calculations) to keep the shock heating of metals such as Cu
and Mo below their melt temperature. The growth of
RayleighÐTaylor instability at a buried interface has
been measured under these conditions, and a reduction in the growth rate because of strength in the solid
state has tentatively been identified.
We have developed a plan to further investigate primary physics. We have preliminary data on the Bragg
diffraction from a shocked Si witness plate showing
lattice compression and subsequent expansion due to
the rarefaction wave. The material stayed solid with a
clearly defined Bragg diffraction. We have developed a
Michelson interferometer to measure the expansion of
the rear surface of a witness plate and, importantly, the
expansion due to preheat.

For secondary physics, we have worked with
A Division and improved our understanding of the
physics models used for hydrodynamic mixing in our
computer simulations. Passive tracer layers with higher
x-ray absorption than the surrounding plastic, so the
position of the layer shows up on the radiographs, have
been developed to investigate highly vertical flows in
the regime between laminar and turbulent flow on
Nova. In further hydrodynamic experiments, integrated
laser-driven experiments have been used to provide
close analogies to thermonuclear secondaries.
In FY 96, Nova was used to make equation-of-state
(EOS) measurements of cryogenic deuterium with sufficient precision to distinguish between an old EOS
and a new EOS with energy loss from disassociation
included. The EOS of hydrogen and its isotopes at high
pressure have long been of interest, driven by the need
for understanding the physics of high-density matter.
Two applications, solar science and inertial confinement fusion (ICF), are critically dependent on hydrogen
EOS behavior. The performance of deuterated ICF capsules relies on shock timing and efficient compression
which are dependent on the EOS. For these reasons, a
number of theoretical models of the EOS of hydrogen
have been proposed. An important and outstanding
question in the EOS of H2, as well as D2, has been the
transition from a diatomic to a monatomic fluid. A
continuous dissociative transition has been suspected
but not observed. Theoretical predictions of molecular
dissociation have been complicated by the presence of
electronic transitions and possible ionization near pressures required for dissociation (~100 GPa). During this
year we performed and published results of the first measurements of density, shock speed, and particle speed in
liquid (cryogenic) deuterium, compressed by laser-generated shock waves to pressures from 25 to 210 GPa (0.25 to
2.1 Mbar). The data shown in Fig. 3 indicates that the D2
compressibility above 50 GPa is significantly greater compared to the existing widely used equation of state. The
data strongly indicate a continuous molecular dissociation transition of the diatomic fluid into a monatomic
phase.
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FIGURE 3.

Data for the equation of state for liquid D2 taken using
Nova. The data are compared with the standard model (solid line) and
the dissociation model (gray line). The previous gas gun data could
not discriminate between the two models.
(08-00-0996-2169pb01)

Advanced Concepts. The fast ignitor concept uses
short-pulse lasers to produce fast electrons to heat a
compressed core of DT fuel. Experiments to test the
feasibility of this concept were done using the
100-TW laser in the 2-beam chamber of Nova. In 1996,
experiments with 0.4-ps pulses at 2 × 1019 W/cmÐ2
demonstrated more than 20% efficiency of coupling
laser energy to fast electrons. Modeling indicates that
the internal coupling efficiency could be as high as
50%. In parallel, the Petawatt laser was demonstrated
(as noted below), and the target chamber is being
readied for target experiments in 1997.

NIF Target Design and Code
Development
NIF Target Design. Work continued on the NIF
point design robustness by direct 2-D simulation
(using LASNEX) of inner DT surface and outer CH
surface perturbations, coupled with low-mode (l<10)
capsule nonuniformities, driven by P0 through P8
drive/asymmetry spectrum extracted from integrated
(hohlraum + capsule) LASNEX simulations, plus random, time-varying perturbations to that drive and
asymmetry. With surface smoothness achieved to date in
the laboratory, the capsules in these Òeverything on itÓ
simulations ignited and burned giving nearly 1-D yields.
We further confirmed NIF robustness by running
simulations in 3D using the HYDRA code (including
thermonuclear burn physics) that combined inner and
xii

outer surface perturbations, with surface smoothness
achieved to date in the laboratory. These too ignited
and burned, giving nearly 1-D yields.
There was a redesign of the NIF point design to
obtain more margin against high-mode (l=100) mode
perturbations, which if initially large enough, might
break up the shell during the time period prior to
achieving maximum velocity. (Current Nova target
surface finishes have l=100, smooth enough to meet
the NIF specifications even prior to this redesign.)
Simulations have also indicated that much higher
modes are not an issue.
We designed a wider variety of NIF ignition capsules including lower-energy, lower-intensity 250-eV
Be ablator capsules that should be safer from a laser
plasma instability point of view. An ignition design
was developed using a B4C ablator.
We identified a beam arrangement on NIF that
allows the baseline hohlraum geometry as well as
tetrahedral hohlraum and direct-drive, and with LLE,
identified a direct-drive ignition target design for NIF.
Code Development and Theory. The capsule-only
3-D radiation hydrodynamics code HYDRA has had a
thermonuclear burn package added to it. Thus, in
addition to analyzing Nova HEP4 implosions and the
effects of low-mode capsule asymmetry coupled to the
imposed Nova hohlraum drive asymmetries, it has
now been applied to the study of yields for the NIF
ignition capsule, subject of the evolution of 3-D inner
and outer surface perturbations.
The more general purpose 3-D radiation hydrodynamics ICF design code of the future is HED3D, which
will use many of the physics modules that have been
developed as part of its precursor project, ICF3D.
During this past year, the speed of the ICF3D hydrodynamics has increased considerably. Figure 4 shows an
example of its capability in a 3-D calculation of the
growth rate of a RayleighÐTaylor instability. Moreover,
its robustness and portability was successfully demonstrated by the fact that it ran on the IBM massively parallel ÒASCI Blue Pacific initial deliveryÓ machine
within one day of delivery to LLNL. Within two days,
a 2-D movie of a finely resolved RayleighÐTaylor
growth simulation was produced using 128 processors.
In this past year, 3-D RayleighÐTaylor growth test
problems were successfully performed, with an under
2% error versus the analytic growth rate. PYTHON, a
new computer science ÒshellÓ well-suited for a C++
object-oriented programming code such as HED3D,
has been identified for use in the development of
HED3D.
The development phase of the plasma code ZOHAR
was completed this year. It is a fluid electron particle
ion version of the 2-D fully PIC ZOHAR code. It has
already been used to do initial studies of nonlinear saturation behavior of Brillouin scattering including
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distance. An energy-resolved prototype is under
construction. Monte Carlo analysis and design of the
neutron shield for a proton-recoil neutron yield
diagnostic was completed and a prototype is under
construction. A charged-particle spectrometer was
designed in collaboration with MIT. Preliminary
experiments on track detection of charged particles
from Nova experiments were completed with
assessment of background levels, and a prototype
spectrometer is under construction. In addition, a
Neutron Time of Flight system was designed and
is under construction at LLE (Rochester) for yield
and ion-temperature measurement. This instrument
will be remotely operable from LLNL. The Neutron
Coded Aperture Imager experiment is being moved
to LLE for completion.
FIGURE 4.

Example of the calculation of a RayleighÐTaylor instability calculation using ICF3D. The figure shows an isodensity contour
(08-00-0996-2163pb01)
after perturbation growth.

effects of 2-D versus 1-D ion-wave-coherence collapse,
as well as revealing interesting physics of the role of
separate ions in the development of saturation effects
for multispecies plasmas.
The hydrodynamics in the laser filamentation and
propagation code F3D was made fully nonlinear. This
has been an important development in its use to analyze high-intensity issues encountered in the analysis
of high-temperature hohlraums. Figure 5 shows the
nonlinear propagation of a laser beam breaking up into
multiple filaments. Other developments involve the
initial attempts at including into F3D models of the
Raman-Brillouin scattering instability competition.

NIF Target Area Technology
NIF Diagnostics. NIF diagnostic developments
concentrated on neutron diagnostics compatible
with expected NIF yields. A Cherenkov radiation
from 16.7 MeV (D,T) fusion gammas was observed
as part of a burn history diagnostic capable of operation with NIF yields, requiring a long stand-off

Laser intensity
Filaments
y
x

FIGURE 5.

z

Example of a calculation from F3D. The figure shows a
constant laser intensity profile for the case where the beam divides
into several filaments. (08-00-0896-1888pb01)

NIF Ignition Capsules. Research continued on
developing the technology for a variety of NIF ignition
capsules. The ability to produce NIF-thickness, gaspermeable, seamless Be ablator coatings on plastic
microshells by sputtering was demonstrated, and
improvements in surface finish are under development. A technique has been developed and transferred
to General Atomics that provides capsules with very
small P1 defects. This technology produces a thin plastic shell that can be decomposed and diffused through
an overcoating. This is also the technique for producing all of the thin capsules for the LLE experiments.
Optically transparent, 2-mm-diameter, low-density
(60 mg/cc) foam shells with 100-µm wall, capable of
holding liquid cryogenic D-T, were manufactured as
an alternative ignition capsule. An LLNL contract with
the Lebedev Institute in Moscow has resulted in the
first production of 2-mm-diameter plastic shells by a
drop tower technique. Improvements in surface finish
are necessary.
Cryogenic Technologies. All NIF target designs
require smooth cryogenic layers of DT as the inner capsule layer. In 1996, we completed and demonstrated a
self-contained DT source for cryogenic target development experiments at LLNL. We demonstrated the
efficacy of heat fluxes on smoothing of solid hydrogen in
curved geometries with the same radius of curvature as
NIF ignition capsules. For unheated ÒnativeÓ cryogenic
layers, surface finishes required for ignition were demonstrated. We demonstrated the efficacy of producing heat
fluxes in the interior of enclosed solid D-T cells by
microwave heating the free charges in the vapor space
and establishing the smoothing properties of this heat
flux. We demonstrated the efficacy of infrared heating of
bulk solid hydrogen for smoothing the surfaces. In addition, we designed and analyzed thermal characteristics of
cryogenic hohlraums for beta-layering fuel in ignition
capsules and are nearing completion of a cryogenic test
system for development of cryogenic hohlraums.
xiii
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NIF Target Chamber. Technology is being developed for the survivability and maintainability of the
integrity of the NIF target chamber. We confirmed that
B4C can provide for x-ray protection of the chamber
wall for up to 20-MJ yield, with only a few grams total
ablation and thus minimal impact on debris shields.
Figure 6 show the dramatic reduction of material
removal for B4C as a function of x-ray fluence compared to Al, the NIF chamber material. We improved
modeling of vapor generation and chamber condensation of materials produced by x-ray ablation from NIF
experiments. We obtained good agreement between
modeling and Nova experiments and established the
viability of lower-cost plasma-sprayed B4C, compared
to the more expensive hot-pressed manufacturing process. We defined a protection scheme for the target
positioner using B4C sacrificial layers coated onto a
shock-absorbing aluminum foam. We also defined
cryogenic target interfaces and analyzed effects of
target emissions on generic cryogenic target support
system. We reduced NIF costs through better assessment of activation issues by requiring a smaller neutron shield mass and eliminating most boron content
in concrete structures and assessed the efficiency of
CO2 cleaning for first wall panels. Additionally, we
established a Target Area System Code for modeling
operation off the target area and assessing operational
impacts of performing experiments.

University Use of Nova

1996 was the first year of an LLNL-operated independently reviewed program for University use of
Nova for broad-based SSM experiments. In response to
a call for proposals, 18 proposals were received for
Nova use. These proposals were reviewed by the
Target Physics Program Advisory Committee, which is
independent of the staff at LLNL. After review, nine
proposals were approved in the fields of astrophysics,
atomic physics, high-density physics, plasma physics,
diagnostics development, and ICF.
An example of the synergism of ICF with the
University use program is the development of the
Thomson probe on Nova, which has subsequently
been used to characterize hohlraum plasmas. Initial
activation and experiments using the probe were
done to study the structure of ion acoustic waves in a
two-species plasma. An example of the decay waves
showing the two ion waves is shown in Fig. 7. This is
the first measurement of two-ion-acoustic waves in a
two-species plasma with Thomson scattering. This
work has resulted in a publication.
To promote the use of large lasers for astrophysics,
the ICF Program and V Division jointly hosted a workshop on laboratory astrophysics with large lasers in
February. Eighty participants from a broad-based community attended.
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FIGURE 6. Comparison of the material removal as a function of
x-ray fluence for Al and B4C. The solid circles are data taken on
Nova verifying that B4C can be used as a first wall material to mitigate debris. (40-00-0195-0079G)
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The Laser Science and Technology (LS&T) Program
provides laser technology development and validated
performance models for NIF and advanced ICF laser
systems. LS&T laser developments have spin-offs that
are valuable to Stockpile Stewardship, other national
programs, and U.S. industry. Many of these spin-offs,
which have then been advanced by other sponsors, are
now being applied to ICF needs (i.e., spin-backs).
Examples include laser diodes in the NIF front-end
and zigzag slab laser technology. The ICF Program is
strengthened by this synergistic exchange of information between these diverse activities.
LS&TÕs primary activity in 1996 has been the laser
and optics technology developments for NIF. A fouryear focused activity for laser technology development
started in 1995 and is described in the Core Science
and Technology Report (authored jointly with Sandia
and Los Alamos National Laboratories). The objectives
of the laser developments are to provide validated
design packages for the laser components and overall
system design and optimization for NIF. The objective
of the optics technology developments (formally
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FIGURE 7. Example of results
from the Nova University use
program. The figure shows
results from a Thomson scattering experiment that used
Thomson scattering to observe
the two ion-acoustic waves from
a two-species plasma. This data
is taken from a plasma that is
4% Au and 96% Be.
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managed by the NIF Project) is to develop industrial
production methods for the 8000 full-scale NIF optics
that meet performance requirements at the required
NIF cost and schedule. Both activities are described
below.

Laser Science and Optics Technology
Highlights
Many major Laser Science and Optics Technology
milestones were completed in 1996. The amplifier
module prototype laboratory (AMPLAB) was inaugurated, and the first prototype 4 × 2 NIF amplifier
and maintenance transport vehicle were designed
and fabricated. Re-optimization modeling of the NIF
laser design yielded a 11-0-5 configuration of amplifier slabs in each beamline and a myriad of detailed
system specifications. Beamlet was used to study the
fluence and power limits and focusability of NIF,
uncovering issues regarding 3ω damage and potential system failure modes. These discoveries resulted
in a NIF design change, placing the frequency converter and 3ω focusing lens inside the target chamber with a 1ω window holding the vacuum. Beamlet
studies on the focusability of the 3ω beam on target
identified the need for amplifier cooling to increase

NIF repetition rate. We have initiated an aggressive
effort in this area.
The LS&T Program continued to support target
physics experiments on Nova and completed the
Petawatt laser beam (1015 W) for research on the fast
ignition approach to ICF and other ultrahigh irradiance physics experiments. Diffractive optics (kinoform
phase plates) were added to the Nova debris shields to
provide beam smoothing for both direct- and indirectdrive studies. Hardware for 10-beam smoothing by
spectral dispersion was added to Nova to support
plasma physics studies.
With respect to spin-off technology, we provided
key demonstrations of femtosecond laser cutting for
material processing.
1996 was an important year for NIF optics development. We demonstrated the viability of continuous
melting of phosphate laser glass at vendor facilities by
performing quarter-scale runs at Hoya and full-scale
runs at Schott using surrogate glass materials. The
KDP rapid growth program matured to produce NIFsize boules (up to 43-cm size) and to yield plates which
meet all the NIF 1ω optical requirements. The optics
finishing companies have all demonstrated processes
which meet NIF cost and performance requirements.
An important development in diffractive optics
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capability was making a high-efficiency, high-damage-threshold color separation grating to deflect 1ω
and 2ω light from the target while maintaining the
focusing of 3ω light on target.
Many of our laser and optics technology developments have been done in collaboration with our French
Commissariat ˆ lÕƒnergie Atomique (CEA) colleagues.
CEA plans to build the Laser MegaJoule (LMJ) with specifications similar to NIF by 2008 and to test a 4 × 2 beam
bundle in a Ligne dÕIntegration Laser (LIL) in the year
2000, approximately. This is similar to the schedule for
the first NIF beam bundle. Because of our partnership in
laser and optics developments, we assisted CEA in organizing a very successful conference on solid-state lasers
for ICF in Paris in October 1996, which was attended by
260 participants. This was a follow-up of a previous
meeting organized by LLNL and held in Monterey,
California, in May 1995.

NIF Laser Component Development
NIF laser component developments include the
pulse generator, the amplifier, the pulse power system,
the plasma electrode Pockels cell, the beam control system, and the Beamlet test facility. Significant progress
has been made in all areas in 1996 with preliminary
prototypes and tests of important physics issues.
The NIF front-end design is based on a fiber-optic
oscillator, amplifiers, and pulse-shaping systems that

FIGURE 8. The NIF fiber
oscillator and fiber amplifier
demonstrated a gain of 300, far
exceeding the NIF specification of 36.
(70-00-0996-2180pb01)
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deliver nanojoule level inputs to the 192 preamplifier
modules (PAMs). During the year, the NIF design was
changed from 192 to 48 PAMs. The NIF front-end system has stringent specifications on stability, pulseshaping, and dynamic range (275). We demonstrated a
fiber amplifier with a gain of 300, far exceeding the
NIF specification of 36 (see Fig. 8) and converted it
into a single-frequency fiber oscillator. We developed
an electronic pulse-shaping system, as discussed in
96-2 article on ÒTemporal Pulse Shaping of Fiber-Optic
Beams,Ó that generates a computer-controlled, arbitrary waveform to satisfy NIF requirements. This fiber
amplifier and pulse-shaping system are now being
transferred to industry, who will manufacture the NIF
units. The purpose of the regenerative amplifier
(regen) is to amplify nanojoule temporal-shaped
pulses up to the millijoule range with pulse-to-pulse
stability of <3% rms. To maintain such high stability,
the regen rod amplifier is pumped with laser diodes.
Output from the regen is further amplified up to 22 J
by passing four times through a flashlamp-pumped,
5-cm rod amplifier, or possibly in a 1-Hz repetitionrate zigzag amplifier. The rod amplifier system has
demonstrated up to 14 J and is now being redesigned
to produce higher output and less temporal pulse distortion. Energy from the four-pass amplifier is split to
supply equal input energy to a ÒquadÓ of four beams,
all of which will focus together on the target after further amplification through the full-aperture amplifiers.
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AMPLAB is the key facility for testing the fullaperture amplifiers. Testing will provide essential
information on gain, wavefront performance, cooling
recovery, and the degree of cleanliness in assembly and
maintenance that affects the lifetime between amplifier
refurbishments. AMPLAB construction began in 1996
and will culminate in full-scale amplifier testing in
1997. The 4 × 2 (four slabs high by two slabs wide by
one slab long) amplifier module and a cart to load a
cassette of amplifier slabs were designed and parts
were procured (see Fig. 9). We expect to have the
amplifier module and cart assembled and module tests
to begin by mid-1997.
Flashlamp cooling will be implemented to increase
NIFÕs shot rate, ideally reducing the wait between
shots. The wait is for the thermal distortions of the
amplifier slabs to diminish, returning the beam to an
adequate quality on target. Without active cooling,
adequate beam quality may not return for much more
than eight hours. However, by cooling the flashlamps, the wait time can be reduced to eight hours
and possibly less. Detailed modeling and tests on
Beamlet have greatly increased our understanding of
the relationship between amplifier slab temperature

and beam wavefront and focusability as discussed
later. The 4 × 2 prototype amplifier module in
AMPLAB will have gas-cooled flashlamps to test the
concept at the NIF scale.
A large-aperture diagnostic system (LADS) will make
amplifier gain and wavefront measurements of the
AMPLAB module. (LADS is a cooperative development
with our French CEA colleagues.) This system consists of
a probe laser with large-aperture telescopic beam optics,
scientific-grade CCD cameras, and an interferometer.
The reliability of the 7000 NIF flashlamps is very
important. The NIF lamps, at 4.3-cm bore and 1800-cm
arc length, are the largest commercial lamps ever made
and dissipate an unprecedented 36-kJ electrical energy
per shot. We have tested prototype lamps from two
U.S. makers with a set of six lamps from each company lasting over 20,000 shots. We are also testing
lamps from foreign vendors.
The pulsed power system provides the energy for
the flashlamps. NIF requires approximately 330 MJ of
stored energy. To reduce the cost by approximately a
factor of two from previous systems, this large amount
of energy will be provided by relatively large, 1.7-MJ
modules. NIF pulsed-power development is shared

FAU
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cassette

AMP cart

FIGURE 9.

A cart inserting amplifier slabs into the 4 × 2 amplifier module.

(70-00-0996-2187pb01)
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between SNL and LLNL. LLNL is responsible for capacitors, power supplies, and other components, while SNL
is responsible for the switch and integrated module testing. During 1996, we tested NIF-like capacitors from
two U.S. vendors and several foreign vendors. To
reduce fabrication costs, the new capacitors have a
higher energy density and more capacitance per can.
The NIF switch must reliably handle 500 kA. We
have found one commercial switch (high-pressure
spark gap) that may meet NIF requirements for at
least 1000 shots between refurbishments. We are also
working with Russian colleagues on the development of a solid-state silicon switch that has potential
for an even longer lifetime. Fault mode testing
was done with a commercial partner to verify the
viability of the large energy parallel banks planned
for NIF.
Significant progess has been made on the plasma
electrode Pockels cell (PEPC), with the development of
a densely packed prototype for use in a 4 × 2 beam
bundle. The NIF design calls for four PEPCs stacked
vertically in a single replaceable unit, but electrically
the unit is two 2 × 1 modules. This year we designed
and assembled a 2 × 1 module to test this concept
(see Fig. 10). Initial tests of this prototype appear
highly promising. We proved that it is possible to use a
metal housing that is optimally biased at the anode
potential to produce a uniform discharge and optical
switching. One of the key concerns regarding the
PEPC was that magnetic coupling between apertures
could disrupt discharge uniformity. However, experiments with externally induced magnetic fields showed
no adverse effect from having several apertures in
close proximity provided the current returns are properly shielded magnetically.

To align and control the large number of NIF
beams at an affordable cost, many new concepts and
simplifications of previous systems have been implemented. A 1/10 scale optical layout of a NIF beamline
was built to test the alignment and control concepts.
Both near-field and far-field beam sampling and beam
centroiding systems have been tested. The use of a
grating beam sampler at the spatial filter pinholes minimizes the required power of the alignment beam.
Tests of diagnostic concepts have also been conducted
at 1/10 scale, including optical damage monitoring
concepts. This concept has also been evaluated on
Beamlet. We have also tested a high-energy, far-field
measurement system on Beamlet that could measure
the performance of each NIF beam.
Development of the NIF control system has focused
on the selection of the overall system architecture and
supervisory software framework. We are building prototypes of a distributed timing system, auto alignment
front-end processors, motor control processors, and
integrated energy diagnostics.
Wavefront control is another important aspect of the
NIF systems. For efficient frequency conversion and
high focusability on target, the NIF beam needs a
deformable mirror to correct wavefront aberrations
accumulated during the multiple passes through the
amplifiers. The NIF specification is for 95% of the
focused energy to be contained in a 70-microradian
cone (500-micron focal spot). This is consistent with a
beam that is 10 times diffraction-limited at 1 micron.
Beamlet uses a small 7-cm aperture deformable mirror
with 39 actuators to produce the necessary precorrection before injection into the multipass system. We
have developed a full-aperture (40-cm square)
deformable mirror for use as one of the end mirrors in
the multipass cavity. This component will minimize
the beam divergence throughout the laser chain,
improving alignment accuracy and increasing beam
transmission through the spatial filter pinholes.
Installation and testing of this prototype on Beamlet is
planned for early 1997.

System Integration Tests on Beamlet

FIGURE 10. A 2 × 1 prototype of the plasma electrode Pockels cell
will test the NIF design. (70-00-0297-0280pb01)
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The full energy beam diagnostic system constructed
for Beamlet in 1995 was used during 1996 to measure the
focal energy distribution with and without a KPP. These
measurements meet NIF specifications for ICF ignition
targets, but confirm the importance of wavefront control
for NIF beam focusability. One determinant of beam
focusability is amplifier cooling. Figure 11 shows the relationship measured on Beamlet between slab temperature
rise and beam divergence. To reduce thermal-driven
phase aberrations, in 1996 we installed on Beamlet a Òt-1Ó
system to allow the deformable mirror to correct aberrations up to one second before the shot. We also made
detailed measurements of beam modulation growth with
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peak power as caused by nonlinear self-focusing. We
investigated the effect of spatial filtering on beam modulation and the limits in filtering caused by Òpinhole closureÓ with 20-ns duration ICF ignition pulse shapes.
Optimum pinhole shapes and materials are still under
investigation.
During Beamlet tests in September, we imploded, for
the second time, the input lens to the transport spatial filter. Unlike the first implosion, this accident occurred
because of the inadvertent absence of bandwidth on the
beam which would have normally prevented transverse
stimulated Brillouin scattering in the lens. Because of the
implosion threat, we have reduced the stress in the NIF
lens design to a level where implosion should not occur
(500 psi), and we are now developing a fail-safe bandwidth system. We have also changed the design of the
NIF final optics assembly to use a 1ω input window with
the frequency conversion crystals and 3ω focusing lens
mounted inside the vacuum. This design reduces the
damage threat (1ω rather than 3ω) on the atmosphericpressure-loaded optics. Testing the new final optics
configuration on Beamlet will be a major activity in 1997
(the Beamlet ÒmuleÓ campaign).

NIF Modeling and Optimization
Because of the magnitude of the NIF Project, it is
imperative that the design be both cost-optimal and
meet the NIFÕs functional requirements. Numerical
modeling and optimization have played a major role
this year in fulfilling both of these requirements. Over
the past few years, we have developed computer codes
capable of simulating the detailed evolution of the
beam as it propagates through the chain elements,
including effects of optical aberrations, transverse gain

variation, multipass gain saturation, nonlinear selffocusing, phase correction with deformable mirrors,
and frequency conversion. Separately, we have developed codes that model the propagation of flashlamp
light in the pump cavity, the excitation of the laser
medium by that light, depumping due to amplified
spontaneous emission in the medium, and the
prompt thermal loading and ensuing optical distortion in the slabs. Both of these sets of code can run in
a parallel-processing mode on our 1-gigaflop cluster
of 28 workstations, and can act as the computer engines
for large multivariable parametric studies or constrained optimizations. This computational capability
was used to examine the predicted performance, cost,
and safety of over 100,000 different variations on the
NIF configurationÑvarying such parameters as slab
counts in each of the three potential amplifier locations
(main, switch, and boost), optical aperture, slab thickness and doping, flashlamp packing and pulse length,
pump reflector shapes, pinhole sizes, spatial filter
lengths, converter crystal thicknesses, and the detuning angle. The NIF design configuration was chosen as
a compromise between cost-effectiveness and performance margin. Subsequent detailed modeling has been
used to establish the interface and component specifications and to assess engineering change requests to
the baseline design.

NIF Optics Manufacturing
Developments
We are following a four-phase program to meet the
NIF optics requirements: development, facilitization,
pilot production, and production. The development phase
is used to identify appropriate manufacturing technologies, qualified companies, and to demonstrate prototype
production processes by making a small number of fullsize optics to NIF specifications. The facilitization phase is
used to design, build, and install the NIF production
equipment, and to modify and/or expand the production
facilities as necessary to house the equipment. The pilot
production phase is used to verify production readiness of
the manufacturing facilities and processes. This work
includes hiring and training the production staff, manufacturing about 10% of the NIF optics to demonstrate
specifications and production rate requirements, and
delivering the optics needed for the first bundle. Finally,
the production phase is used to manufacture the balance
of the optics needed to construct the NIF.
Laser materials: Phosphate Laser Glass, KDP/
KD*P Crystals, and Fused Silica. We are working
with two companies to develop continuous melting
technology for platinum-free phosphate laser glass for
the NIFÑSchott Glass Technologies in Duryea, PA, and
Hoya Optics in Fremont, CA. Both companies can also
produce this glass using conventional batch processes.
xix
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As part of this development effort, the companies have
paid considerable attention to determining the optimum composition of the glass. Schott, working closely
with LLNL scientists, has developed a new composition, LG-770, for the NIF. In 1996, Schott finalized the
composition of LG-770 and batch-melted ten of these
slabs for testing on Beamlet. Hoya has elected to melt
LHG-8 for the NIF; this is the composition used for
Nova. In 1996, Hoya batch-melted nine slabs of LHG-8
at NIF size and specifications for testing in AMPLAB
in 1997Ð8.
Schott and Hoya are taking different routes to the
NIF continuous melting technology. Schott is going
directly to a full-scale design, while Hoya is doing its
development at subscale, and will not build a full-scale
melter until the facilitization phase of the NIF Project.
In 1996, Schott completed annealing and testing of a
NIF-size BK-7 glass analog of laser glass melted in
1995, as shown in Fig. 12.
Forming the glass into a continuous strip is one of
the most critical aspects of continuous melting. The
BK-7 glass analog met the NIF homogeneity specification, and provides us with greater confidence that the
Schott full-scale process will be successful. Also during
1996, Schott completed the detailed design of the fullscale melter and ordered most of the major equipment.
Schott also began construction of the building that will
house the melter. Installation of the full-scale melter is
scheduled to be complete in mid-FY 97, and will be
followed by the first full-size continuous melting campaign of phosphate laser glass.
Early in 1996, Hoya operated their subscale continuous melter and formed the phosphate laser glass at
about one-fifth NIF scale. Later in the year, the melter
and former were reconfigured, and Hoya executed
another campaign to form glass at one-half NIF scale
(see Fig. 13).
Remarkably, this glass exceeded the NIF platinum
inclusion specification, met the IR and UV absorption specifications, and was within a factor of two of
the homogeneity specification (∆n ≅ 4 × 10Ð6 the specification of 2 × 10Ð6). More detailed investigations of
the homogeneity at fine spatial scale will be conducted in 1997 to ensure that the glass will meet the
transmitted wavefront power spectral density (PSD)
specification upon finishing. Hoya will refine their
melter design further in 1997 in preparation for
designing the full-scale melter that will be constructed in 1998.
The KDP/KD*P rapid crystal growth program produced the first NIF-size KDP boules in 1996 (see Fig. 14).
These crystal boules ranged from 43 to 48 cm, and are
large enough to yield the <001> Òz-platesÓ needed for
the plasma electrode Pockels cell. KDP boules of
approximately 51 cm (with a goal of 55 cm) are needed
to yield the Type I second harmonic generation crystals
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FIGURE 12. NIF-size BK-7 glass analog of laser glass melted in
1995, annealed and tested in 1996 (by Schott).
(70-30-1295-2695pb02)

(a)

(b)

FIGURE 13. Phosphate laser glass formed by HoyaÕs subscale continuous melter in 1996 at one-fifth NIF scale (a) and at half NIF scale (b).
(70-30-0496-0989pb01 top and bottom)
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for NIF. Two crystal plates were fabricated from a representative boule and were found to meet all of the
NIF optical and damage specifications for 1ω. The
growth of these large boules was enabled by stiffening
the platform base upon which the crystal grows. All of
the growth runs that produced these boules terminated earlier than intended, with spurious crystals
appearing in the solution and eventually attaching to
the main boule.
The spurious crystals were determined to originate
from the main boule, and are created by very slight relative motion between the crystal boule and the platform
that breaks off microscopic crystal chips from the boule
edges. Efforts in 1997 will be focused on reducing the
stresses that produce this relative motion.
Solution inclusions tend to form on the pyramidal
<101> faces of rapid growth crystals at the rotation
parameters (rotation rate, acceleration, and rotation
period) used to grow the large boules to date. These
inclusions limit the number of usable plates which can
be obtained from these boules. Until the platform was
stiffened, we were limited to very low acceleration
rates of 50 revolutions per minute per minute (RPM2);
exceeding this acceleration rate led to catastrophic failure by fracturing of the boule. Using a stiffer platform
base enabled the use of higher acceleration rates that
mitigated the severity of the solution inclusions on the
pyramidal faces. An effort was initiated in mid-1996 to

understand the nature of the hydrodynamic conditions
in the rapid growth system, and of their correlation
with morphological instabilities on the growing crystal
faces. Scaling analyses relating conditions in the small
tanks, where these inclusions rarely occur, and the
large tanks, where they frequently occur, indicate that
by further increasing the acceleration rates and periods
these inclusions can be eliminated. Refinement of this
understanding will continue in 1997 in conjunction
with the efforts to increase the size of the KDP boules.
Continuous filtration to remove particulate impurities
has long been associated with producing high-damagethreshold crystals. A full-scale continuous filtration
system was built in 1996, and used successfully to
grow a KDP crystal in a subscale crystallizer. The 3ω
damage threshold of this crystal was 14 J/cm2, which
marginally meets the NIF requirement for operation at
1.8 MJ. The damage threshold of this crystal is about
30% lower than that of the best conventionally grown
crystals. Careful studies in 1996 of damage in both
rapidly grown and conventionally grown crystals have
indicated the presence of defects in addition to particulates that may ultimately determine the 3ω damage
threshold. A primary goal of the KDP group in 1997 is
to develop suitable diagnostics for characterizing damage and identifying the critical defects that determine
the damage threshold. While continuous filtration is
necessary to consistently achieve high damage

FIGURE 14. Rapid crystal
growth technology, which
allows growth of KDP crystals
at 10-20 mm/day instead of
1-2 mm/day using traditional
technology, is being scaled up to
produce 55 cm crystal boules
needed for NIF. In FY96, we
produced the first large boules of
KDP which yielded 41 × 41 cm
plates needed for the NIF
plasma electrode Pockels cell;
these crystals met all NIF specifications. FY97 efforts will focus
on further scale-up to 55 cm
needed for the second harmonic
conversion crystal plates, and on
the growth of deuterated KDP
(DKDP) needed for the third
harmonic conversion crystal
plates.
(70-50-0996-2193pb01)
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threshold in KDP, it may not be sufficient by itself.
Nevertheless, NIF-size crystals will be grown with
continuous filtration in 1997, and evaluated for damage in parallel with the continued, more fundamental
studies on KDP bulk damage. The 3ω damage threshold
of the boule from which the z-plates were fabricated was
12 J/cm2, about 10% lower than that of the subscale
crystal grown with continuous filtration.
In addition to effort aimed at increasing boule size,
reducing inclusions, and understanding damage in
1997, the KDP group will also begin to grow full-size
KD*P (deuterated KDP) crystals by rapid growth for
the third harmonic generation crystals.
Corning Inc., in Corning, NY, is working to
improve its fused silica deposition process and adapt
its furnace design to optimize the fused silica boule
geometry for the NIF requirements. This work
involves increasing the furnace size, the thickness of
the boules, and the deposition rate. Significant
progress was made on burner modeling and single
burner experimental studies, which indicates that the
Corning goals for boule thickness and deposition rate
can be met. The first implementation of this new
design will be tested in mid-1997.
Fused silica boules from Corning tend to have moderately large index inhomogeneities in the center of
the boule; this material is generally not used for ICF
optics since it fails the homogeneity specification. A
careful study of representative samples of this material using phase interferometry was initiated in 1996 to
investigate the possibility of using the deterministic
finishing processes for lenses and windows (described
below) to correct this inhomogeneity, thereby substantially increasing the yield and reducing the cost of
fused silica for NIF. The magnitude and gradient of
the inhomogeneity was found to be small enough that
we, along with the finishing vendors, are confident
that this approach will be successful. Hence, the NIF
specification for fused silica was relaxed, and the projected cost reduced accordingly.
Optics Fabrication: Flats, Lenses, and Crystals.
Plano optics (flats) include amplifier slabs, mirrors,
polarizers, windows, diffractive optic substrates, and
debris shields. Finishing technology development for
all of these optics includes deterministic figuring to
minimize the time and cost needed for production.
Figuring traditionally contributes about half of the
cost of these optics. Other development activities
common to these optics are cleaning and surface
inspection. Improved cladding technology is required
for the amplifier slabs, and finishing processes which
produce high 3ω damage threshold surfaces are
needed for the diffractive optic substrates and debris
shields.
We are working closely with three companies on
plano optic fabrication technologyÑEastman Kodak
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in Rochester, NY, Tinsley Laboratories in Richmond,
CA, and Zygo in Middlefield, CT. Each company has
taken a different route to expand their existing capabilities to meet the NIF requirements.
However, these three companies agreed in 1996 to
work together with LLNL and LLE to jointly develop
generic technologies outside of their traditionally
competitive sphere: edge cladding for amplifier
slabs, precision cleaning, and surface inspection.
This collaborative effort will minimize the cost of the
development program and produce superior results
more quickly by capitalizing on the unique strengths
of each of the partners. The formal collaboration was
initiated in late 1996; the development tasks will be
concluded in late 1997.
Kodak has developed small-aperture figuring
technology for a variety of defense and astronomy
applications. For example, ion-beam figuring was
used for final figuring of the hexagonal Keck telescope mirror segments. Kodak first applied their
technology using subaperture polishing tools to
phosphate laser glass amplifier slabs during the
Beamlet Project in 1993. Residual errors caused by
overlap of the individual passes of the tool produced
ripple that was unacceptable for use on Beamlet.
However, by improving the tool design and figuring
process, Kodak was able to meet the NIF amplifier
PSD specification. This specification is extremely
tight to control peak laser fluence due to nonlinear
processes limits wavefront aberration in the mm to
cm lengthscale of less than one hundredth of a wave.
KodakÕs process is essentially ripple-free, producing
surfaces that meet this specification with only two
figuring iterations. Traditional continuous polishing
(CP) technology typically requires ten or more iterations to achieve the final figure specification.
Kodak also made substantial progress in improving
its CP technology used to polish the plano optics prior
to entering its small tool process. Extensive process
modeling coupled with real-time diagnostics were
applied to a subscale CP machine to demonstrate
highly deterministic CP polishing. Kodak will modify
their full-scale CP machine in 1997 to demonstrate the
process on NIF-size optics.
Tinsley also uses small tool polishing technology for
final optical surface figuring. Traditionally, Tinsley has
focused on manufacturing high-precision aspheric
lenses and other complicated optic shapes. However,
Tinsley is adapting this technology to plano optics for
NIF. Tinsley designed and built full-scale edging,
grinding, and polishing machines in 1996 that are
needed for the development program, and can also be
used for NIF production.
In 1996, Tinsley used these machines and its
improved figuring process to manufacture mirror
blanks that met the NIF specifications; these blanks
will be coated and tested on Beamlet in 1997. Tinsley,
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who had no previous experience with edge cladding,
also began an intensive campaign to develop the capability for cladding and finishing NIF amplifier slabs.
The company produced its first amplifier slab in 1996.
In 1997, Tinsley is scheduled to clad and finish several
of the amplifier slabs for AMPLAB.
In contrast to Kodak and Tinsley, Zygo uses its CP
machines for final figuring rather than a subaperture
polishing tool. To improve the determinism of this process, Zygo has substantially improved the stability
(long-term flatness) of the lap surface. In 1996, Zygo
demonstrated on a half-scale CP (96-inch diameter)
surface form errors of less than one-tenth wave over a
fifty-hour period, substantially exceeding their goal for
NIF. Zygo will implement this technology on a fullscale CP machine in 1997. The conceptual design of
this machine was completed in 1996.
In addition to the figuring development, Zygo has
also demonstrated fixed abrasive grinding technology
using electrolytic in-situ dressing (ELID) of the grinding wheel at 75% NIF size. This technology is faster
than the traditional loose abrasive grinding process,
and produces less subsurface damage that reduces the
polishing time to remove the damage. In 1996, Zygo
also developed and demonstrated at 50% NIF-size
rapid and deterministic polishing technology; this step
precedes their final figuring CP process. The polishing
process will further reduce the time needed and cost
for polishing NIF optics.
Tinsley Laboratories has supplied most of the
lenses for Nova and all of the Beamlet lenses. Until
1996, these lenses were all round. Maintaining the
tight figure tolerances near the edges and corners of
square optics is extremely challenging. In addition,
the NIF PSD specifications are difficult to achieve
using small tool polishing, as discussed above for the
plano optics. Tinsley was able to fabricate several
square lenses in 1996 that either approached or met
the NIF PSD specification. Tinsley has now defined
the NIF figuring process for all the spatial filter
lenses.
The 3ω damage threshold of the Tinsley lenses is not
yet at the NIF specification. Work began in 1996 to
develop a more detailed understanding of the determinants of 3ω damage to fused silica surfaces. We developed modified polishing processes and postpolishing
processes for two-inch substrates that consistently produced damage thresholds above the NIF requirement.
Nevertheless, we do not yet have a diagnostic such as
subsurface damage, roughness, or contamination that
correlates with damage. In 1997, we will extend the
work initiated in 1996 to develop this scientific understanding of surface damage, and work closely with
Tinsley to modify their current finishing process to
yield high-damage thresholds on full-aperture lenses.
KDP and KD*P crystals are diamond turned rather
than polished; this technology was first applied to

KDP crystals for the Nova Project at Cleveland
Crystals in Cleveland, OH. The flexure coupling was
redesigned during the Beamlet Project to meet the
Beamlet specifications. The coupling attaches the drive
mechanism to the vacuum chuck that supports the
crystal on the diamond turning machine used to finish
the Nova crystals. This improved flexure coupling
reduced the waviness in the one- to ten-millimeter
regime, but did not affect the high, frequency surface
roughness. The NIF surface roughness specification is
two times tighter than Nova and Beamlet to meet the
energy and spot size requirements. In 1996, the
machine was upgraded by designing and installing a
NIF-size flywheel, and the diamond turning process
was modified to produce smoother travel along the
slideways. The reduced turbulence from the improved
flywheel and the smoother travel yielded surface
roughness reduced by 2Ð3× on refinished Beamlet
crystals. These crystals meet the NIF specification.
Cleveland Crystals also improved their blank
fabrication process in 1996 to produce crystals with
significantly better surface flatness. The flatness of the
37-cm Beamlet crystals ranged from 10Ð15 waves,
making alignment very difficult. The NIF specification
is 8 waves. Beamlet crystals refinished with this new
process had a surface flatness of 3Ð7 waves. The two
41-cm crystal plates, fabricated from the rapid growth
boule described above, were flat to within 3 and 5
waves, respectively.
The diamond turning machine, currently at
Cleveland Crystals, produces crystals that meet the
NIF specifications, but it is not appropriate to use in
NIF production except as a backup machine. The
machine is now almost twenty years old, and has tercite pads and steel slideways that are inappropriate for
the volume of NIF production (600 crystals over a
three year period). The NIF crystal size of 41 cm is also
at the extreme of what this machine can handle, and
tends to produce moderately high-surface gradients at
the tool entry position due to nonstraightness of the
slide. In 1996, Moore Tool Company was selected to
design and build a new, larger diamond turning
machine for NIF using hydrostatic bearings and other
improvements over the machine at Cleveland Crystals.
The design will be completed in 1997, and the machine
built in 1998.
Optical Coatings: Mirrors and Polarizers, and Mirror
Substrates. During the advanced conceptual design
phase of NIF in 1995, it was suggested that lightweight
mirror substrates may be needed to meet structural stability requirements for pointing. To meet this potential
requirement, we initiated an effort to polish and coat
half-size and full-size lightweight mirror substrates fabricated by Hextek in Tucson, AZ. These substrates were
finished at Zygo and will be coated in 1997. They are
scheduled to be tested on Beamlet in late 1997.
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Both mirror and polarizer coatings require laser
conditioning to meet the NIF damage requirement.
These coatings are conditioned by exposing them first
to a very low fluence, and then to increasing fluences
in discrete steps until the damage threshold is approximately twice as high as would otherwise be achieved.
This conditioning process is accomplished by rastering
a small beam over the coating surface maintaining constant laser fluence, and then starting again at a higher
fluence. The current process uses six successive
increases to the laser fluence. This process was successfully demonstrated in 1996 on full-aperture turning
mirrors installed in Beamlet. The number of steps
needed to condition these optics determines the number of conditioning stations for NIF. Tests on small
mirrors in 1996 suggest that fewer steps may be used,
as few as two or three, which would allow the use of
two less conditioning stations. These results will be
investigated further in 1997 on full-aperture mirrors.
Also in 1996, the damage threshold of polarizer coatings was increased well above the NIF requirement by
modifying the coating design at both Spectra-Physics
in Mountain View, CA, and LLE. This work was performed on subscale parts; the results will be confirmed
on full-scale coatings in 1997. Substantial progress
was made in developing metal hafnium as the
source material for the hafnium oxide layers in polarizer and mirror coatings. The hafnium is vaporized in
an oxidizing atmosphere so it deposits as HfO2 onto the
substrate. Controlling the deposition rate is far easier
with Hf than with HfO2, the source material traditionally used for high-damage threshold ICF coatings. The
improved rate control substantially improves the layer
thickness control, thereby increasing the performance
and yield. In addition, particulate concentrations are
far lower on coatings made from Hf starting material,
which also helps improve the damage threshold. NIFsize polarizer coatings will be made in 1997 from metal
hafnium to confirm these results.
An automated damage threshold (ADT) system was
implemented in 1996 at LLNL for testing coating damage. This system, based on scatter detection, substantially
reduces the amount of operator interpretation needed to
determine the damage threshold. In addition, much more
data is taken over a larger area giving much better statistics for establishing the damage thresholds. Damage test
systems installed at the coating vendors in 1996 will be
upgraded with the ADT diagnostics as part of the NIF
facilitization effort prior to pilot production.

National Ignition Facility
The National Ignition Facility (NIF) is a key
component within the proposed facilities for DOEÕs
science-based Stockpile Stewardship and Management
Program. The extension of current program experimental capabilities embodied in the NIF is necessary
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for the ICF Program to satisfy its stewardship
responsibilities. The physics and mission of the NIF
for stewardship has been thoroughly reviewed by the
JASON group and the ICFAC, both of whom strongly
support the project.
All NIF Project management and staff positions
have been filled to the planned levels. Major commercial contractors were chosen for the conventional
facility architectural design, engineering services support, and construction management. Major contracts
were placed with commercial vendors for optics
facilitization to ensure an adequate optics production
capability that meets the NIF cost goals. Work packages that reflect the national scope of the NIF Project
were agreed to and implemented with the participating laboratories (Sandia National Laboratories, Los
Alamos National Laboratory, and the Laboratory for
Laser Energetics at the University of Rochester).
The technical basis of the NIF design was updated
through a formal Advanced Conceptual Design (ACD)
technical review process. Concurrent with the ACD
activity, the documents that provide a hierarchy of the
design requirements were reviewed and updated
including the Primary Criteria/Functional Requirements;
the System Design Requirements; and the laser system
design/performance baseline. At the request of DOE,
Defense Programs and other user requirements were
included in the NIF design updates.
Key project controls were developed and implemented including: the NIF Project Control Manual, the
Configuration Management Plan, and the DOEapproved Quality Assurance Plan. Change Control
boards were established and are functioning. Cost
account plans and authorizations for each work
breakdown structure element were established. The
commercial Sherpa Product Data Management system
was selected and implemented to provide a projectwide centralized document, engineering drawing, and
configuration control capability. A detailed Title I
design schedule was developed, and regular baseline
cost and schedule reviews implemented to track
progress. Monthly and quarterly progress reports are
prepared and distributed.
Title I design, which was postponed by late release
in the Project TEC funding, was begun. An accelerated
plan was developed and implemented, and is on
schedule. Significant design progress has been made in
all areas. The general arrangement of the Laser and
Target Area Building (LTAB) was developed and is in
configuration control; laser layouts were incorporated
into the overall facility layout; and special equipment
designs (lasers, etc.) were developed.
The NIF is a part of the Stockpile Stewardship and
Management (SSM) Programmatic Environmental
Impact Statement (PEIS). The SSM PEIS reaffirms the
SecretaryÕs statement at Key Decision One that LLNL
is the preferred site for the NIF. In support of the PEIS,
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write-ups and supporting analysis have been provided
to the DOE, and a Preliminary Safety Analysis Statement
(PSAR) draft document was completed and submitted
to DOE. A final site selection will occur after public
review of the SSM PEIS and a formal Record of
Decision by the Secretary of Energy.

Inertial Fusion Energy/New
Technologies
Inertial Fusion Energy
A new thrust in Heavy Ion IFE research began with
the start of construction of an experimental research facility to evaluate recirculating induction accelerators for the
acceleration of space-charge-dominated ion beams. This
testbed, supported by a variety of DOE funding sources
including LDRD and LLNL Engineering Thrust Area initiatives, will develop precise beam control and sensing
techniques for all IFE accelerator concepts. The 3-D computational code, WARP3d, was used extensively in the
design of the testbed. The recirculator architecture is a
leading candidate for major cost reductions in high-current, induction accelerators for IFE.
LLNLÕs leading candidate for a laser driver is based
on a diode-pumped, solid-state laser (DPSSL), for
which the gain medium (ytterbium-doped strontium
fluorapatite or Yb:SFAP), developed previously at
LLNL, is cooled by He gas, known as the gas-cooled

slab (GCS) concept. In FY 1996, an experimental
campaign to test a small subscale GCS-DPSSL was
completed. Results were encouraging enough to propose a 100-J, 10-Hz GCS-DPSSL (called Mercury) for
consideration of LDRD funding in FY 1997.

Nova Petawatt Capability
Since 1993, we have been developing a petawatt
(1015 W) laser capability on a Nova beamline under
LDRD support. The Petawatt laser will provide LLNL
with the capability to test the fast ignitor approach to
fusion and explore other ultrahigh-intensity physics
topics. The Petawatt Project reached its goal in May
1996 when we demonstrated the worldÕs first petawatt
laser with an output of 500 J in a pulse length less than
0.5 ps. Figure 15 shows the inside of the 20-m-long,
3-m-diameter Petawatt vacuum compressor chamber
that contains a pair of 70-cm-diameter pulse compression gratings to produce the subpicosecond output
pulse from a spectrally chirped input pulse more than
a thousand times longer in duration. A major component of the Petawatt Project was developing the
technology necessary to make these large high-damage-threshold gratings, as well as developing an
entirely new chirped-pulse master oscillator system for
Nova with the mechanical hardware and optical diagnostics necessary for pulse compression. The Petawatt
laser received a 1996 Popular Science ÒBest of WhatÕs
NewÓ award and enabled the developments leading to

FIGURE 15. Inside the
Petawatt vacuum compressor
chamber. The two pulse-compression gratings produce a
subpicosecond output pulse
from a spectrally chirped input
pulse more than a thousand
times longer in duration.
(70-60-0796-1538pb01)
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In FY 1996, we continued to exploit ICF Program
expertise and technology of interest to U.S. industrial
and government markets in areas such as:
¥ Health-care technologyÑApplications of our
expertise/technology applied to medicine include
(1) modeling laserÐtissue interactions, (2) the establishment of a medical photonics laboratory for
developing a host of new medical technologies, and
(3) the development of user-defined laser diodes
and diode-pumped, solid-state lasers for medical
procedures (e.g., port-wine stain removal, tattoo
removal, and laser surgery).
¥ Military visualization systemsÑPulsed microchannel
x-ray imaging technologies are now being applied to
developing advanced night- and underwater-vision
technologies for the Department of Defense.
¥ Advanced high-energy particle acceleratorsÑAreas
being developed to support advanced accelerator technology include (1) the development of a high-gradient
dielectric-wall accelerator to demonstrate transport of
electrons at 1 kA with a record gradient of 20 MeV/m
using novel insulating materials, and (2) the
development of a high-current electron-induction
accelerator for LLNLÕs B-Division Advanced HydroTest Facility proposal (a National Radiographic
Facility).
¥ Femtosecond material processingÑThe use of intense
femtosecond laser pulses for precision material processing (cutting) of metals is under development for
various government and commercial applications.
Processing with ultrashort pulses is qualitatively different from using longer pulses. The energy in an
ultrashort laser pulse is deposited in a thin layer at the
metal surface. The energy is deposited so quickly that
significant thermal conduction or hydrodynamic
motion (shock waves) do not have time to occur.
Instead, the absorbed energy effectively removes the
thin layer of material. Very precise removal of metal
has been demonstrated with no modification of adjacent material even at high repetition rates. The laser
pulses remove material without significant thermal
overlap or bulk heating.

Program Resources and Facilities
Resources
In FY 1996, financial resources for the LLNL ICF
Program totaled $83.7M in DOE operating funds and
$2.7M in DOE capital equipment allocations. Work-forOthers funding decreased slightly in FY 1996, with
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$30.1M coming from various sources within the DOE
community, other federal sponsors, and international
sources. At LLNL, the NIF Project received $21.7M in
DOE operating funds and $34M in construction funds
for FY 1996. The average LLNL full-time employee
equivalent count over the year was 347.6 (excluding the
NIF Project). Supplemental contract labor personnel
were used in clerical, design, and engineering positions
and as Nova operators. The ICF Program employed
approximately 61.8 supplemental labor personnel in FY
1996.
Figure 16 shows the resources available to the ICF
Program over the past 15 years and compares the operating funds provided by DOE in then-year-dollars vs
the same funding discounted to reflect 1982 dollars.
The figure illustrates that the real purchasing power
for the DOE funding, as related to FY 1982, has
remained fairly constant and is expected to remain so
in FY 1997.
Figure 17 illustrates Work-for-Others funding,
which is becoming a significant part of the total
resources available to the ICF Program, but is expected
to decrease slightly in FY 1997.
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FIGURE 16. ICF program DOE operating funds.
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for Patterning Flat Panel Displays.Ó The Petawatt
Project has been generally acknowledged to be the
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60
40
20
0

1992

1993

1994
Fiscal year

1995

FIGURE 17. LLNL ICF program operating funding.
(02-20-0396-0583pb02)

1996

ICF PROGRAM OVERVIEW
These resources enabled the ICF Program to continue
its support of research and development of high-energydensity physics, laser component development, optics
technology, and IFE. A couple of examples of major projects accomplished during FY 1996 are the completion of
the Petawatt modification to the Nova laser system and
the facilitization of the Amplifier Laboratory in Bldg. 391.

The emphasis during the year was supporting
NIF activities. This included accommodations for NIF
housing, lab modifications, adding support facilities,
and developing criteria for a major facility upgrade to
the west end of Bldg. 391. Figure 19 shows a location
plan for NIF lay-down space to support Laser Target
Area Building/Optics Assembly Building (LTAB/OAB)
construction and NIF special equipment. In addition,
several maintenance projects were completed during
the year.
¥ Detail planning was required to relocate 600 people
to meet NIF staffing requirements. Additional office
space was obtained during the year to support NIF
Title I needs.

Facilities
In FY 1996, the ICF Program comprised 52 facilitiesÑlaboratories, offices, and specialized facilities
totaling 636,800 gsf. Figure 18 shows the locations of
ICF facilities within the Laser Programs.
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Potential NIF Construction and Special Equipment Lay-down Areas
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FIGURE 19.

Potential NIF construction and special equipment lay-down areas.

¥ Several major office modifications and upgrades
were completed to meet NIF requirements.
¥ Several A Division/X Division co-location housing
plans were developed through the year.
¥ During FY 1996, ICF facilities successfully carried
out $2.3M in facility modifications and major
upgrades to key laboratories and buildings.
¥ Completed Amplifier Development Lab and
Flashlamp Test and Research Lab, plus the Control
Room for monitoring and controlling both areas.
¥ Additional space and upgrades were started in
Bldg. 432 to support NIF prototype activities.
¥ Completed upgrades to Bldg. 392 Optical Processing
Lab and located support staff into Trailers 4924, 4925,
and 4926.
xxviii

((05-00-0497-0546pb01)

¥ Developed Bldg. 391 west demolition and upgrades
criteria to support NIF optics assembly needs.
¥ Completed modification to Bldg. 298 for the Laser
Cutting Facility.
¥ Completed Phase I of Bldg. 481 power feeder upgrade.
¥ Several miscellaneous lab modification and alteration projects were completed during the year.

ES&H
During 1996, ICF continued its emphasis on
Environment, Safety, and Health (ES&H) involvement
in line operations. This included self-assessment walkthrough reviews of labs and specialized facilities
throughout the Program.

ICF PROGRAM OVERVIEW
Special attention was given to ES&H issues, DefTrack
deficiencies, and a careful review of safety operations for
Beamlet. In addition, ICF Laser/Safety Interlock Systems
were given special emphasis and more manpower support for reviews and system upgrades. The following
summary highlights many accomplishments:
¥ Completed Self-Assessment Inspection covering 273
laboratories with 289 noted deficiencies and their
subsequent repairs.
¥ Successfully passed two formal audits by representatives of the Bay Area Air Quality Management
District and one by the representatives of the
Livermore Water Reclamation District.
¥ Corrected 119 items from the ICF Def Track system,
a laboratory-wide Deficiency Tracking System.
¥ Contributed to key National Ignition Facility safety
documents.
¥ Assisted in the ICF Lock Out Tag Out implementation plan.

¥ Provided oversight for the Davis Applied Science
student labs.
¥ Field-tested and proved the economic viability of
recovering ethanol from the Sol Gel cleaning process,
using a Solvent Recovery Still funded by EPD last year.
¥ Solved the ES&H issues raised during the LaNSA
Pit ground water leak.
¥ A priority metric was developed, along with an
implementation plan, to secure the approximately
188 optical tables, previously identified as potential
seismic security problems.
¥ Relocated the Gas Mixing Lab from B343 to B298.
¥ Closed an administrative gap in the Incidental Fork
Truck OperatorÕs License training requirement by
coordinating and documenting the hands-on training section of the course.
¥ Provided transportation of the ICF salvage hoppers
to salvage (this service was discontinued by the
transportation group).
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Introduction
Stimulated Brillouin scattering (SBS) is an instability
in which intense laser light incident on a target can
decay into a scattered light wave and an ion sound
wave. The process requires frequency and wavenumber
matching (i.e., ωο = ωsc + ωi and kο = ksc + ki), which
corresponds to energy and momentum conservation.
Here, ωο (ωsc) is the frequency of the incident (scattered)
light wave and ωi is the frequency of a sound wave in
the plasma, and kο, ksc, and ki are the corresponding
wavenumbers. It is important to understand and control this instability to optimize energy deposition in
inertial fusion targets.
SBS arises in two distinct places within a gas-filled
hohlraum target. First, the gas in the hohlraum is ionized within the first couple of pico-seconds of the laser
pulse, so the rest of the nanosecond pulse sees a
plasma (~0.1 nc) as it propagates toward the wall of
the hohlraum. At later times, the ablation from the Au
wall of the hohlraum becomes underdense and allows
for the generation of SBS. It has been proposed that
mixed species plasma, both in the gas and the wall of
the hohlraum, can minimize the energy transferred to
the ion waves and the reflected light, maximizing the
amount of laser energy available for conversion to x-rays.
This article presents detailed particle-in-cell simulation studies of SBS in underdense plasmas composed
of two and three distinct ion species.1 Collisionless
nonlinear saturation mechanisms are well modeled.
For the parameters discussed here, these mechanisms
depend critically on plasma composition. The effect of
a self-consistently evolved non-Maxwellian distribution
for the light ions on the ion-wave amplitude can be
observed in detail. Mixtures of H and He are used to
illustrate the physics of the situation. Various mixtures
of ÒheavyÓ ions (carbon) and ÒlightÓ ions (deuteriumÐ
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hydrogen) are also studied in these simulations. The
reflectivity and ion-wave amplitudes due to the SBS
instability show many of the trends seen in experiments
with these gases.
Alexeff, Jones, and Montgomery2 investigated the
effects of adding a light-ion species to a plasma composed primarily of a heavier, more abundant ion species.
Their experiments show that the damping of the ion
wave increases as significant amounts of the lighter
species are introduced. This result agrees with a linear
ion Landau damping model by Fried and Gould.3
Clayton et al.4 used a CO2 laser to confirm many of the
predictions in the linear regime. Although additional
research has been done,5,6 the nonlinear aspects of adding
a light species to a plasma have been neglected. Some
insight into this state is important since recent experiments7Ð9 with intense laser light (I Å 3 × 1015 W/cm2,
wavelength 0.351 µm, pulse duration τp Å 1 ns) and
relatively high plasma density ~0.1 nc (where nc is the
critical density) are thought to operate in a nonlinearly
saturated state.

Computational Technique
We use the electron-fluid, particle-ion code EPIC to
study various kinetic nonlinearities for saturation of
the ion wave associated with SBS. Kinetic nonlinearities,
such as particle trapping and extreme modification of
the velocity distribution function arise when individual particle motion becomes important. Bulk ÒfluidÓ
motion does not resolve individual particle velocities
and cannot include single particle effects. An interesting
comparison with linear theory is observed; however,
there are significant differences. We find that particle
trapping can substantially lower the ion-wave amplitude
when a light-ion species is present in a predominantly
heavy-ion plasma. These results agree with simple
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nonlinear theories. Even in the nonlinear state, trace
amounts of light ions can substantially reduce the
reflectivity arising from SBS in a heavy-ion plasma.
A brief explanation of the simulation code illustrates
the physics accessible in this study. EPIC resolves the
electromagnetic (EM) wave associated with the laser
light, both spatially and temporally, using the LangdonÐ
Dawson advection scheme.10 In one dimension, the
light can be broken up into right- (E+) and left-going
(EÐ) waves that advect exactly at the speed of light c:
∂
1
1
∂
 ± c  E± = − J y = ne evy ,
 ∂t
∂x 
2
2

(1)

Experimental Motivation

where Jy is the transverse current, e is the electron
charge, and ne is the electron plasma density. In the
presence of a plasma, the transverse velocity vy of the
electrons serves as the source for the EM waves. The
ponderomotive potential Up = 1/2 mvy2, where m is
the electron mass, is saved every time step. This is an
essential component of the feedback loop in the SBS
instability because it couples the reflected light wave
to the ion-density fluctuations, which then grow exponentially, according to linear theory. The ion-density
fluctuation has a wavenumber 2kο and frequency
ωia = 2kοcs, where cs = (ZTe/Mi)1/2 is the ion sound
speed, Te is the electron temperature, Z is the ion charge
state, and Mi is the ion mass. Since the ions move
slowly on the time scale of the laser light, they need
not be moved every time step. Instead, they are moved
every 200th time step or so, by an amount determined
by a time average of Up over this time interval. EPIC
handles the ions as particles, and the force on these
ions is that due to the electrostatic field obtained from
the electron momentum equation [(Eq. (2)], where the
electrons are taken to be a massless fluid. Neglecting
electron inertia is a good approximation, in that m is
much less than Mi, so that the electrons can respond to
bulk ion motion instantaneously on the ion time scale.
Hence, the electrostatic field felt by the ions is


1 ∂ Up
1 ∂(ne )Te 
Ex = − 
−
,
e  ∂x
ne
∂x 



(2)

where 〈Up〉 represents the time-averaged value of Up.
Once this electrostatic field is known, the ions are then
moved on the grid according to the equation
dvi
Z
= i Ex ,
dti
Mi
where
dxi
= vi .
dti
2

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

(3)

The motivation for these simulations is a set of recent
experimental results obtained on the Nova laser using
Ògas bagsÓ7 and gas-filled hohlraums.8,9,11 Briefly,
these experiments measured the reflectivity due to SBS
from a number of large-scalelength (~1 mm), low-density
(~0.1 nc) plasmas composed of a variety of gases, such
as C5H12, C5D12, and CO2. The simulations presented
here attempt to describe some of the trends in the
experimental data. For all simulations, Te = 3 keV, and
the ratio of Te to the initial Ti is always in the range
3 ² Te/Ti ² 10. The laser wavelength is λ0 = 0.351 µm,
and the intensity is I = 2.7 × 1015 W/cm2, as in the
experiment. The density is typically either 0.1 nc or
0.25 nc, and the system length is usually Lx = 75, 150, or
330λ0. Roughly 1 million particles per ion species are
used for the longer systems. Occasionally, the noise
was increased to large levels to accelerate the onset of a
nonlinear, quasi-stationary state. The reflected wave
grows from a noise level Inoise, which is set by scattering of the incident wave from ion-density fluctuations.
In these simulations, Inoise/I0 is of the order 1%, but
can be as low as 0.01%.
A few caveats concerning comparison of these
simulations with experimental results are as follows:
(1) The ions are constrained to move in one dimension
in the simulation. Various two- and three-dimensional
results, such as finite speckle width, filamentation, ion
transport, and scattering of the ion waves in angle, are
expected to reduce the reflectivity observed in the
experiments. (2) The system is chosen to be roughly
one speckle length long (for an f/4 lens), as opposed
to the much longer system present in the experiments
(~1 mm). (3) The simulations are only run for 10Ð20 ps,
as opposed to a nanosecond for the experiment.
However, linear gain calculations of this laserÐplasma
interaction consistently predict excessive gains, indicating that some nonlinear processes are at work to limit
the reflectivities. Despite these differences, we hope to
gain insight into some of the nonlinear saturation and
damping mechanisms that may be playing a role in
current experiments. We concentrate on the trends seen
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in the simulations and experiments for various parameters and not on the absolute values of the reflectivity.

Theory
Linear theory predicts that trace amounts of light
ions substantially increase the ion Landau damping of
the ion wave. There are several reasons for this effect.
(1) If we assume that the Ti are the same, the higher
thermal velocity for the light-ion species leads to more
ions in resonance with the wave. (2) The phase velocity
is a function of the plasma composition. To illustrate
this, consider the linearized ion continuity and momentum equations for the two fluids:
∂ni1
∂u
+ ni10 i1 = 0 ,
∂t
∂x

(4)

1.8

vp (10Ð3c)

∂u
∂ni 2
+ ni 20 i 2 = 0
∂t
∂x
and
∂ui1
Z
1 ∂ne
= − 1 kTe
∂t
M1
ne 0 ∂x

,

Z
∂ui 2
1 ∂ne
= − 2 kTe
M2
ne 0 ∂x
∂t

.

1.6

1.4

(5)
1.2

By combining Eqs. (4) and (5) into one equation for the
ion wave, an effective phase velocity vp for the ion wave
is found to be
ni10

this phase velocity. Finally, consider a mixture of 20% H
and 80% He, where vp is now given in accordance with
Eq. (6) and is approximately equal to csHe (see Fig. 2). In
this case, a large number of H ions can now damp the
ion wave even more efficiently than in pure H, because
the phase velocity has moved farther into the bulk of the
distribution function. Thus, linear theory predicts that
the damping for the mixture will actually be greater than
for H alone (and thus give the lowest reflectivity), and
that pure He will have the least damping (and the highest reflectivity). Simulations bear out this prediction. For
simulations with parameters similar to those discussed
earlier, pure He gives a reflectivity R Å 30%, pure H gives
R Å 10%, and the 20% H and 80% He give R Å 5%.

Z 2 kT
Z12 kTe
+ ni 20 2 e
M2
M1
Z1ni10 + Z2 ni 20

1.0

Figure 1 plots this phase velocity for C and H at
Te = 3 keV, as a function of the fraction of H in the gas
mixture. The limit in which only C ions are present
smoothly connects to the case for only H present. Note
that the phase velocity falls rapidly from the pure H
case, essentially because the phase velocity is determined by the heavy species when the fraction of H is
roughly 50%.
The physics can be clarified by considering the velocity distribution function f(v) of two ion populations with
different atomic numbers and charge states. Consider
first pure He, as shown in Fig. 2. Notice the small slope
and the small number of particles at the phase velocity
of the ion wave vp (nH = 0) ≡ csHe available to damp the
SBS-generated ion wave. Now consider pure H at the
same Ti. The slope at vp (nHe = 0) ≡ csH is somewhat
greater than for pure He, and there are more particles at

0.8
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FIGURE 1. Acoustic wave phase velocity vs fraction of H present in
a CH plasma. (50-00-0495-1065pb02)
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FIGURE 2. Ion distribution functions for a pure He plasma and a pure
H plasma, for Te = 3 keV and equal Te/Ti.

(50-01-0695-1418pb02)

3

THEORY AND SIMULATIONS OF NONLINEAR SBS

Particle Trapping
We have discussed the effect of plasma composition
on linear damping of the ion acoustic wave. However,
the simulations show that nonlinear effects can be
important when the reflectivity is significant. Let us
now examine the simplest nonlinear effect, which is
ion trapping. When the ion trapping velocity is equal
to the phase velocity of the ion wave, the amplitude of
the density perturbation associated with the ion wave
will saturate. For one species, this limiting amplitude
(neglecting temperature effects) is the well-known result
δn/n = 1/2,1 where δn is the low-frequency fluctuation
in ne associated with the ion wave. For two species,
assuming cold ions (Ti Å 0), the limiting amplitude of
the density perturbation is found to be δn/n = 0.25
when the light species is H. This factor-of-2 difference
arises from the fact that the H ions are the particles
being trapped in a wave with a phase velocity determined by the heavy fluid. The assumption here is that
there is only a small amount of the light ions in the
mixture. However, when Ti effects are included, the
limiting amplitude is considerably reduced to
1  M1  
 δn 
v −
  ≈
 n  tr 2Te  Z1   p

3Ti 
M1 

this point. The distribution function inside the trapping
width oscillates at the bounce frequency ωB, as predicted
by OÕNeil.12 As the distribution function evolves, there
is a nonlinear frequency shift due to modifications that
the trapped ions make on the ion wave, which reduce vp.
This allows the instability to access ÒfreshÓ slope on
the distribution function. An additional effect that works
to widen the plateau region is the transport of the faster,
(a)
103

102

10

2

,

Extreme modification

(7)

(

vp4 + vp2 ω pH 2 λ De 2 + ω pC 2 λ De 2 + 3vpH 2
+3vpH 2 ω pC 2 λ De 2 = 0 .

fH (v)

where the phase velocity is found from

)

(b)
103

(8)

Here, λDe is the Debye length, ωpH is the plasma frequency of the light-ion species (H), and ωpC is the
plasma frequency of the heavy ions (C). For a temperature ratio Te/Ti = 10, Eq. (7) predicts (δn/n)tr Å 5%.
The EPIC simulations show the nonlinear state to be
very rich. For example, for the case of C5H12, the H ion
distribution function near vp initially flattens due to ion
trapping, as discussed. However, a number of effects
follow. (1) As the ion waves grow and ions are pulled
out of the initially Maxwellian distribution, a severe
modification of the distribution function near vp occurs
[see Fig. 3(a)]. When a ÒbumpÓ is present in a distribution
function, the distribution function is unstable to ion
sound waves near vp. The ions have a tendency to relax
back to a more stable distribution function, sometimes
called a Òquasilinear plateau.Ó This is essentially a flat
slope near v p. However, it is found that before the
distribution function reaches this state, it over-shoots the
plateau and re-develops a slope near vp [see Fig. 3(b)].
Thus, the distribution function will ÒoscillateÓ about

4

1
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10
Slope development

1

Ð4

Ð2

0
v (10Ð3 c)

2

4

FIGURE 3. Ion distribution for the H component in a C5H12 plasma
showing (a) an extreme nonlinear modification early in time and
(b) subsequent development of slope later in time near the phase
velocity of the ion wave associated with SBS. (50-00-0495-1066pb02)
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Current hohlraums are filled with a low-density gas,
which slows the inward motion of the Au walls and
improves the time-dependent symmetry of the x-ray
flux on the capsule. As discussed, SBS in the low-density
gas is reduced by the presence of H. (An HÐHe mixture
is planned for ignition hohlraums.) However, it is necessary to avoid significant SBS from the low-density
Au near the walls, where the ion wave is weakly
damped. Indeed, this SBS could be a seed that is further amplified in the low-density gas.8
A series of simulations has been conducted to
understand the Au wallÐgas interface. Figure 5 shows
the variation of plasma density along the direction of
the laser beam when the reflectivity has saturated
(Å20 ps). In this simulation, four-fifths of the plasma is
a C5H12 gas at 0.1 nc, and the last fifth of the plasma is
Au at 0.12 nc. Initial values are Te = 3.0 keV, Te/Ti = 2.0
for Au, Te/Ti = 5 for H, and Te/Ti = 5 for C. The laser
I = 2.7 × 1015 W/cm2. As shown in Fig. 5, a substantial
ion wave develops in the Au. However, because of the
H in the gas, the ion density perturbation in the C5H12
is quite low. In this simulation, R Å 6.0%. In a similar
simulation using identical parameters but without the
Au wall, R Å 2.0%. Clearly, the presence of low-density
Au near the hohlraum wall can significantly affect
the reflectivity.
One proposed solution is to use Be-doped Au for
the hohlraum wall.13 However, there is an additional
complication when one attempts to model AuÐBe;
namely, collisions between the Au and Be ions.
Simply, estimates of collision times are roughly equal
to the time it takes to flatten the slope (see the discussion associated with Fig. 3). This introduces yet
another enhanced damping mechanismÑcollisional
damping. This is due to the fact that collisions can
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SBS in Gas-Filled Hohlraums

Òkeep the slope,Ó thus increasing the range of validity of linear theory since the distribution function can
remain more or less Maxwellian. Therefore, further
study of the AuÐBe wall requires that collisions be
included in the simulation code. Preliminary studies
with a collisional code14 have shown that the addition
of Be does in fact reduce SBS in the Au-wall blow-off.
This is in agreement with recent experiments on the
Nova laser.14,15

40

20

0

0

20

40

60

80

100

H (%)

FIGURE 4. Simulation results of reflectivity vs percentage of H present in the plasma. Clearly, the inclusion of small quantities of H can
significantly reduce the SBS reflectivity in the nonlinear state.
(50-01-0695-1421pb01)

Incident laser beam
53 µm C5H12

Density (nc)

heated ions. This allows for a redevelopment of the
slope, permitting additional damping.
We now compare EPIC simulations with experimental results in which the fraction of light ions (H) in the
gas mixture varies, and the reflectivity is measured for
two gas mixtures, CO2 + C3H8 and C5H12 + C3H8. By
increasing the amount of propane in each mixture, the
reflectivity as a function of H present decreased strongly
in the gas-bag experiments.7Ð9 This agrees with
experiments in which this phenomenon was observed
using a CO2 laser.4 The EPIC simulation results shown
in Fig. 4 exhibit a similar trend. In the simulations, the
gas starts out as pure C, and H is continuously added
(eliminating C to keep the same plasma density) until
the gas is pure H. Clearly, varying the plasma composition by adding H is an important technique for reducing
the level of SBS.

0.1
13 µm
Au

0

0

66
R (µm)

FIGURE 5. Density profile of an EPIC simulation modeling the interface between a low-density gas and the Au wall blow-off of a
hohlraum. Note that the Au is initially in the last one-fifth of the
plasma. (50-01-0695-1422pb01)
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Summary
This article presents a detailed study of nonlinear
processes associated with SBS in a multi-ion-species
plasma. We theoretically estimate and compare a number
of these nonlinear effects with EPIC kinetic multi-ionspecies simulations results and with recent experiments.
EPIC results for reflectivities are consistent with the
trends observed in experiments. We provide a physical
argument for the linear damping in a multispecies
plasma, obtaining a simple physical picture of the role
light ions play in the damping of the ion waves associated with SBS. We also address the modifications to ion
trapping, an inherently nonlinear process, when two
species are present and find that the addition of a light
species could greatly decrease the amplitude of the ion
wave where trapping will occur. These simulations show
that distortion in the ion distribution functions can play
an important role in determining the amount of reflectivity due to SBS observed in recent experiments. We
illustrate a solution to the possible problem of significant
SBS due to the low-density Au in gas-filled hohlraums.
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Introduction
Computer codes that model the propagation of intense
laser beams through laser systems have played key roles
in the design and analysis of all the ICF lasers built at
Livermore.1 These codes treat, at various levels of
sophistication, the effects of linear diffraction, loss,
amplification, and beam perturbation by self-focusing.
Laser designs for the National Ignition Facility
(NIF)2 are being analyzed using two recently developed comprehensive, ab initio computer simulation
codes, PROP1 and PROP2, which treat one and two
transverse dimensions, respectively. The codes use
fast-Fourier-transform (FFT) propagators on a rectangular grid and treat only one polarization of the field.
The effects of linear propagation and nonlinear refraction are calculated separately at each step along the
propagation (z) axis. Within the limit of grid resolution, they calculate the electric field experienced by
each component in a laser during a shot. To model typical NIF laser operations realistically, we use beam
aberrations obtained from measurements on actual
optical components, gain profiles from existing testbed
amplifiers, adaptive optics models, and characterizations of various optical defects observed in tests of the
Beamlet laser.

(a) 10 TW

(b) 11 TW

It is important that these codes be validated, because
staging and architecture decisions, which often involve
significant cost consequences, are driven by risk-ofdamage assessments made using them. Over the past
year, PROP1 and PROP2 have been benchmarked
against analytical propagation cases, nonlinear perturbation analyses, earlier-generation FFT codes, and,
most important, against the results of specially designed
experiments. This article describes two comparisons of
the code with results of self-focusing experiments conducted in the Optical Sciences Laser (OSL) facility.3
Self-focusing has always been a significant problem
in fusion lasers, and beam photographs often show
intensity ripple generated by self-focusing. Figure 1
demonstrates the seeding of intensity ripple by scattering
from obscurations in the chain. These three photographs
of the output beam in the Novette laser, the two-beam
predecessor of Nova, were taken during shots at 10, 11,
and 13 TW. The three intense regions in the right sides
of the beams were caused by millimeter-sized imperfections on a turning mirror about two-thirds of the
way through the chain. The nonlinear origin of the
resulting intensity ripple is apparent from the rapid
growth of ripple amplitude with increasing laser
power. (The dark band in the center of each beam is
the shadow of an absorbing region that separates the

(c) 13 TW

~80 cm

FIGURE 1. Photographs of the
output beam of the Novette
laser for output powers of 10,
11, and 13 TW. The growth of
ripple depth at the three small
areas in the right side of the
beam illustrates the seeding of
self-focusing by imperfections
on components in the chain.
(70-00-0196-0155pb01)
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two halves of the largest amplifier disks to prevent
parasitic losses.)
A correct treatment of nonlinear refraction is one of
the most difficult aspects of the modeling of beam
propagation. The refractive index of most optical
materials has a small but important nonlinear (intensity-dependent) contribution that typically limits the
high-power performance of fusion lasers. The Ònonlinear
index coefficientÓ γ is defined by the expression for the
total refractive index,
n = n0 + γI ,

(1)

where n0 is the linear index and I is the intensity. The
optical propagation distance z is related to n0 and γ
and the physical path length d by the rule
z=

d
d B
– ,
≈
n0 + γI n0 k

(2)

where k = 2¹ /λ is the wave number and B is the intensity-dependent phase retardation, given by
B( x , y ) = kγ

L

∫0 I(x, y) dz;

(3)

the integral is taken along a particular ray path through
the laser. Intense regions of the beam induce more
retardation, causing the wavefront to lag and focus just
as a positive lens does.
Localized self-focusing can produce very high intensities. In most simple calculations, the self-focusing at
local intensity maxima is treated in Fourier-transform
space. The input intensity ripple is described by a Fourier
distribution; the self-focusing in a segment of the beam
path is described by a multiplication factor, or gain, for
each spatial-frequency component in the distribution.4
Transforming the amplified frequency distribution back
to physical space yields the intensity ripple at the output
of the path segment. The gain for individual frequency
components of the electric field can be as high as exp(B),
and the total induced phase retardation in a laser operated at high intensity can exceed 2π. Therefore, for
ripple of the physical scale that corresponds to greatest
gain, the power of those components can be increased
by a factor of exp(2B)2 Å 300,000.
A major contribution to our ability to build high-power
lasers was the realization that a spatial filter could be used
to block the Fourier components of intensity ripple that
experienced highest gain.5 Lenses in the spatial filters also
correct for linear diffraction through image relaying.6,7
The filters are interspersed in the chain so as to ÒcleanÓ the
beam after each accumulation of ∆B in phase retardation;
the present NIF design point is ∆B = 2.2 rad. The apertures
used in the spatial filters segregate the beam perturbations
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into high-frequency components, which are blocked, and
low-frequency components, which are transmitted.
There remains the problem of understanding the
issues that result from modest self-focusing of ∆B = 2Ð2.3
in sections of the chain between filters. The most serious of these issues is optical damage. Optical damage
in the near IR is presumed to depend on the local
strength and duration of the optical field and on the
condition of the optical component, which in actual
systems may depend on its usage history. In most
instances, the damage threshold of optical surfaces and
coatings is less than that of the bulk material. One task
in evaluating a proposed design is to determine the
damage thresholds of the various components. A second
task is to use a code such as PROP2 to determine the
risk of damage for the proposed design. Self-focusing
must be considered during this determination. During
transmission of a beam at a high (but nominally safe)
intensity through an optical component, self-focusing
within the component at local regions of high intensity
can cause enough intensification to damage the exit
surface. In extreme cases, the induced focusing can
break the beam into intense filaments that cause internal bulk damage called angel-hair tracking.8
Figure 2 illustrates an interesting special case of selffocusing, called hot-image formation. Light diffracted

Component
with
obscuration

Nonlinear
lens

ÒHotÓ
image

FIGURE 2. Nonlinear refraction induced by the sum of a scattered
wave and the intense background wave produces a conjugate wave
that is focused to an intense (ÒhotÓ) image. (70-00-0196-0142pb01)

by an obscuration or defect on one component spreads
across the beam in a second component. Nonlinear
refraction in this second component, driven by the sum
of the scattered and primary beams, creates a lensing
effect that deflects some of the energy from the beam into
a downstream focus, which appears as a bright image
of the obscuration. A third component, in the plane of
this induced ÒhotÓ image, might be damaged even when
the system was operating at a nominally safe intensity
that did not damage the first two components.
Hot-image formation by a thin ÒlensÓ has been
treated analytically for low-intensity ripples in a
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high-intensity beam.9 The scattering sources treated
were opaque disks and circular obscurations with
Gaussian-distributed opacity. The analysis is readily
extended to the case of an opaque linear obscuration
(e.g., a wire). Neglecting some details, the model predicts that opaque obscurations cause the formation of
hot images with intensity that is greater by a factor of
~(1 + B2) than the mean intensity in the beam. For
∆B = 2.3 rad, the predicted relative intensity is ~6.
In contrast to analytic perturbation models, which
can easily treat only shallow modulation, PROP1 and
PROP2 were designed to treat self-focusing of a beam
containing deep intensity ripples. Validation of these
codes by modeling the performance of large lasers is
difficult, because it is difficult to identify all the source
terms for amplitude ripple. We have therefore conducted
self-focusing experiments in the OSL facility and compared the results with the predictions of the codes. We
used the hot-image configuration for the experiments,
since we could induce either a hot image or track damage in the ÒlensÓ by varying the obscuration.

Arrangement of the OSL
Experiments

and spatial distribution of the beam were measured in
the plane of the obscuration. Energy was measured to
within 1% by an absorbing-glass calorimeter, and the
spatial distribution was recorded by a CCD camera.
The waveform was recorded by a Hamamatsu diode and
a Tektronix SDC5000 oscilloscope and by a streak camera.
The experiment was arranged to allow recording of
the spatial distribution of the beam in planes at a suitable range of distances downstream from the silica rod;
the hot images were predicted to lie about 100 cm
downstream. Because the area of a CCD camera is
about 5 × 6 mm, the entire 20-mm beam could not be
recorded without demagnification, which might have
limited the resolution in the records of the small, hot
images. Two records were therefore made. One camera, placed directly in the 20-mm-diam beam, recorded
a 1:1 image of a 5-mm-diam beam segment isolated by
an iris. A second camera recorded an image of the
same plane, but with a demagnification of about 2:1.
Changing the plane of observation without disturbing
the cameras was accomplished by mounting the pickoff optics on a slide rail.

Selection of Wire Diameters

The OSL is a 100-J class Nd:glass laser staged to produce 0.5Ð100-ns pulses that are minimally disturbed by
nonlinear refraction in the laser itself. In a typical shot,
the fluence is below 0.5 J/cm2 everywhere in the chain,
and the induced phase retardation is less than 0.1 wave
(B = 0.6). The beam diameter is reduced from 80 to 20 mm
at the laser output to increase its intensity.
Figure 3 shows the arrangement used for the selffocusing experiments. The beam was passed through a
25-cm-long silica rod. Obscurations (wires with diameter of 175 or 500 µm) were placed in the beam in a
plane 100 cm upstream of the rod. The energy, waveform,

Wire diameters were selected on the basis of calculations done with PROP1. We wanted one wire that
produced beam ripple of modest depth, which could
be regarded as a perturbation, and another that produced very deep modulation. The experimental results
confirm that these calculations give a good overall
view of the intensity variation along the entire beam
path. Figure 4 shows the predicted evolution of intensity with propagation distance z when a 175-µm-diam
wire is placed in a 1053-nm plane-wave beam. The
wire was at z = 0, and the silica rod was positioned
between z = 105 and z = 130 cm. The input pulse waveform was a 0.5-ns linear ramp with a peak intensity of

Plane of
obscuration
Silica
25 cm long

Silica

Silica

CCD 1:1
record of
hot image

Calorimeter

Slide rail
Photodiode
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CCD
Input
beam
shape

Streak
camera

FIGURE 3. Experimental
arrangement for characterizing
input pulses and recording hot
images formed by nonlinear
refraction. (70-00-0196-0143pb01)

CCD 2:1
demagnified
hot image
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Results and Analysis
Experiments with each wire diameter were conducted
in two stages. In the first series of shots, we held the
input intensity approximately constant and recorded
the spatial distribution in several planes behind the rod
to locate the most intense hot image. In the second series,
the plane with the most intense image was recorded as
the input intensity was ramped from 1 to 6 GW/cm2.
The duration of the input pulses was about 0.5 ns. The
experiments with the 175- and 500-µm-diam wires
were modeled with PROP1 and PROP2, respectively.

35

175-µm wire

30

Peak intensity (GW/cm2)

Silica block
25

20

15
Input intensity
10

2

5.6 GW/cm
5.0
4.3
3.2

5

1.3 GW/cm2
0

0

50

100
150
Beam path (cm)

200

250

FIGURE 4. Predicted variation of intensity with propagation distance when a plane-wave beam is intercepted by 175-µm-diam wire
placed in the beam path and is then propagated through a 25-cmlong silica rod. PROP1 calculations predicted formation of an intense
image of the wire. (70-00-0196-0146pb01)

500-µm wire
35

Silica block

30
Peak intensity (GW/cm2)

6.0 GW/cm2. The waveform was sliced into five
equal-fluence segments (with average intensities of 1.3,
3.2, 4.3, 5.0, and 5.6 GW/cm2), which were independently
propagated through the system. The intensity was calculated in planes separated by 5 cm. In each plane, the
beam contained the diffraction pattern of the wire; the
curve in Fig. 4 simply connects the calculated values of
the highest intensity anywhere within the beam.
The calculated intensity increased rapidly in the
region immediately beyond the wire as the diffraction
ripples formed, and then decreased slightly as the
beam propagated to the entrance of the silica rod. Over
this zone, intensity changes arose solely from linear
diffraction. Self-focusing in the rod produced two
effects: the diffraction fringes were narrowed and
intensified, and an induced Òwhole-beamÓ lensing
occurred as a result of the intensity gradients in the
superposition of the diffracted light and the main
beam. Fringe intensification accounts for the higher
intensity at the output end of the rod; high intensity
at z = 230 cm was caused by lensing. In this case, the
calculated intensity is higher in the hot image than in
the rod, and the rod can be regarded as the Òlens.Ó
Figure 5 shows the results of a corresponding calculation with a 500-µm-diam wire. The intensity variation
within the beam is very high at the entrance of the rod,
because the diffracted light has not yet spread across
the dark shadow of the wire. It is predicted that fringe
intensification will produce a higher intensity at the
output surface of the rod than that produced downstream by induced lensing. In this case, it is expected
that avoidance of damage to the rod will limit input
intensity to values below that required to produce an
intense image.

25

20

15
Input intensity
2

5.6 GW/cm

10

5.0
4.3
5

3.2

1.3 GW/cm2

Experiments with 175-µm Wire
Figures 6Ð8 show representative data from the
experiments with the 175-µm-diam wire. The spatially
averaged input fluence was 2.1 J/cm2. Figure 6 shows
the spatial distribution of fluence in the plane containing

10

0

0

50

100
150
Beam path (cm)

200

250

FIGURE 5. Plane-wave PROP1 calculations for a 500-µm-diam wire.
The predicted intensity at the output surface of the silica rod is
higher than that in the hot image. (70-00-0196-0147pb01)
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the wire. The beam was shaped by apodization and
image relaying. It contained weak residual diffraction
from the apodization, and random ripple caused by its
passage through the many components in the laser.
The wire was placed 103 cm in front of the silica rod.
Figure 7 shows the 1:1 and 2:1 recordings of the beam
in a plane 102 cm behind the rod. The image of the
wire is clearly visible. The spatial nonuniformity of the
images was caused by intensification due to self-focusing of random intensity fluctuations on the beam.
Figure 8 shows the pulse waveform recorded by the
streak camera for this shot.

(b)

FIGURE 6. (a) CCD record of
fluence distribution in the
20-mm-diam beam in the plane
of the obscuration. (b) Vertical
lineout through the beam.

Fluence (not calibrated)

(a)

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

(70-00-0196-0148pb01)

0
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15
20
Beam dimension (mm)

25

30

(b)

FIGURE 7. Fluence distribution
in the hot image of the 175-µm
wire, and corresponding horizontal lineouts. Peak input
intensity 5 GW/cm2. (a) and
(b), 1:1 record for a central
5-mm-diam area of the beam.
(c) and (d), 1.95:1 demagnified
image. (70-00-0196-0149pb01)
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6

horizontal expansion of the modeled data to bring it into
agreement with the measured result. We believe that
the horizontal mismatch arose from a small error in the
measured 2:1 demagnification of the experimental data.
The intensities in the hot image agree with theory to
within 15%. This uncertainty is acceptable, because the
resolution of the image of the wire is limited (three
pixels at the peak), because the uncertainty in the nonlinear refractive index of the silica is about 10%, the
uncertainty in the measurement of spatially averaged

Shot 94050503

Intensity (GW/cm2)

5

4

3

2

1.4
Calculated

1.2

0

0.5

1.0
Time (ns)

FIGURE 8. Waveform of the input laser pulse.

1.5

2.0

(70-00-0196-0144pb01)

2.5-cm-thick slices, with propagation and self-focusing
effects calculated serially in each slice. The value
n0 = 2.7 × 10Ð7 cm2/GW was used for the silica.10 The
pulse was divided into 39 time segments of equal
duration, which were independently propagated and
summed to provide an integrated calculation that could
be compared with the relevant 4-mm swath across the
time-integrated output CCD image. Figure 9 shows the
swaths through the experimental data.
Figure 10 shows the calculated and measured lineouts.
To compare the calculation, which yielded a onedimensional profile with absolute units of J/cm2, with
the relative fluence in the CCD hot-image record, we
rescaled the calculated result using a simplex multivariable routine to minimize the rms point-to-point
difference between the measured and calculated lineouts. The central peak of the hot image was not included
in this minimization. It was necessary to make a small

(a)

(b)

1.0
0.8

Measured

0.6
0.4
0.2
0
Ð0.6

Ð0.4

Ð0.2
0
0.2
Beam location (cm)

0.4

0.6

FIGURE 10. Calculated and measured fluence distributions in the
hot image of the 175-µm wire. (70-00-0196-0150pb01)
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block
6

5
Peak ref. ratio
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Fluence (arb. units)

1

4
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2

1

FIGURE 9. Averaged 4-mm-wide swaths across the CCD records of
(a) the input beam and (b) the hot image used in PROP1 modeling of
the experiments with the 175-µm wire. (70-00-0196-0145pb01)
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FIGURE 11. Calculated intensity vs propagation distance for time
slices for the experiment with the 175-µm wire.

(70-00-0196-0151pb01)
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(b)

FIGURE 12. Fluence distribution
in the image plane for a 500-µm
wire. Intensity in the image was
less than that in adjacent diffraction fringes. (70-00-0196-0152pb01)

Fluence (µm calibrated)

(a)

–2
0
2
Beam dimension (mm)

intensity is at least 5%, and the hot-image intensity
scales approximately as B2. Further, the output CCD
record contains random intensity variations as well as
the image of the wire. We conclude that experiment
and theory are in excellent agreement.
It should be noted that time-integrated records such
as those in Fig. 10 do not show the hot-image intensity
generated at the temporal peak of the pulse. Figure 11
shows the calculated intensity vs z for about half of the
time slices. During the most intense slice, the intensity in
the hot image was 7 times the mean intensity in the main
beam. The intensity for this slice was about 5 GW/cm2,
and the phase retardation was B = 2.0 rad. Thus the
intensification for this slice was greater than the factor
of 1 + B2 = 5 predicted by the analytic perturbation
models for shallow ripple.

Experiments with 500-µm Wire
The experiment was repeated with a 500-µm wire
105 cm in front of the rod. Figure 12 shows one of the
images of a plane 103 cm behind the rod, recorded
during a shot with a fluence of 2.3 J/cm2 . The image
of the wire is visible, but its intensity is less than that
of the adjacent diffraction ripples. This was the case for
shots at lower fluence and for images in other planes.
Track damage was induced in the rod by this shot. The
spatially averaged intensity at the temporal peak of the
pulse was 5 GW/cm2, and the intensity was higher by
10Ð15% at isolated places in the beam.
PROP 2 was used to model the tracking induced in
this experiment. The CCD image of the input beam
was placed on a 3 × 3 cm grid of 2048 × 512 pixels, with
the higher resolution in the direction orthogonal to the
obscuring wire. The rod was broken into three 5-cm
slices and ten 1-cm slices, with ten propagation steps
in each slice. The thicker 5-cm slices were acceptable at
the entrance of the rod, because the intensity increased
slowly there. Because track induction is a response to
instantaneous intensity, we did not integrate over the
intensity range in the temporal waveform. Instead,
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several runs were made with the input beam scaled
to yield spatially averaged intensities between 1.9 and
7.5 GW/cm2.
Figure 13 shows the results of the calculations as
plots of the highest intensity in the rod, anywhere in
the beam, vs distance through the rod. For high input
intensity, there is a value of z for which the intensity
increases abruptly. The apparent stabilization of intensity at high values after the abrupt rise is an artifact of
the calculation that occurs when the area of individual
intense filaments in the beam is less than the area of
the grid sectors.
Damage should occur in the rod where intensities
are above the bulk damage threshold. The nonzero rise
time of the temporal waveform and the value of the
damage threshold both play roles in shaping the damage. As the intensity increases during the rise of the
pulse, the z value for the abrupt increase in intensity
decreases, so the zone of high intensity starts at the
rear surface of the rod and moves toward the front. If
the intensity in the self-focused filaments in the beam

800
Peak intensity (GW/cm2)

–4
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(B = 3.06 rad)
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1.875 GW/cm
(0.77)

200

0
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(2.04)

5.675
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(1.53)
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FIGURE 13. Calculated intensity vs propagation distance within the
silica rod for the experiment with the 500-µm wire. The intensity distribution in the input beam was scaled to have spatially averaged
values of 1.9 to 7.5 GW/cm2; that for the experiment was 5 GW/cm2.
(70-00-0196-0153pb01)
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exceeds the damage threshold, the result is the familiar
angel-hair track damage. The value of the bulk damage
threshold would play a significant role in determining
the length of the track if one were attempting to determine the minimum input intensity for track induction,
because of the slow variation of intensity with z at relatively low input intensities (see the calculation for
3.75 GW/cm2 in Fig. 13). At input intensities well
above the minimum for tracking, however, the intensity
rises so abruptly that the value of the damage threshold
is almost irrelevant. For 0.5-ns pulses, the damage
threshold is between 300 and 500 GW/cm2 (Ref. 11), so
the calculated intensities are adequate to cause damage.
There is remarkable agreement between the length
of the tracks induced in the rod and corresponding
features of the PROP2 calculations. The tracks begin
18 cm from the entrance face; the calculations predict
that the abrupt increase in intensity occurs 18Ð20 cm
from the entrance of the rod for intensities of 5.0 to
5.6 GW/cm2, which is a reasonable representation of
the variation of input powers in the experiment. There
is also good agreement between the predicted shape of
the beam at the output of the rod (Fig. 14) and the pattern of damage on that face. The most intense spikes
in Fig. 14 are in two rows separated by 2.3 mm and
concentrated in the top of the beam. The damage in the
rod shows the same top-to-bottom spatial asymmetry
in the magnitude of the damage, and it contains two
principal rows of spikes separated by 2.5 mm.
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Summary
We have used the PROP1 and PROP2 codes to model
self-focusing experiments conducted in the OSL facility. The source terms, both native beam ripple and that
induced by obscurations, were measured and used in
the codes. We accurately calculated the shape of an
induced ÒhotÓ image formed by placing a thin wire in
the beam, and the length of self-focusing tracks induced
by placing a thicker wire in the beam. These results
provide a significant validation of the codes.
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Introduction
In current hohlraum target designs for the National
Ignition Facility (NIF), low-Z gas fills are used to
reduce radial expansion of the gold hohlraum wall.1 In
vacuum, the expansion of the hohlraum wall during
the NIF laser pulse (~18 ns) would produce unacceptable levels of asymmetry in the radiation field. The
gas, once heated, provides enough pressure to tamp
the radiating gold surface. In current designs, the
H/He gas fill produces a plasma with an electron density of nearly 1021 cmÐ3 and an electron temperature in
excess of 3 keV at the peak of the laser pulse. The laser
beams propagate efficiently through the weakly
absorbing hot gas and deposit most (~90%) of their
energy in the gold wall near the initial radius of the
target, thus maintaining the high radiation symmetry
required for imploding high-convergence capsules.
Even for low-density (ne Å 0.1nc) fills, however, the
linear gain for stimulated Brillouin scattering (SBS) in
the gas is high. In smaller-scale exploding-foil targets,2
flow velocity gradients typically limit the SBS gain to
modest values. At the peak of the NIF laser pulse, the
laser beam must propagate through 2Ð3 mm of gas
plasma with a calculated velocity-gradient scalelength
of Lv Å 10 mm. Velocity-gradient stabilization is ineffective at this scale, and the (linear) SBS gain is set by ion
Landau damping. For the peak (single beam) NIF intensity of 2 × 1015 W/cm2 and the calculated plasma
conditions, the linear SBS gain coefficient in the gas
plasma is ~20. Although nonlinear effects are likely to
limit the SBS reflectivity,3 the scaling of such mechanisms is not quantitatively understood.
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Although numerous experimental studies of scattering instabilities in laser-produced plasmas have been
performed,4 plasma conditions of NIF target designs
are not easily accessible with current lasers. Further,
difficulty in quantitatively modeling SBS in past experiments casts doubt on theoretical extrapolation. The
objective of the work reported here is to design targets
for interaction experiments that match as closely as
possible the conditions of the NIF gas plasma in the
path of the laser beams. To assess SBS scaling to NIF
parameters, we have designed Nova targets that closely
mimic the NIF gas plasma parameters and that allow
scaling studies in density, temperature, and laser conditions. Gas-filled targets are heated with nine beams of
the Nova laser to produce large, hot, nearly static plasmas.
These plasmas have been extensively characterized
using x-ray imaging and spectroscopy to verify the
plasma conditions.5Ð7 Calculations of the plasma
conditions compare favorably with these measurements.
In interaction experiments,8,9 the qualitative features of
the backscattered spectra10 from the tenth Nova beam
are also consistent with the calculated plasma conditions and temporal evolution of the target parameters
that influence SBS.
Although the primary focus of this work was to
design and field targets that reproduce NIF underdense plasma parameters important to SBS, the target
designs have also proven useful for ongoing studies of
other parametric processes that could affect NIF. The
gains for stimulated Raman backscattering (SRS) in
these plasmas are also high and comparable to calculated SRS gains in NIF hohlraums. New diagnostic
capabilities have led to experiments to study the scaling
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NIF Target Analysis
We have analyzed detailed simulations of various NIF
target designs1 using the LASNEX ICF design code14
to define desirable conditions for Nova preformedplasma experiments. To assess the potential levels of
scattering instabilities in NIF plasmas, we have calculated the linear gain and the resultant reflectivities by
assuming no nonlinear saturation effects other than
pump depletion and by assuming that the reflection is
confined within the solid angle of the incident light.
Figure 1 shows the target geometry and a typical
laser pulse shape for the baseline NIF hohlraum
design. In NIF indirect-drive target designs, the
hohlraum wall is illuminated by two pairs of symmetrically placed rings of laser beams. The hohlraum is
filled with He or H/He mixtures at an initial density of
0.0013 g/cm3, which corresponds to an electron density ne = 4 × 1020 cmÐ3 at full ionization. The density of
the low-Z fill plasma evolves throughout the pulse
because of wall expansion, plasma blowoff from the
capsule, and material loss though the laser entrance
holes. We have analyzed simulations for a range of NIF
target designs at times throughout the laser pulse. The
highest linear gains for SRS and SBS occur at the peak
of the pulse, when the maximum intensity of a single
beam is I = 2 × 1015 W/cm2. Figure 2 shows the calculated profiles for laser intensity IL, electron density ne,
electron temperature Te, ion/electron temperature
ratio Ti/Te, and flow velocity component parallel to
the beam path v||, along the propagation path for the
baseline NIF hohlraum design. Alternative designs
with lower peak power and correspondingly lower
plasma densities at the peak of the pulse result in
lower gains for scattering instabilities.
The laser intensity in the NIF point design is
well below the threshold for absolute SBS at the
calculated densities and temperatures, so only the
convective instability is a concern. To obtain the
small-signal intensity gain coefficient G(ωs) for SBS,
we integrate the local intensity spatial gain rate15
κ(ωs,z) over the path of the scattered light. Using
plasma profiles from LASNEX simulations,
we evaluate
(1)
n = n0 + γI ,
16

on a fine mesh along the propagation path of the laser
beam. Here z is the position along the ray path, ω0,s and
k0,s are the frequency and wavenumber of the pump and
scattered light waves, respectively, v0 ≡ eE0/mω0 is the
laser pump strength parameter, vg ≡ cs2ks/ωs is the group
velocity of the ion acoustic wave (cs is the sound speed
in the plasma), and χe,i are the electron and ion susceptibilities, respectively. The gain calculation includes a
multi-species treatment of ion Landau damping.16 The
intensity variation along the ray path due to beam
divergence and inverse bremsstrahlung absorption is
also included.
The propagation length through the ~0.1nc gas plasma
is longer for the inner beam cone, resulting in higher
integrated SBS gain. At NIF scale, flow velocity gradients are weak in the direction of beam propagation
(Lv Å 10 mm) and do not effectively limit SBS. On the
other hand, the ions and electrons are near equilibrium
(Ti/Te = 0.4) at the high-intensity peak of the pulse,
leading to efficient ion Landau damping by the light

,,

(a)

9.5 mm

5.5 mm

(b)
Total

100
Outer beams
Power (TW)

of SRS backscattering with electron temperature, electron density, and beam conditioning.11 Broadening of
SRS spectra from unsmoothed beams is interpreted as
evidence that filamentation is above threshold but is
suppressed by beam smoothing in agreement with calculations.12 In other experiments, Brillouin forward
scattering in crossed beams is being investigated using
these target designs.13
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Inner beams

1

0

5

10

15
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FIGURE 1. NIF target design. (a) Target and illumination geometry
for baseline NIF target design. (b) Typical laser pulse shape.
(50-04-1095-2377pb02)
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ions in the gas. In this parameter regime, the linear
gain exponent for SBS is approximately

z=

d
d B
– ,
≈
n0 + γI n0 k

(2)

where I is the laser intensity in W/cm2, λ is the laser
wavelength in micrometers, Te is the electron temperature in keV, ne/nc is the electron density normalized to
critical density, and ωa and νi are the ion-acoustic-wave

Intensity (1015 W/cm2)

Inner beam path

frequency and amplitude damping rate, respectively.
Landau damping increases further when the He fill is
replaced by a H/He mixture with the same electron
density.16 For pure He fill, the calculated linear gain
exponents for SBS for the inner and outer beams are 28
and 9, respectively; for an equimolar H/He mixture, the
corresponding values are 21 and 6. The longer gas path
length and lower electron temperature in the inner cone
also lead to higher SRS gain.
For the high gain exponents calculated for the inner
beam cone, linear theory is not adequate to assess

Outer beam path

FIGURE 2. NIF plasma parameters: lineouts of intensity, electron
density, electron temperature,
ion/electron temperature ratio,
and flow velocity parallel to the
laser path for the inner (left)
and outer (right) beam cones
along the paths indicated by
gray lines in Fig. 1. The laser
entrance hole is at the left limit
of the plots; the gas/gold interface is marked by light shaded
vertical lines. The path length is
defined such that the position
of best focus of the laser beam is
at zero. (50-04-1095-2378pb02)
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scattering levels. Nonlinear damping or detuning of
SBS-produced ion waves is likely to limit the instability
growth to much lower levels.3 However, the intensity
structure of spatially smoothed laser beams, although
an improvement over that of unsmoothed Nova beams,
increases the effective gain above that for a uniform
beam.17 Temporal beam smoothing is therefore necessary to reduce the expected gain.18 Although all these
effects are expected to be important, quantitative predictions of scattering levels including these effects is
beyond the scope of current simulation techniques.
Interaction experiments using the Nova targets described
below have provided a means for quantifying scattering levels in plasmas similar to the low-Z fill plasma in
NIF hohlraum designs and for verifying that scattering
levels in such plasmas are acceptable.

Nova Target Designs
The thermal energy content of the gas plasma in the
baseline NIF hohlraum design is >70 kJ at the peak of
the pulse, so it is not possible to create a comparable
plasma with the ~30 kJ available with Nova. Instead,
we have endeavored to identify and reproduce the
essential parameters of the NIF inner beam path in
Nova experiments. First, a large, nearly uniform test
plasma is required to provide a comparable plasma
path length in which SBS gain is not limited by flow
gradients. Second, a relatively hot plasma is required
to access the strong damping regime for SRS. Third,
the relevant plasma conditions must be maintained for
much longer than the growth times for instabilities to
assess asymptotic scattering levels. Based on these criteria we set electron density ne Å 1021 cmÐ3, electron
temperature Te > 3 keV, interaction length L Å 2 mm,
flow velocity gradient scalelength Lv > 6 mm, and
plasma lifetime ³0.5 ns as desirable parameters for
Nova target designs.
Various target options were investigated in simulations and evaluated against these criteria. The gas
targets were selected for three reasons. First, and perhaps most important, is the consideration that the
underdense NIF plasma is formed by heating a lowdensity gas; hence we expect gas targets to closely
parallel the NIF plasma formation processes. Second,
a substantial amount of NovaÕs energy would be
required to expand a solid target to achieve the longscalelength plasma required. Third, the initially
homogeneous gas fill suggests less uncertainty and
temporal variation in the plasma density than plasmas
formed by expansion. Two principal target types were
used (Fig. 3), both containing neopentane (C5H12) gas
at 1 atm pressure (ne = 1021 cmÐ3 at full ionization):
(1) gas balloons (ÒgasbagsÓ) ~2.5Ð3 mm in diameter
with a ~5000-• thick polyimide (C22H10N2O5) membrane, and (2) cylindrical gold hohlraums with length
and diameter ~2.5 mm with polyimide windows ~6000 •
18

thick to contain the gas. Denavit and Phillion19 proposed
similar gas target geometries. An alternative hohlraum
geometry was used in complementary experiments
fielded on Nova by Los Alamos National Laboratory.20
Using nine Nova beams, which deliver ~30 kJ of
0.351-µm light, we heat the gas to preform plasmas
with the desired parameters. The tenth beam, an interaction beam whose intensity, pulse shape, f/number,
and spatial and temporal intensity structure (ÒsmoothnessÓ) are varied, is delayed until the gas target is
expected to be uniformly heated.
The behavior of the two targets is similar, although
details differ because of the different geometries and
pulse shapes. In both targets the laser beam burns
through the polyimide in ~200 ps; the gas becomes
transparent by t Å 500 ps. The calculated electron density
(1021 cmÐ3) and temperature (~3 keV) of the preformed
plasma are uniform over a length of L Å 2 mm. The
maximum calculated flow velocity in this region is
<107 cm/s. The path length of the 0.1nc density plateau
decreases to ~1.5 mm at t = 1 ns because of rarefaction.
In the gasbag targets, heater beams are arranged to
symmetrically illuminate nearly the entire target surface [Fig. 3(a)]. The temperature and density in the
center of the target is very uniform after the initial
plasma formation. In the hohlraum targets, laser access
is limited to laser entrance holes in the ends of the cylinder. The beams are therefore more tightly focused than
in the gasbag geometry [Fig. 3(b)], and the laser directly
heats only a portion of the contained gas. The gas
plasma created in the hohlraum targets exhibits a weak

,,,
,,,
,,,
,,, ,,,
(a) Gasbag targets

(b) Hohlraum targets

FIGURE 3. Nova target geometries for (a) gasbag and (b) hohlraum
targets. For the gasbag target, the dark band indicates the position of
the washer. Speckled regions represent gas fill; gray shading shows the
illumination geometry for the heating beams. (50-04-1095-2379pb01)

density gradient along the beam path, with density
decreasing towards the laser entrance hole. The presence of underdense gold blowoff in the hohlraum may,
on the other hand, produce additional SBS. Because
most of NovaÕs energy is required to heat the gas, however, the gold plasma evolution does not approximate
UCRL-LR-105821-96-1
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the NIF gold blowoff. SBS from the underdense gold
plasma in gas-filled hohlraums is the subject of separate
ongoing experiments.
Extensive characterization was carried out to ensure
that predicted plasma conditions were achieved.
Spectroscopic measurements are consistent with the
calculated underdense plasma temperatures.5 Imaging
techniques confirm the plasma size, homogeneity, and
temporal evolution.6 Streaked and gated images show
that the heater beams propagate through the gas as
calculated without significant breakup.7 Optical
spectra are consistent with expected target parameters
and evolution.10

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

(a)

(b)
5

V (107cm/s)

ne/nc

1

0.1

0.01
8

gasbag targets and 1 ns for hohlraums). For the NIF
targets, quantities are plotted at the peak of the pulse
(t = 14.5 ns), when the calculated SBS gain is highest.
At the time of peak SBS, the Nova targets have a
>1.5 mm region of plasma with electron density ~0.1nc,
flow velocity gradient scalelengths Lv > 6 mm, electron
temperatures Te > 3 keV, and ion/electron temperature
ratios Ti/Te Å 0.15Ð0.2. These parameters match the
NIF gas plasma conditions within a factor of two.
The calculated linear gain exponents for SBS and
SRS backscattering are similar for the Nova targets and
the NIF baseline design. Table 1 shows gain exponents
for peak laser intensity I = 2 × 1015 W/cm2 and f/8
focusing, with best focus as defined in Fig. 4. Gains are
shown for targets without hydrogen in the fill gas
(C5D12 for Nova and pure He for NIF) and for the
baseline designs (C5D12 for Nova and equimolar H/He
for NIF). The gasbag targets have somewhat higher
peak gains than the Nova hohlraum targets for similar
fill conditions, primarily because the plasma density is
more homogeneous in the gasbags. Both Nova targets
have calculated gain exponents comparable to those
for the NIF inner cone. Gains for SRS and SBS

FIGURE 4. Calculated parameters of the low-Z gas plasma
along a beam path for the inner
cone of NIF beams (gray line),
Nova hohlraums (solid line),
and gasbags (dashed line). The
path length is defined such that
the nominal position of best
focus of the interaction beam in
Nova experiments coincides
with best focus of the NIF laser
at zero. (50-04-1095-2380pb01)
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the gas. The longer-wavelength feature that appears at
t Å 1 ns is associated with a compression shock generated by the expanding polyimide membrane; this feature
appears in some of the measured spectra.7,10 Again the
scattering level decreases after ~1 ns, although the
interaction beam is at full intensity until t Å 1.4 ns, in
qualitative agreement with observations.
Although qualitative features of the backscattered
spectra are consistent with the calculated plasma evolution, linear theory is clearly inadequate to model

1.6

1.4

1.2

t (ns)

backscattering are lower for the NIF outer beam cone
because of a shorter laser path length through the gas fill
plasma. For both instabilities, the longer path length of
plasma in the NIF target is compensated for by increased
Landau damping to give comparable gains to the
Nova targets. For SBS, the higher value of Ti/Te in the
NIF targets leads to increased ion Landau damping. Ion
Landau damping is most effective when light (H) ions
are present, as shown in Table 1 and as discussed in
detail in Refs. 10 and 16. For SRS, electron Landau
damping is predicted to be more effective in the NIF
target because of the higher electron temperature.
Additional scaling experiments have been performed
on Nova with higher intensity (>5 × 1015 W/cm2)
interaction beams,8,9 for which the calculated gain
exponents exceed NIF values by more than a factor
of two.
Calculated backscattering spectra from the Nova
targets show features that are signatures of large, static
plasmas. Comparisons with observed spectra7,10 provide further verification that the calculated plasma
conditions have been achieved. Figure 5 shows a typical calculated SBS spectrum from a gasbag target. The
interaction beam in the calculations (and in typical

1.0

0.8

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

0.6

designs.

Nova gasbag
Nova gas hohlraum
NIF (inner cone)
NIF (outer cone)

SRS

SBS

SBS (no hydrogen)

20
16
30
7

35
19
21
6

64
27
28
9

interaction experiments) is a 1-ns flat-topped pulse
with 200 ps rise time, delayed 400 ps relative to the
plasma formation laser beams. The brightest feature is
red-shifted by ~10 • from the incident wavelength
λ0 = 0.351 µm. This corresponds to scattering from the
hot, static density plateau in the middle of the target.
By contrast, SBS spectra from exploding foils or disks
are typically blue-shifted, indicating that the signal is
dominated by plasma regions in which v|| > cs. The
calculated gain decreases after ~1 ns because of the
gradual disassembly of the density plateau and
because of energy transfer from the electrons to the
ions, which increases the ion Landau damping. These
qualitative features are seen in experiments in which
significant scattering is observed,10,11 although peak
scattering occurs somewhat later (~200 ps) than calculated. Figure 6 shows a typical calculated SRS spectrum. The dominant feature at λ Å 5700 • is indicative
of scattering from the 0.1nc density plateau formed by
20

0.4

0

5

10
Wavelength shift (•)

15

FIGURE 5. Calculated SBS backscattered spectra from a neopentanefilled gasbag target with f/8 interaction beam intensity I = 2 × 1015 W/cm2.
(50-04-1095-2386pb02)
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FIGURE 6. Calculated SRS backscattered spectra from a neopentane-filled gasbag target with f/8 interaction beam intensity
I = 2 × 1015 W/cm2. (50-04-1095-2382pb02)
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these experiments quantitatively. The measured SBS
reflectivities for these plasmas are well below the scattering levels predicted by linear theory. For the SBS
gain exponents of >20 calculated for these conditions,
the calculated reflectivity is limited by pump depletion
to ~30% in the absence of other nonlinear saturation
mechanisms, whereas the measured reflectivities are
<3% in neopentane-filled targets.8,9 For these high gains,
however, nonlinear saturation mechanisms that limit
the amplitude or coherence of the ion waves driven by
SBS3,21 are likely to be important. Theoretical and
experimental efforts are under way to quantify these
effects. Further, scattering from high-Z blowoff from
the gold wall in NIF hohlraums is not well modeled in
these Nova targets. Although gold plasma in the Nova
gas-filled hohlraums may contribute to the SBS signal,
tamping of the wall expansion reduces the extent of
the high-Z blowoff, and strong absorption in the gas
fill reduces the laser intensity in the high-Z plasma to
below NIF-relevant levels. Scattering from high-Z plasmas is the subject of continuing research.

Conclusion
Using gas-filled targets on Nova, we have produced
plasmas that closely match the calculated low-Z plasma
environment in NIF hohlraums in electron density and
temperature, density and velocity scalelengths, and
calculated SBS gain. These plasmas were extensively
characterized using x-ray and optical diagnostics. The
plasma parameters and target evolution predicted by
LASNEX design calculations are consistent with these
observations. These comparisons verify that the desired
parameters for SBS experiments were attained and corroborate important aspects of our modeling of NIF
hohlraum conditions. SBS reflectivity is <3% from an
interaction beam that mimics the NIF laser beam intensity, focusing, and beam smoothing.
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STIMULATED BRILLOUIN SCATTERING
IN MULTISPECIES PLASMAS
E. A. Williams

Introduction
Stimulated Brillouin scattering (SBS) is a plasma
instability in which laser light, propagating through
an underdense plasma, is scattered by self-excited ionacoustic waves.1
In inertial confinement fusion (ICF) applications,
backscattered laser light is wasted energy that is not
absorbed by the target. It is neither converted to x rays
by the laser-heated hohlraum (indirect drive) nor used
to directly implode the target (direct drive). Energy lost
in this manner has to be replaced by a compensating
increase in the power of the laser.
Scattering in directions other than backward, or near
backward, gives rise to a different concern. This obliquely
scattered light may be absorbed elsewhere in the
hohlraum, or by the capsule, changing the spatial distribution of absorbed energy and affecting implosion
symmetry. Although scattering adds to the effective
Òspot motionÓ it can, within limits, be tuned away in the
target design. The real concern is that the shot-to-shot
variation of the scattering might exceed the tolerance
of the design.2Ð4
Because of this consideration, it would be highly
desirable to limit SBS scattering to not more than a
few percent of the incident power. Limiting laser
intensity and the hohlraum gas density, for instance,
are possibilities. In this article, we discuss the possible
benefits of choosing hohlraum gases5 and/or
hohlraum wall materials6 that contain multiple-ion
species to increase the ion Landau damping of the SBS
ion waves.
Under cryogenic constraints, the only candidate
for a mixed species gas is a hydrogenÐhelium
(HÐHe) mixture, currently used in the National
Ignition Facility (NIF) designs.2,3 Gases such as
methane, propane, pentane, and carbon dioxide7
have been used in Nova hohlraum and gas-bag
experiments. Recent Nova experiments have used
Au hohlraums with multilayers of Au and Be to coat
the inside walls.
22

Landau Damping of IonAcoustic Waves
Theoretically, increasing the linear damping rate of
the SBS ion waves, all else equal, should reduce the
amplitude to which they grow, and consequently reduce
the amount of scattered light. If the reduction of linear
growth rate is sufficient to force the instability to remain
in a linear regime, there is a quantitative relation between
growth rate and reflectivity. Conversely, if the relevant
rates are reduced, but the ion waves are nevertheless
driven nonlinear, then the connection between increased
damping and reduced scatter is less direct. A connection is
anticipated, however, and is the subject of current research.
To our benefit, nature provides the natural phenomenon of (ion) Landau damping. This is a kinetic
(as opposed to fluid) effect, in which ions in the distribution function whose (thermal) velocities match the
phase speed of the ion acoustic wave, ÒsurfÓ on the
wave, thereby extracting energy and damping it. More
precisely, ions slightly slower than the wave are accelerated, those slightly faster are decelerated. Because, in
a thermal distribution, the number of ions decreases
with increasing velocity (i.e., the distribution function
has negative slope), the net effect is damping.
When the ion acoustic velocity greatly exceeds the
characteristic thermal velocity, the number of ions
available on the tail of the distribution is very small,
and the damping is weak. In the opposite limit, where
the ion thermal velocity greatly exceeds the acoustic
velocity, the damping is again weak because the distribution function is locally almost flat. Maximum
damping occurs in the intermediate case where the ion
acoustic velocity is two to three times the thermal
velocity. Because, at a given ion temperature, the ion
thermal velocity varies inversely with the square root
of the atomic mass, the ion Landau damping can be
controlled by judicious choice of material composition.
In a single-ion-species underdense plasma, the ratio
k
of the ion (acoustic
speed to the ion thermal velocity
κ (ω s , z ) = 0
is large for both mid- and high-Z plasmas,
UCRL-LR-105821-96-1

SBS IN MULTISPECIES PLASMAS
both because Z>>1 and because electron-ion collisions
are insufficient for the ion temperature Ti to equilibrate
with the laser-heated electrons, where Te is the electron
temperature. In Nova hohlraums, Ti/Te Å 0.2; for the
longer pulse lengths in NIF hohlraums, we anticipate
Ti/Te Å 0.5. Because of this, the fraction of ions in such
a plasma near the phase velocity of the ion wave is very
small, making ion Landau damping very weak.
Typically, adding a low atomic number component,
such as H, to a plasma modestly changes the ion acoustic
frequency, but greatly increases the number of highthermal-velocity ions, thereby dramatically increasing
the Landau damping. This multispecies effect was first
examined in the early days of magnetic fusion research
and was experimentally tested in a variety of experiments,8
including an observation of reduced SBS in a microwave
plasma.9 This work has been extended to consider
plasmas of interest to ICF5 and is summarized here.
We consider the kinetic treatment of ion acoustic
waves in a plasma, consisting of an arbitrary number of
ion species. We assume Maxwellian velocity distributions,
with common ion temperature Ti and electron temperature Te. The electrostatic normal-mode frequencies of
the plasma are then given by the zeroes of the plasma
dielectric function ε, which relates the frequency ω to the
wavenumber k, of any given mode, written as follows:
ε( k , ω ) = 1 + χ e +

∑ χiβ = 0 ,

(1)

β

where the electron susceptibility is χe and the ion susceptibility for species β is χiβ. The susceptibilities can
be expressed as derivatives of Fried and ConteÕs Z
function10
χe = −

2
ω pe

2k 2 v e2

 ω 
Z ′

 2 kv e 

species to be Zβ and fβ. The total ion density ni and the
electron density ne are related through the average
charge Z , as ne = ni Z . The average charge and ion
number densities are then related by
Z≡

∑ fβ Zβ
β

and nβ = fβ ne / Z = fβ ni

.

(3)

In these units,

(

)

χ e = – Z′ Ω / 2 K / 2K 2
and
χ iβ =

fβ Zβ2 T 1
e
Z ′ Ω / 2 KVβ
Z Ti 2 K 2

(

)

(4)

.

Although this dispersion relation has an infinite
number of roots, ω( k ), only a small number of them
have ωi << ωr, corresponding to freely propagating
waves (where i and r denote the imaginary and real
parts of the complex mode frequency). For these, their
phase velocity Re(ω )/ k is such that it is either much
larger than or much less than the thermal velocity of
each species. The Landau damping contribution of
each species is then small because the number of particles at the phase velocity, or the slope of the particle
distribution function, is small.
For high enough electron temperature [approximately
when Te / Ti > 3 Z / Z 2 / A Al ], there is a ÒfastÓ ion
acoustic wave that is weakly damped. The
denote
averages weighted by the ion fractions. Al is the atomic
number of the lightest component. The condition
implies that the sound speed is much greater than the
thermal velocity of the lightest ion species. The sound
speed is approximated by

(

)

and
χ iβ = −

2
ω pi
β

2k 2 v i2β

 ω 
Z ′
,
 2 kv iβ 

(2)

in which the plasma frequency and thermal speed are
ωpe and ve for the electrons and ωpiβ and viβ for the ion
species. The thermal speed of species β is defined here
by v β = Tβ Aβ Mp (consistent with the practice in the
laserÐplasma literature but in contrast, for example, to
Swanson10), where Mp is the proton mass, and Tβ and
Aβ are the temperature, in energy units, and the atomic
mass of species β. We ignore flow. If the component
species were to all flow with velocity u, ω would be
replaced in all of the above by (ω − k ¥ u).
The theoretical discussion is more straightforward if
we convert to normalized units: K ≡ kλDe, ½ = ω/ωpe, and
Vβ = vβ/ve, with electron Debye length λDe ≡ ve/ωpe. We
take the ionic charge and the number fraction of the β
UCRL-LR-105821-96-1
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where me is the electron mass.
In un-normalized quantities,

The sound speed is of course much slower than the
electron thermal velocity. The electron damping puts a
lower limit on the total ion wave damping, which is
approximately given by
1
Ωi
π
=−
8 1 + µ + K2
Ωr

Ω
 r +
 K


∑
β

αβΩr
KVβ

e −Ω

2

/ 2 K 2 Vβ2


 , (7)
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which gives a minimum damping decrement of 0.01Ð0.015
in cases of interest.
The ÒfastÓ mode is the direct analog of the usual single-species ion wave. However, in a multi-ion species
plasma there are possibilities for additional ÒslowÓ
modes. These modes have sound speeds intermediate
between the thermal velocities of a light group of ion
species and a heavy group. In these modes, the light
ions act like the electrons in the fast mode. They,
together with the electrons, react so as to chargeÐneutralize the heavy ions. Unlike the electrons, the light
ions are repelled by the regions of heavy-ion concentration. Their motion is thus out of phase with the
heavy ions. This contrasts with the fast mode where
the electron and ion species motions are in phase, so
that the plasma is effectively a single fluid.
A weakly damped fast mode always exists for sufficiently large Te/Ti, whereas slow modes exist for at most
a finite range of Te/Ti. Detailed criteria for the existence
of these modes have been published elsewhere.12
Asymptotic kinetic and multifluid approximations for
the frequency and damping decrement of the slow
modes are readily derived, but are only modestly
quantitatively accurate, essentially because the ratios
of the sound speed to the ion thermal velocities are
neither particularly large nor small.
Figures 1 and 2 show the sound speed and damping
decrement as a function of Ti/Te for equal mixtures of
H with He and CÑmixtures of interest for the NIF and
current Nova experiments. In each case, there are fast
and slow modes. The fast mode is less damped when

Ti/Te is <0.2 or 0.32, respectively, with the slow mode
becoming the lesser damped mode at higher values of
Ti/Te. One consequence of this is that the sound speed
of the dominant mode increases less rapidly with Ti
than would be anticipated from the fluid result [see
Eqs. (5) and (6)].
Also shown in Figs. 1 and 2 are the thermal velocities of the two ion species, which can be compared
with the respective sound velocities. In contrast with
the CH mixture, the H thermal velocity in the HÐHe
mixture does not actually exceed the slow mode phase
speed. Because of this, the ion acoustic damping for
HÐHe mixtures is very strong at the Ti/Te ratios anticipated for NIF hohlraums (~0.5).

SBS in Multispecies Plasmas
The kinetic dispersion relation for SBS is
1 + χe +

∑ χi
i

 

χ e  1 + ∑ χ i  
i



[

2 − k −k 2
(ω 0 − ω )2 − ω pe
(0 )

]

=

k 2 v02
4

. (8)

The frequency and wave number of the pump and ion
wave are (ω0, k0) and (ω, k), respectively. The simplest
linear model to assess the effect of ion acoustic damping on SBS is to take the plasma to be a homogeneous
slab and the laser beam to be uniform. The time development of the SBS instability in such a model has been
analyzed in detail.13 The instability grows as if the
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FIGURE 1. A plot of the damping decrement ν/ω and the ion-acous-

FIGURE 2. A plot of the damping decrement ν/ω and the ion acoustic

tic and thermal velocities normalized to the electron thermal velocity
vs the ion-electron temperature ratio Ti/Te. The HÐHe plasma has
Te = 3 keV and ne = 1021 cmÐ3. (50-01-1195-2518pb01)

and thermal velocities normalized to the electron thermal velocity
vs the ion-electron temperature ratio Ti/Te. The CH plasma has
Te = 3 keV and ne = 1021 cmÐ3. (50-01-1195-2519pb01)
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]

2 1/ 2

(9)

where γ0 is the growth rate in the absence of damping,
and ν is the ion-acoustic damping rate. One therefore
anticipates that the initial growth rate is unaffected by
damping whenever γ0>>ν. This result is borne out by
solutions of the full kinetic dispersion relation [see
Eq. (8)]. Unless the intensity is relatively low (less than
~1014W/cm2) and the damping is high (decrement
>0.1), the kinetic temporal growth rate is essentially
independent of material composition.
However, provided the damping is strong enough
to prevent absolute instability, which in the mode-coupling model requires γ 0 < ( ν / 2)(c / cs )1/ 2 , where cs is
the sound speed, the instability evolves into a steady
state in which the scattered wave amplifies exponentially from noise across the plasma. The spatial growth
rate is given by the imaginary part of the solution of
the dispersion relation [see Eq. (8)] for (complex) k,
maximized over the frequency shift ω.
Below the absolute threshold, it is a good approximation to neglect the imaginary part of k in evaluating
the susceptibilities, giving the following expression for
the spatial growth rate:

κ=

k 2 v 20 1+

∑i χi

4c 2

2

(∑ χ )

Im (χ e ) + χ e 2 Im

1 + χe +

∑i χi

2

i

i

,

(10)

which is directly proportional to the Thomson cross section.
It might be expected that whenever two weakly
damped ion acoustic waves are present, the SBS (and
Thomson) spectra would exhibit two peaks. In fact,
except for special choices of material and electron-ion
temperature ratio, a single peak is observed. This is
because it is not easy to satisfy the Rayleigh criterion
that the separation of the peaks has to exceed their
combined widths.
Figure 3 shows the spatial amplification rate for backward SBS from a 1015 W/cm2, 0.35-µm laser in a fullyionized CH plasma, with Te = 3 keV and ne = 1021 cmÐ3,
plotted against the wavelength shift of the scattered
light in Angstroms. Curve A in Fig. 3 shows Ti/Te = 0.075.
At this temperature, in comparison with Fig. 2, the fast
mode is weakly damped and the slow mode is nonresonant. The growth rate curve shows a sharp peak, with
a shift corresponding to the fast wave ion-acoustic frequency. Curve B shows Ti/Te = 0.2, where both modes
are modestly (and equally) damped, but only a single
broad peak is seen in the spectrum, with an inferred
UCRL-LR-105821-96-1
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(A) = Ti/Te = 0.075
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[

γ = − ν / 2 + γ 02 + ( ν / 2)

ion-acoustic velocity between that of the two ion modes.
In curves C and D where Ti/Te increases, the peak
shifts and narrows, reflecting a contribution only from
the slow mode.
Figure 4 plots the spatial growth rate (maximized
over scattered frequency) for SBS backscatter vs Ti/Te
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FIGURE 3. A plot of the SBS backscatter spatial amplification rate
in a CH plasma vs the wavelength shift of the scattered light. The
0.35-µm IL = 1015 W/cm2, and the plasma has Te = 3 keV and
ne = 1021 cmÐ3. (50-01-1195-2520pb01)
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medium were infinite for the first few light transit
times. The appropriate growth rate is given by the root
of Eq. (8) for complex ω maximized over (real) k.
In a reduced mode-coupling description, this temporal growth rate is given by
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FIGURE 4. A plot of the maximum (over wavelength) SBS backscatter spatial amplification rate vs Ti/Te for various CH mixtures for
the conditions of Fig (3). (50-01-1195-2521pb01)
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for various CÐH mixtures. Here, adding increasing
fractions of light H ions to the C plasma decreases the
spatial amplification rate for SBS. In these calculations,
the laser intensity IL = 1014 W/cm2, Te = 3 keV, and
ne = 1021cmÐ3. Below the absolute threshold, the
kinetic growth rates scale as its fluid approximation,
namely as ILne/Te, keeping the material variation intact.

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

M. R. Kozlowski

M. Yan

Single crystals of KH2PO4 (KDP) and K(DxH1Ðx)2PO4
(DKDP) will be used for frequency conversion and as
part of a large aperture optical switch1 in the proposed
National Ignition Facility (NIF) at the Lawrence
Livermore National Laboratory (LLNL). These crystals
must have good optical properties and high laser damage thresholds. Currently, these crystals have a lower
laser damage threshold than other optical materials in
the laser chain, forcing designers to limit the output
fluence of the NIF to avoid damaging the crystals. In
addition, minimum acceptable laser fluences can be
safely employed only after the crystals have been
treated in a procedure known as laser conditioning,2
which has been shown to dramatically improve their
damage thresholds. Furthermore, while more efficient
frequency conversion schemes are being explored both
theoretically and experimentally, the advantages of
these schemes cannot be fully realized unless the damage thresholds of the conversion crystals are increased.
Over the past decade, LLNL has generated an extensive
data base on laser damage in KDP and DKDP crystals
both at the first and third harmonics of Neodymiumdoped yttrium-aluminum-garnet (Nd-YAG).3 Over
this time period, the damage thresholds of these crystals have increased, due in part to better filtration of
the growth solution;4 nevertheless, the damage thresholds of the best crystals are still far below the theoretical
limits calculated from the band structure of perfect
crystals. Thus, damage in KDP and DKDP is caused by
defects in the crystals. Unfortunately, little is understood about the mechanism of laser-induced damage,
the conditioning process in the crystals, or the defects
that are responsible for damage.
Recently, we began an investigation aimed at understanding and improving laser damage and conditioning
in KDP and DKDP. Our strategy is to use a range of
characterization techniques to profile defects in crystals
of both types and to perform damage and conditioning
experiments on these well-characterized crystals to
identify the defects that are responsible for damage
and conditioning. The techniques include ultraviolet
absorption measurements for profiling the distribution of
impurities, x-ray topography for mapping the locations
UCRL-LR-105821-96-1

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

Laser Damage in KDP
Laser damage in KDP typically progresses with
increasing laser fluence from pin-point damage
characterized by individual 1- to 10-µm-diam damage
sites, often with fractures radiating along specific crystallographic directions, to massive damage in the form
of a continuous track of 10- to 100-µm diam scatterers
visible to the naked eye. Historically, better solution
preparation and growth processes have improved the
laser damage thresholds in KDP and DKDP. Figure 1 is
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FIGURE 1. Measured bulk damage thresholds vs time for KDP and
DKDP, scaled to 3 ns values by τ0.5 and measured at 1ω (1064 nm)
and 3ω (355 nm). Note the general improvement in damage thresholds over the 8-year period is shown, as well as the beneficial effect
of laser conditioning. Solid circles are conditioned; open circles are
unconditioned. (70-50-0296-0307pb01)
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a plot of laser-damage thresholds as a function of year
measured at 1ω and 3ω for both conditioned (R-on-1)
and unconditioned (S-on-1) test conditions. Because
damage thresholds are generally measured shortly
after growth and fabrication are complete, it is evident
that the damage thresholds have improved over time.
This plot includes all damage tests on all crystals, so
the median values one can deduce are not representative of the best damage thresholds that are currently
achieved. For example, the nominal damage threshold
for 3-ns pulses at the third harmonic of Nd:YAG in
KDP crystals that vendors have produced for the
Beamlet laser system5 are 10 and 20 J/cm2 for S-on-1
and R-on-1, respectively. While these thresholds could
be controlled by typical defects in high-quality crystals
such as point defects (impurity atoms) or dislocations,
the well-documented improvement in damage thresholds in response to continuous filtration4 of the growth
solution during crystal growth suggests that inclusions
play a significant role in damage.

Scatter Measurement
We chose light scattering as a means of characterizing inclusions in KDP. Figure 2(a) is a schematic of the
scatter measurement we implemented to view both
defects and bulk damage in the crystals. We installed
the scatter diagnostic in the ZEUS laser-damage facility at LLNLÑa system capable of delivering a usable
high-fluence beam of 100 J/cm2 at 1ω and 75 J/cm2 at
3ω in an 8-ns pulse. The crystal is mounted in an XÐY
translation stage to allow positioning of the damage
beam at any point on the crystal. The translation stage
is also attached to a rotary stage that allows the test
region of the sample to be viewed under an optical
microscope, using Nomarski or backlighting techniques
to detect damage. This is a typical method used to dam(a)

age test samples. With the aid of an alignment camera,
a probe laser is positioned collinear to the damage beam.
To obtain an image of the scattered light from the probe
laser, we use a high-dynamic-range 1024 × 1024 pixel,
14-bit CCD camera with appropriate imaging optics to
look through the edge of the crystal, horizontally. Current
system magnification is approximately 2×, resulting in
each pixel mapping to approximately a 10-µm2 area in
the crystal.
Figure 2(b) is a schematic diagram of the illumination
and imaging geometry, where the beam propagation is
oriented from top to bottom. The nominal beam diameter
for the ZEUS damage laser is 1 mm at 1/e2 of its peak
intensity, and the diameter of the probe beam is 2 mm
at 1/e2. We estimate that the two beams are coaligned
to approximately ±250 µm at the sample plane. The scatter from the surface has to be avoided because it is
much brighter than the bulk scatter and will saturate the
camera. Signals we observe consist of several components: Rayleigh scatter, Brillouin scatter, Mie scatter,
and fluorescence. Notch filters are used to eliminate the
fluorescence and Brillouin signals. The primary focus of
this study are Mie scatter sites and scattering off of
index variations. The Becke line test6 has shown that all
of the large (Mie) scattering sites we have observed are
regions with an index of refraction that is less than the
bulk crystal. We have been able to detect many more
defects with this scatter diagnostic than with conventional optical microscopy and have seen dramatic differences between different vintages and types of crystals.

Results and Development of
Light Scattering
Current studies include four types of crystals with
different growth histories. Figure 3 shows the scatter
(b)
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FIGURE 2. Schematic of (a) scatter measurement system and (b) orientation of scatter image.
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signal from each of these different typesÑnote the
gray-scale adjustments for each image to emphasize
the important features. Figure 3(a) shows the scatter
signal from a crystal grown before continuous filtration
increased the damage thresholds.4 Many large (Mie)
scatterers are visible in this type of crystal (currently in
use on the Nova laser at LLNL). Figure 3(b) shows a
crystal grown later, following improvements in solution processing techniques. These crystals, which are
also in use on Nova, have significantly fewer large Mie
scattering sites and have a higher laser-damage threshold. Figure 3(c) shows one of the most recently grown
crystals used on the Beamlet laser system both in the
Pockels cell and as frequency converters. These crystals have very few large (Mie) scattering sites and have
the highest laser-damage thresholds of any crystals
tested, to date. Figure 3(d) shows a crystal grown at
LLNL as part of a program to develop an innovative
process for growing KDP and DKDP crystals with
excellent optical properties at growth rates up to 10×
faster than conventional techniques.7 This process
includes filtration of the solution prior to the start of
crystal growth. These crystals have fewer scattering
sites than the early Nova crystals, but the sites are
typically larger.
During laser-damage tests, we see increases and
decreases in the scattering intensity from Mie scatterers. Figure 4 shows a sequence of images in which
most of the initial scatter sites diminish in intensity or
disappear while one scatter site increases dramatically
in intensity, generating what we would traditionally
(a)

refer to as damage. These images may represent our
first glimpse at both the defects that induce damage
and the process of laser conditioning. However, while
we typically see that nearly all pre-existing scatter sites
diminish in intensity or disappear during damage testing, when laser damage occurs, it often does not initiate
at an obvious pre-existing scatter site (illustrated in Fig. 5).
This unexpected result has four possible explanations:
(1) Defects other than inclusions, such as dislocations and
point defects, may induce damage. (2) The damage
may initiate at features that are below our spatial or
intensity resolution. To address this possibility, our
detection system currently incorporates microscopy,

(a)

(b)

(c)

(d)

(b)

FIGURE 4. Scatter signal from KDP crystal (a) before exposure to
the damage beam and after, (b) at one 10.2-J/cm2 pulse, (c) at one
11.1-J/cm2 pulse, and (d) at 600 10-J/cm2 pulses. (70-50-1195-2523pb01)

(c)

(d)

FIGURE 3. Scatter signals from (a) Nova pre-continuous filtration
(b) post-Nova, (c) Beamlet, and (d) rapidly grown crystals.
(70-50-1195-2525pb01)
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(a)

(b)

FIGURE 5. Images showing (a) the scatter signal before illumination
and (b) heavy laser damage initiated in areas that had no initial scatter sites. (70-50-1195-2526pb01)
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allowing us to obtain magnifications of up to 900×.
Using these higher magnifications should also help us
develop insight into the conditioning process and
determine why the amplitude of some scatter sites
decreases dramatically when subjected to a high-fluence
beam. (3) Damage may be caused not by defects per se
but rather initiates in regions that have high stress
fields due to defects. Therefore, we plan to develop
micrometer-size strain maps for the crystals and to correlate them to optical damage. (4) The illumination
angle, viewing angle, or polarization direction of the
probe beam might not be optimal to detect the sites
where damage initiates.
We investigated item (4) above and found scatter to
be quite sensitive to both the angle at which we illuminate the sample and the angle at which we view the
scatter signal. Figure 6 shows the scatter signal from a

(a)

(b)

FIGURE 6. Scatter signal from crystal (a) at normal incidence and
(b) at 5¡ from normal. (70-50-1195-2527pb01)

FIGURE 7. Schematic of KDP
crystal showing (a) orientation
of the growth front relative to
plates cut for damage testing,
(b) arrangement of laser, crystal,
and camera which generates
(c) strong scattering from growth
planes (d) scattering at sector
boundaries, and (e) Rayleigh
and Mie scattering only.

(a)

(b)

Growth front
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(101)
Cylindrical lens
(100)
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(70-50-1195-2528pb01)

KDP crystal
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crystal under illumination at normal incidence and at
5¡ off of normal incidence. The scatter signal from the
region near the center of the image nearly disappeared
when the crystal was tipped by 5¡. This result suggests
that there were planar scatterers in the crystals that
could only be detected at certain angles. Because KDP
grows as a faceted crystal, one might expect to find
planar features in the crystals known as growth stria,
which lie parallel to the growth front and correspond
to variations in growth rate, inhomogeneities in impurity
incorporation or sporadic incorporation of particles,
and/or solution inclusions. We found that this effect is
pronounced in crystal plates cut from the upper portion of KDP boules when the normal to the plate lies
along the <001> axis of the crystal, as shown in Fig. 7(a).
Such crystals typically contain four separate sectors to
which material was added during growth, corresponding to the four {101} faces of the crystal. If the laser is
incident normal to the face of the crystal and the camera
views the crystal along the normal to one of the edges
[see Fig. 7(b)], then the normal to the growth front will
be at 45¡ to both of these directions in one and only
one sector. As Fig. 7(c) shows, under these conditions
we observed strong scattering with a lineation parallel
to the growth front. In other words, we observed scattering
from planar variations in the crystal. At the boundary
between two adjacent growth sectors, this scattering
suddenly disappears and in the adjacent sectors, only
Rayleigh and Mie scattering can be observed [see Fig. 7(d)
and 7(e)]. Successive rotations of the crystal by 90¡
result in the same progression of scattering across each
of the four growth sectors. Figure 8 shows the scatter

Seed

(d)

(e)

UCRL-LR-105821-96-1

OPTICAL SCATTERÑA DIAGNOSTIC TOOL
(a)

(b)

Acknowledgments
We gratefully acknowledge the contributions of
Frank Rainer for many helpful discussions regarding
laser damage in KDP and for developing an extensive
data base on laser-damage measurements at LLNL. We
also thank Peter Thelin, Jose Vargas, and Ron Vallene
for providing the optical finishing on our many
test samples.

FIGURE 8. Comparison of scattering from growth stria in (a) rapidly
grown and (b) Beamlet-vintage crystals. The most intense scattering
in (a) is about 20× that in (b). (70-50-1195-2462pb01)

signal generated by these features in a fast-grown crystal
as well as one grown for Beamlet. The intensity of the
brightest features are about 20 times greater in the fast
grown crystal than in the Beamlet crystal. At this time,
we do not know if these features consist of planar
arrays of inclusions or are simply variations in refractive index which produce a series of dielectric mirrors
within the crystal. We also do not know how these features affect the damage threshold of the crystals.
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The scatter diagnostic installed on the ZEUS laserdamage facility at LLNL allows us to view scatter and
optical damage in bulk KDP. The historical record of
damage shows a correlation between the level of filtration and solution processing, number of scattering
sites, and optical damage. However, damage often initiates in regions where no initial scatter site is observed.
The amplitude of the scatter signal from large (Mie)
scatter sites often decreases when subjected to a laser
pulse. These sites may be providing our first glimpse
into the conditioning process. When the crystals are
properly oriented relative to the probe beam and the
camera, we observe strong scattering with a lineation
perpendicular to the growth direction. We interpret
this to be scatter from growth striaÑplanar variations
in crystal homogeneity produced at the growth front of
the crystal during growth. Positive identification of the
defects that cause laser damage in KDP is crucial to
improving damage thresholds for the NIF.
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In the study of laser-produced plasmas, optical interferometry plays a key role in accurately measuring
electron density profiles for a variety of target conditions.
Attwood et al.1 were the first to quantify profile steepening due to radiation pressure using a short pulse
2650-• optical interferometer. This method was used to
measure electron density profiles in exploding foils under
conditions relevant to x-ray lasers.2 Young et al.3,4 also
used optical interferometry to investigate the filamentation instability in laser-produced plasmas. Nevertheless,
the size of the plasma and the peak electron density
accessible in all these cases were severely restricted by
absorption and refraction. Inverse bremsstrahlung
absorption becomes significant for optical probes at
electron densities exceeding 1020 cmÐ3. Refraction of
the probe beam is sensitive to electron density gradients
and ultimately affects spatial resolution and data interpretation.5 These problems are particularly significant
as we progress in producing and studying large (3 mm)
and high-density (1022 cmÐ3) plasmas relevant to Inertial
Confinement Fusion (ICF) and astrophysics. Therefore,
we need to develop interferometry techniques at soft
x-ray wavelengths where absorption and refraction
effects can be mitigated.
This article describes the use of interferometry at soft
x-ray wavelengths to probe laser-produced plasma. We
discuss the properties and characteristics of existing soft
x-ray lasers that make them well suited to probe laserproduced plasma. The design and performance of a
multilayer-optic-based interferometer is presented along
with results of its use to probe millimeter-size plasmas.

Advantages and Properties of
Collisional X-Ray Lasers
Worldwide6 research demonstrates soft x-ray lasers
that operate from 400 to 35 • (30 to 350 eV). These systems
use high-power optical lasers to produce a hot and
32

uniform plasma suitable for laser amplification and
propagation. Recently, the efficiency and range of collisionally pumped systems has been increased using
multipump pulse techniques.7 Although recombination
schemes have also been used, the highest gain-length
products, and consequently output powers, have been
observed for neon-like collisionally pumped lasers.
Saturated output has been reported in selenium,8 germanium,9 and yttrium10 using optical pumping and in
argon using capillary discharges.11 The high brightness
and comparatively routine operation of existing soft
x-ray lasers offer an opportunity to use these systems
for a variety of applications. These applications include
the use of a Ni-like tantalum x-ray laser for biological
imaging,12 which allows us to study biological specimens in a natural environment with resolutions far
exceeding those possible with optical techniques.
The high brightness of saturated x-ray lasers also
makes them an ideal tool for probing high-density
and large plasmas relevant to astrophysics and ICF.
In addition, the wide range of available x-ray laser
wavelengths (Fig. 1) now makes it possible to take
advantage of absorption edges to enhance contrast.
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FIGURE 1.

Measured (filled symbols) and calculated (open symbols)
wavelengths as a function of atomic number for primary neon(3pÐ3s) and nickel-like (4dÐ4p) collisionally pumped x-ray laser
lines. (08-00-1295-2637pb01)
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This article focuses on the use of soft x-ray lasers to
study laser-produced plasmas.

Absorption and Refraction Effects
Two main effects ultimately limit the plasma condition that can be probed with any laser source. The first
is absorption, which limits the density of the plasma; the
second is refraction, which limits the density gradients.
In a plasma with electron density ne, the index of refraction nref is related to the critical electron density
nc = 1.1 × 1021 λÐ2 (cmÐ3) (λ in µm) by nref = 1 − nne . In
c
an interferometer, the number of fringe shifts, NFringe, is
then given by
n L
∫0 (1− n )dl ≈ 2nec λ = 4.54 × 10 −22 ne Lλ ,
L

where the integral is along ray trajectories through the
plasma. dl is the differential path length, L is the plasma
length, and we assume refraction effects are negligible.
Experimentally, the maximum number of fringe shifts
measurable is usually constrained by detector resolution
and is rarely greater than ~50. This imposes a constraint
on the product neL for a given wavelength. However,
absorption is a more significant constraint on the
accessible plasma density and size. We can estimate
this parameter space by considering only free-free
absorption. For most high-temperature plasmas of
interest, the level of ionization is sufficient to eliminate
any bound-free absorption in the soft x-ray region.
Resonant line absorption is possible but very unlikely
given the narrow bandwidth (~10 m•)13 of the x-ray
laser. Under these conditions the absorption coefficient
α is approximately given by14
〈 Z 2 〉ne ni 
– hν  –1
)cm .
1 – exp(
Te 
Te ( hν)3 

0.1

λ = 2500 Å

0.01
20
10

λ = 155 Å
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ne (cm–3)
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FIGURE 2. Parameter space accessible for plasma probing, using an
optical laser (2500 •) and a soft x-ray laser (155 •). Only free-free
absorption is considered. (08-00-1295-2638pb01)

L

(1)

Here, the electron temperature Te and photon energy
hν are in electron volts, and ne and ion density ni are
in cmÐ3. The strong scaling with photon energy
shows the advantage of probing with soft x-ray
sources. Using Eq. (1) if we consider only free-free
absorption in a plasma with 1-keV temperature and
average ionization of 30 (mid-Z plasma), we obtain
α ≈ 2.6 × 10Ð43 ne2 for λ = 155 •. If we allow for one
optical depth (i.e., αL = 1) of absorption, we obtain
ne2L = 3.8 × 1042. Figure 2 compares the electron density and plasma dimension accessible with a soft
x-ray laser source (155 •) and an optical laser source
(2500 •). Clearly, the strong wavelength scaling
(∝ λ2) shows the advantage of probing with shorter
wavelengths. The parameter space accessible with a
155-• probe easily covers the plasmas normally produced in the laboratory.
Refraction of the probe beam is sensitive to electron
density gradients and ultimately affects spatial resolution
UCRL-LR-105821-96-1
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and data interpretation.5 At 155 •, nc = 4.6 × 1024 (cmÐ3),
which is well above that of most plasmas of interest.
For a simple plasma with a linear density gradient
ne = n0 [1 Ð (y/y0)], the deflection angle θ scales as
θ ∝ λ2 L/y0. This strong scaling supports the advantage
of using a short wavelength probe. Figure 3 compares
the deflection angle after propagating through a 3-mm
plasma for an optical (2650 •) and soft x-ray (155 •)
probe source. At a fundamental level, large deflection
angles imply significant spatial blurring and reduced
spatial resolution. In addition, since probe rays propagate
through a range of electron densities, interpretation is
more difficult.
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FIGURE 3. Calculated deflection vs path displacement normal to
the target surface for an optical (dark gray line) and an x-ray laser
(light gray line) probe traversing 3 mm of plasma (produced by driving a 50-µm thick CH target with a 1-ns square 0.53 µm laser pulse at
2.0 × 1013 W/cm2). The target surface was at 25 µm prior to the pulse.
Also shown is the calculated electron density (solid line).
(08-00-1295-2639pb02)
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The strong wavelength scaling of absorption and
refraction (∝ λ2) counters the loss in sensitivity caused
by the linear scaling of fringe shift with probe wavelength. This difference in scaling makes the soft x-ray
regime an attractive area in which to operate. To date,
all our experiments for probing plasmas have used the
yttrium x-ray laser. This neon-like collisionally
pumped x-ray laser is well suited to this application by
virtue of its high output power (Fig. 4) and monochromatic output (i.e., dominated by a single line at
155 •).10 The wavelength is also well suited to existing
multilayer mirror technologies, which have demonstrated reflectivities of ~60%. At Lawrence Livermore
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FIGURE 4. Measured output power of 3-cm-long yttrium exploding
foil x-ray laser. (08-00-1295-2640pb01)

technology now allows us to have artificial structures
that can be routinely fabricated with reflectivities as high as
65% at 130 •19 and with the overall uniformities
required by more conventional interferometers.
Figure 5 is a schematic of the experimental setup
used to probe plasmas. The system consists of a collimated x-ray laser source, an imaging mirror, and an
interferometer. For our experiments, we chose to
employ a skewed MachÐZehnder interferometer, consisting of two flat multilayer mirrors and two multilayer
beamsplitters (the most critical element in the system).
The polarizing properties of multilayer mirrors, when
operated at 45°, prevented us from using a more conventional MachÐZehnder geometry. Each multilayer
mirror consisted of a superpolished (<1 • rms roughness) fused silica blank coated with 30 layer pairs of Si
at 55.9 • and Mo at 23.9 •. The mirrors had a peak
reflectivity of 60 ±5% at 155 •. Although soft x-ray
beamsplitters with small apertures have previously
been used in x-ray laser cavities,20 comparatively large
open areas were necessary for our application. The
active region of the beamsplitters used in the interferometer was 1.2 × 1.2 cm and consisted of 1000 • of
Si3N4 overcoated with 8 to 12 layer pairs of Mo/Si. The
beamsplitters were fabricated from polished Si wafers
overcoated with 1000 • of Si3N4. The Si substrate
thickness was varied from 0.4Ð0.8 mm, with the best
results at thicker samples. The coated wafers were
annealed to achieve maximum tension in the Si3N4.
Anisotropic Si etching techniques were used to remove
the Si substrate from a 1.2- × 1.2-cm area. The flatness

National Laboratory (LLNL), we use this system to
image accelerated foils15 and measure electron density
profiles in a laser irradiated target using moirŽ deflectometry.16 More importantly, we have developed the
necessary technology to perform x-ray laser interferometry. In contrast to other techniques, interferometry
offers the possibility of directly measuring the twodimensional (2-D) electron density profile.

Interferometry Using Soft
X-Ray Lasers
Extending conventional interferometric techniques
into the soft x-ray range has been difficult because of
the problems with designing optical systems that
operate in the range of 40Ð400 •. Reflective/grating
systems have been used successfully at 1246 •.17
Svatos et al.18 have demonstrated a purely reflective
Fresnel bimirror setup at 48 •. Both techniques,
however, lack some of the advantages of standard interferometer geometries. Fortunately, multilayer mirror
34
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FIGURE 5. Experimental setup showing the optical components for
plasma probing using a soft x-ray MachÐZehnder interferometer.
(08-00-1295-2641pb01)
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Figure 7 shows the interferogram of a plasma produced by irradiating a Si wafer overcoated with 10 µm
of CH. The triangular shaped target allows a range of
plasma lengths to be probed simultaneously. The Si
substrate was polished to ~7 • rms roughness to
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FIGURE 6. Soft x-ray (155 •) interferogram showing a fringe visibility better than 0.5. The horizontal bar is an alignment reference at
the object plane. (08-00-1295-2642pb01)
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of the beamsplitters was subsequently measured with
an optical interferometer. Over the clear aperture, the
figure error was typically less than 5000 • for high-quality
Si substrates but could be significantly worse
(10000 •) for conventional thin (0.4 mm) Si wafers. The
figure quality was also extremely sensitive to the tension of the Si3N4 membrane. The best results were
obtained with high-stress membranes (~200 MPa),
which had a manufacturing yield of approximately
30%. The measured reflectivity and transmission for
these beamsplitters at 155 • were 20% and 15%, respectively. The overall throughput of each arm, accounting
for the mirror and beamsplitter (one transmission and
one reflection), was ~0.6 × 0.20 × 0.15 = 0.018.
The probe source consisted of a collisionally pumped
neon-like yttrium x-ray laser, operating at 155 •. The
x-ray laser was produced by irradiating a solid
3-cm-long yttrium target with one beam from Nova
(λlaser = 0.53 µm, 600 ps square) at an intensity of
1.5 × 1014 W/cm2. In this pumping geometry, the x-ray
laser has an output energy of 3 ±2 mJ, a divergence
of approximately 10Ð15 mrad (FWHM), and an output
pulse width of 250 ps. The short pulse width allowed
us to obtain an interferogram in a single 250-ps exposure,
thereby reducing the effects of vibrations. A spherical
multilayer mirror, placed 50 cm from the x-ray laser,
collimated the beam and injected it into the interferometer. The transverse coherence length, after beam
collimation, was calculated to be Ls ≈ 50Ð100 µm, and
the longitudinal coherence length was measured to be
Lt ≈ 150 µm. The limited transverse and longitudinal
coherence constrains us to match the two paths of the
interferometer to maximize fringe visibility. The interferometer was prealigned on an optical bench, using a
200-µm optical fiber and a white light source. Observation
of white light fringes matched the optical path lengths
to better than 2 µm.
The plasma to be probed was imaged onto a chargecoupled device (CCD) using a 100-cm radius of
curvature multilayer mirror with an effective f number
of 25. The CCD was a back illuminated TEK1024B with
1024 × 1024 24-µm pixels and a measured quantum
efficiency of 40 ±10% at 155 •. A filter consisting of
1000 • of Al and 2000 • of lexan directly in front of the
CCD eliminated stray optical light. To reduce background self-emission, a series of three multilayer mirrors
reduced the bandpass of the system. The effective bandpass of this system was 4 •, which is significantly
broader than the 10-m• spectral width of the x-ray
laser source. The image magnification was 19, giving a
pixel limited resolution of ~1.3 µm. Figure 6 shows a
typical interferogram obtained using this system. In
this figure, there is no target plasma; the dark band is
an alignment reference positioned at the object plane
of the imaging optic. Analysis of the fringe pattern
gives a maximum figure error of 300 • over the full
3-mm field of view and a fringe visibility of 0.7 ±0.2.
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FIGURE 7. Interferogram of CH target irradiated at 2.7 × 1013 W/cm2.
The vertical line shows the position of the lineout in Fig. 8. The inset
shows the target geometry. (08-00-1295-2643pb01)
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produce a clean flat surface. The CH side was irradiated
by a beam smoothed with random phase plates (RPPs)
and segmented with wedges to produce a flat-top intensity distribution over a 0.7-mm-diam spot.21 A 1-ns
square laser pulse with a wavelength of 0.53 µm produced an intensity on target of 2.7 × 1013 W/cm2. The
target was backlit edge-on by the x-ray laser beam 1.1 ns
after the start of the laser pulse. The image shows excellent fringe visibility and very little self emission from
the plasma.
Figure 8 shows the measured electron density as calculated from the interferogram at a distance of 0.35 mm
from the tip of the target where the probe length is
0.7 mm. Fringes are clearly resolved as close as 0.025
mm from the initial target surface. The fast evolution of
the density profile, close to the critical surface, causes
motion blurring of the fringes within the 250-ps x-ray
laser frame time. Figure 8 also shows the calculated
electron density profiles obtained from a one-dimensional (1-D) LASNEX simulation. The simulation results
predict higher electron densities than measured with
the discrepancy, increasing as we move away from the
surface. This trend is consistent with the plasma expansion not being 1-D, which leads to significant lateral
expansion and lower electron densities. We chose a triangular target geometry to illustrate the range of
plasma lengths that can be easily probed with a soft xray laser. Unfortunately this geometry leads to a threedimensional expansion, which is difficult to simulate. In
the near term, we plan to improve both the target geometry and laser uniformity to generate a truly 2-D profile,
which can be accurately compared with simulations.
However, the magnitude of the discrepancy we observe
between the experiment and simulations is similar to
that measured using soft x-ray deflectometry.16
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FIGURE 8. The thin solid line is a lineout through the interferogram
of Fig. 7 at a position x = 0.35 mm. The thick solid line shows the calculated electron density profile and estimated error bars. The gray
line is the electron density profile as calculated by one-dimensional
LASNEX simulation. (08-00-1295-2644pb01)
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Target geometry for studying colliding plasmas.
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(a) Interferogram
obtained of Au colliding plasma.
(b) Electron density calculated
from interferogram along line
AÐAÕ. (08-00-1295-2646pb01)
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More recently, we used this interferometer to probe
colliding plasmas that have relevance in ICF hohlraum
experiments. The target consisted of two pieces of
3- × 2-mm polished Si, which were coated with 2 µm
of Au and positioned as shown in Fig. 9. The target
was irradiated at an intensity of 3 × 1014 W/cm2
(λlaser = 0.53 µm, 1 ns square), with a focal spot 2 mm
high and 0.5 mm wide produced by combining cylinder
lenses and RPPs. Figure 10 shows an interferogram at a
time 1.0 ns after the start of the driveÑproviding clear
evidence of interpenetrating plasmas. Figure 10(b) shows
the measured electron density profile along the line
AÐAÕ in Fig. 10(a). The region of plasma stagnation and
interpenetration is ~100 µm, which is larger than predicted by simple fluid codes. We are currently modeling
this experiment, and we plan to publish the results in
the future.

Conclusion
The high brightness and short wavelength of x-ray
lasers make them ideally suited for studying long
scalelength and high-density plasmas. Our results
illustrate the importance of soft x-ray interferometry
in diagnosing laser-produced plasmas by reducing the
effects of absorption and refraction. Detailed comparisons of 2-D electron density profiles obtained from
the x-ray laser interferogram and profiles obtained
from radiation hydrodynamics codes, such as LASNEX, will allow us to study the physics of
laserÐplasma interactions in more detail. Ultimately,
our motivation for developing x-ray laser interferometry is to provide a mechanism to probe the deficiencies
of our numerical models in areas such as laser deposition by both resonance and inverse bremsstrahlung
absorption, flux-limited heat conduction, hydrodynamics, and non-LTE (local thermodynamic equilibrium) atomic kinetics. In the near future, this
technique will be used to diagnose the plasmas produced in ICF hohlraum targets, which has been
impossible with conventional optical interferometry.
In addition to probing laboratory plasmas, an x-ray
interferometer can be used to characterize the figure
and phase properties of multilayer mirrors near the
intended operating wavelength. Measurement of
spectral lineshapes with unprecedented resolution is
also possible.17,22
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Introduction
All current ignition target designs for inertial confinement fusion (ICF) require a uniform cryogenic
(liquid or solid) deuteriumÐtritium (DT) fuel layer.
However, it is difficult to support a uniform liquid DT
layer inside a capsule in the presence of gravity.1
Fortunately, a solid DT layer is stable in the presence of
gravity and self-symmetrizes due to the natural heating
from tritium beta decay (beta-layering).2 Recent experiments show that beta layering can produce a surface
roughness of 1 µm rms, which is smooth enough for
current National Ignition Facility ignition target designs.
The surface roughness of these polycrystalline DT layers is determined by the way crystal facets stack up to
conform to the 1-mm radius of curvature. If we could
produce a stable amorphous DT layer, the surface
roughness could be reduced significantly. Alexandrova
et al. claim to have observed such an amorphous layer
of H2.3 In this article, we describe the equilibrium and
metastable structures of solid hydrogen. Since the crystal structure of all the hydrogen isotopes is the same,
we work with H2 and D2 instead of DT.
We begin by reviewing some basic properties of solid
hydrogen. Because the interaction between hydrogen
molecules is weak, the rotational quantum number is
well defined in the low-pressure solid at temperatures
above 0.2Ttp, and most of the molecules are either in
the ground (J = 0) or first excited (J = 1) rotational state.
Ttp is the triple-point temperature for a particular
hydrogen isotope or mixture: Ttp (J = 0 H2) = 13.8 K
and Ttp (J = 0 D2) = 18.7 K.4 All the hydrogens typically
form an hcp structure near their respective Ttp;5,6
however, at low enough temperature and large J = 1
concentration ([J = 1] > 55%), the lattice transforms to
fcc with the molecules oriented. This phase transition
lowers the electric quadrupoleÐquadrupole energy for
J = 1 molecules by about 5 K/molecule, which is much
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greater than the ~1 mK/molecule energy difference
between disordered hcp and fcc structures. In J = 0
hydrogen, the free energy difference between hcp and
fcc is not well understood, but the equilibrium crystal
structure at all temperatures and pressures below
~100 GPa is hcp.7
Rare gas solids also form simple molecular solids
with lattice potentials similar to hydrogen. However,
Ne, Ar, Kr, and Xe crystallize into fcc at low pressure,
while the lightest rare gas, 4He, primarily forms an hcp
structure at low temperature and pressure, and fcc
only at high temperature and pressure. The hcp structure forms in low pressure 4He and possibly J = 0
hydrogen because the dispersion interaction for the
closed shell S state orbital is comparatively small.8
While hcp is the equilibrium structure at low J = 1
concentrations, nonequilibrium hydrogen fcc structures have been observed.9 In this article, we describe
the temperature dependence and crystal morphology
of metastable phases of J = 0 H2 and D2.10 We also
show that (1) the metastable fcc phase is separated
from hcp by a spectrum of energy barriers, (2) the fcc
phase is less stable in H2 than in D2, (3) the structural
symmetry decreases as the deposition temperature Td
decreases, and (4) the crystallite length scale decreases
with decreasing Td. However, we find no evidence that
an amorphous phase of hydrogen can be produced at
temperatures as low as 0.18Ttp.
To determine lattice structure, we detect the
J = 0→2 signal of the rotational Raman spectrum. In
pure J = 0 solids, this signal produces a multiplet that
can be a unique signature of the crystal lattice. A triplet
is unique to hcp, whereas fcc symmetry produces a
doublet. Van Kranendonk7 outlines the calculational
procedure for determining the spectral positions and
intensity ratios. Some of our observations may be
related to those of Silvera and Wijngaarden11 and
Durana and McTague,12 who observed a four-peak
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Experimental Details
For these experiments, a Cu sample cell is fitted
with two opposing vertical MgF2-coated sapphire windows that serve as the hydrogen substrate and permit
optical access. The cell is connected to the cold tip of a
He flow cryostat. Both a 30-K radiation shield and the
outer vacuum jacket contain sapphire windows for
optical access. A calibrated germanium resistance thermometer (GRT) is fitted on the Cu sample cell and
checked against Ttp of D2 and H2. At T > 0.5 Ttp, we
compare the thermometer temperature with the temperature calculated from the hydrogen vapor pressure,13
as measured by a capacitance manometer. The agreement between the vapor pressure and the GRT shows
the accuracy of the temperature measurement to be
better than 0.05 K.
The H2 and D2 gas were high-purity research grade,
with an isotopic purity of 99.9% and 99.8% respectively.
The samples studied contained a J = 1 concentration
less than ~1%. The rotational and isotopic concentrations
are determined by comparing the Raman line intensities
for the J = 0→2 and J = 1→3 transitions. The hydrogen
gas was cooled to ~20Ð30 K just before deposition. The
deposition rates are determined from the layer thickness,
measured by interferometry, vs time. All the samples
were between 30 and 300 µm thick.
We measured the Raman shift of the 488-nm line of
an Ar ion laser in a back scattering geometry with a
modified 0.5-m SPEX 1870 spectrograph fitted with a
liquid-nitrogen-cooled CCD having a 22.5-µm pixel
width. We used f/3 optics to couple light in and out of
the sample. Our spectral resolution was ~0.4 cmÐ1.
Line positions were determined from both a calibrated
Th lamp and the triplet structure of H2 or D2 crystallized through the triple point, with their line positions
as measured by Bhatnagar et al.14 The laser power
level (~1 to 100 mW in ~40 µm2) did not influence the
lattice structure or visually change the layer morphology.

Raman Data
Figure 1 shows several different Raman spectra for
vapor-deposited H2 or D2 layers. The spectra on the
left and right are from H2 and D2 respectively. The
three-peak spectrum in Fig. 1(a) is typical of H2 or D2
at Td > 0.3Ttp. The four-peak spectra in Fig. 1(b) and
1(e) are typical of 3.5 K < Td (H2) < 4 K and 4 K < Td (D2)
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< 6 K, and of deposition rates of 0.1 < R (µm/min) < 40.
Figure 1(d) is typical for 3.5 < Td (D2) < 4 K, where it
appears that the peaks in Fig. 1(e) shift toward an unresolved lineshape with two main branches. Figures 1(c)
and 1(f) show the signals several minutes after rapidly
warming H2 and D2 respectively. The quadruplet in
Fig. 1(b) and 1(e) and the unresolved ÒdoubletÓ in Fig. 1(d)
transform to a triplet within minutes upon warming the
sample rapidly through ~0.5 Ttp. At constant temperature
the Raman spectra in Fig. 1 are stable for at least two
days, the maximum duration of observation. Figure 2(a)
shows the temperature dependence of the Raman
spectrum of D2 for Td = 5.3 K. The steady decrease in
the relative intensity of the first and fourth peaks with
increasing temperature is not reversible upon cooling.
There is a slight shift in the spectrum of ~Ð0.45 cmÐ1
upon warming from 5 to 7 K. The high-energy peak is
shifted slightly more (~Ð0.70 to Ð0.90 cmÐ1) than the other,
low-energy peaks. The quadruplet signal in H2 also
transforms to a triplet upon slowly raising T to ~5.5 K.

Relative intensity (arb. units)

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

(a)

(d)

(b)

(e)

(c)

(f )

339

346

353

360

367

165

Raman shift

172

179

186

193

(cmÐ1)

FIGURE 1. J = 0→2 Raman signal for (a) H2 deposited at 5.5 K and

5 µm/min, (b) H2 deposited at 3.5 K and 2 µm/min, (c) same sample
as Fig. 1(b) after warming from 3.5 K to 7 K, (d) D2 deposited at 3.5 K
and 0.2 µm/min, (e) D2 deposited at 5.2 K and 0.4 µm/min, (f) same
sample as Fig. 1(e) after warming from 5.2 K to 11.4 K.
(10-06-0296-0312pb01)
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In Fig. 2(b) we plot the intensity ratio of the low-energy
Raman peak of the quadruplet divided by the average
of the other three peaks, Rfcc/hcp, vs temperature (all
values, not just the steady state value) from two different experiments. The large scatter of points at each

Relative intensity (arb. units)

(a)

temperature is due primarily to the complicated time
dependence at constant temperature. The lowest value
for Rfcc/hcp is the steady state value. The plot is approximately linear from 6 K to 11 K. For D2 deposited between
5.1 K and 5.5 K and held at constant temperature for
about two days, there is no change in Rfcc/hcp. Thus,
after relaxation, Rfcc/hcp is roughly constant at constant
temperature and decreases with increasing temperature.
The Raman spectrum of D2 deposited at 3.5 K [see
Fig. 1(d)] behaves differently. As T is increased from Td
to 7 K, the two overlapping lines in the right branch
separated slightly, but the general structure still consisted
of two main branches. Upon increasing T to ~10 K, the
structure transformed into a well resolved triplet, similar to that shown in Fig. 1(f), within ~10 min.

Discussion of Raman Data

174

169

179

184

189

In Table 1 we list the theoretical and measured line
positions for the Raman multiplet for both hcp and fcc
crystal structures. We calculate the theoretical values
from Van Kranendonk.7 The measured values are from
the present work and Bhatnagar et al.14 The calculated

Ð1

Raman shift (cm )

TABLE 1.

Calculated and measured J = 0 ³2 Raman line positions
(in cmÐ1) for H2 and D2 in hcp and fcc phases.

(b)

Rfcc/hcp

0.6
hcp
mj = 2
mj = 1
mj = 0

0.4

Calculated

H2
Ref. 15

354.5
352.0
357.0

353.85
351.84
355.83

Fig. 1 Calculated
354
352
356

179.6
176.5
182.7

350
356

173.6
182.6

D2
Ref. 15 Fig. 1
179.4
176.8
182.0

179
177
182

fcc
E1
E2

349.6
356.9

175
182

0.2

0

5

7

9

11

T (K)

FIGURE 2. Temperature and time dependence of the J = 0→2 Raman
spectrum, upon warming solid J = 0 D2. (a) D2 deposited at 5.3 K and
2.2 µm/min (from bottom to top) (i) after deposition at 5.3 K, (ii) after
raising T to 6.9 K, (iii) after waiting at 6.9 K for 34 min, (iv) after raising
Tto 7.4 K and waiting 8 min, (v) after 13 min at 8.1 K, (vi) after 5 min
at 9.1 K, and (vii) after 2 min at 10.4 K. (b) The low-energy Raman
peak divided by the average of the other three peaks (Rfcc/hcp) vs T
from two different experiments. The circles show the same experiment
as in Fig. 2(a). The squares show a similar experiment with J = 0 D2
deposited at 5.1 K and 0.4 µm/min. After deposition, the sample sat
at ~5.3 K for 23 h, and then we began raising T at ~0.5 K/20 min.
(10-06-0296-0312pb01)
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values for the hcp lattice are close to the measured values. The calculated low-energy line of an fcc structure
is at the same position as the low-energy line of the
quadruplet spectra in Fig. 1(b) and 1(e). The calculated
high-energy line of the fcc lattice would be unresolved
from the high-energy hcp line given our resolution.
Because of the low-energy line position in the quadruplet
spectrum and the change in intensity of the high-energy
line upon warming to T = 0.5Ttp, we interpret the
quadruplet spectrum to be the signature of a mixed
hcp and fcc lattice. Thus, the narrow-line resolved
spectra of Fig. 1(b) and 1(e) reflect the presence of both
hcp and fcc crystallites.
The relative mj = 1, 2, 0 intensity ratios for Fig. 1(a),
1(c), and 1(f) are 0.33:1:0.15, 0.55:1:0.21, and 0.64:1:0.34.
The relative mj intensities depend on crystal orientation
with respect to the incident and scattered electric field
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Crystal Morphology
Figure 3(a) and 3(b) show shadowgraph images of H2
crystallites deposited at R = 40 µm/min and Td = 3.6 K
UCRL-LR-105821-96-1

and 7.0 K. These and similar experiments qualitatively
show that the average crystal size decreases rapidly
with decreasing temperature and increasing deposition
rate between 3.6 < Td < 11 K and 0.1 < R (µm/min) < 40.
Figure 4 shows the change in the average crystal diam
vs different Td. The smallest crystal diam is at the limit
of our optical resolution (~3 µm) and is thus a very
rough estimate.18
Since the deposition temperatures used here are
below the roughening transition temperatures for the
low-energy crystal facets,19 the lowest-free-energy configuration is in the form of faceted crystallites. The
appearance of smooth rounded crystallites as in Fig. 3(b)
implies that the crystal morphology is nonequilibrium
and is determined by kinetics. To qualitatively understand the dependence of crystal size on temperature
and deposition rate, we assume that the temperature
controls the rate at which molecules relax from a highenergy to low-energy configuration. We expect the

(a)

(b)

FIGURE 3. Shadowgraph images of H2 deposited at 40 µm/min and
(a) 3.6 K and (b) 7.0 K. The horizontal field of view is 1.7 mm.

(10-06-0296-0312pb01)
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Average crystal diam (µm)

polarizations.7,15 Assuming the incident light is collimated, a powder average of hcp crystallites yields
1:1:0.5, and a crystal with its c axis perpendicular to
the substrate yields 0:1:0. Thus, there is a preferential
c-axis alignment perpendicular to the substrate.
Although a preferential growth along the c axis has
been observed near the triple point, it is unclear why
these small crystals would grow in a preferred direction
or transform from fcc to hcp in a preferred orientation.
As Td decreases in the range 0.2 < Td/Ttp < 0.3, the
intensities of the low- and high-energy peaks increase
relative to the two central peaks. After deposition, as T
is increased towards 0.5 Ttp , the low- and high-energy
peaks decrease. This is expected if an fcc component
occurs at Td/Ttp < 0.3 and increases with decreasing
Td. Thus, the ratio Rfcc/hcp is a relative measure of fcc
to hcp structure in the sample. The irreversible decrease
in Rfcc/hcp with increasing temperature suggests that the
fcc component, once formed, is metastable at T<0.5 Ttp.
The equilibration of Rfcc/hcp after each temperature
increase suggests that the fcc phase is separated from
the lower-energy hcp phase by many different barrier
energies. At constant Td, we also see a slight increase
in the fcc component with decreasing R. This implies
that the fcc component may be found at Td/Ttp > 0.3 if
we deposited at lower R. This effect may be due to
sample heating.
Relative to their triple points, the temperature at
which the mixed fcc + hcp structure is formed is lower
in H2 (~4 K) than in D2 (~6 K). Also, the mixed phase
transforms to pure hcp at a relatively lower temperature in H2 (~5.5 K) than in D2 (~10.5 K). Thus the fcc
phase is less stable in H2 than in D2. If the fcc phase is
metastable and separated from the hcp phase by a
spectrum of energy barriers, and if tunneling is a dominant mechanism for molecular motion at these low
temperatures, then H2 would be able to cross the energy
barriers to reach the lower-energy hcp phase more
rapidly than D2. Although tunneling diffusion has been
observed for hydrogen atoms in solid hydrogen,16 tunneling of molecules in solid hydrogen has not been
clearly observed.17
The unresolved lineshape of Fig. 1(d) is significantly
different than the other narrow line spectra in Fig. 1.
This broad lineshape indicates that the lattice structure
of samples deposited at Td < 0.2 Ttp have less symmetry than pure hcp or fcc. The broad lineshape may
result from a randomly stacked close-packed lattice or
very small crystallites, but probably not an amorphous
structure, which would give rise to a single broad line
similar to that of the liquid phase.
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FIGURE 4. Average crystallite diam vs Td for H2 deposited at

0.2 µm/min (squares), 2 µm/min (circles), and 40 µm/min (triangles).

(10-06-0296-0312pb01)
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lowest-energy site to be that with the maximum number
of neighboring bonds, such as a step edge of a crystal.
As the temperature decreases or the deposition rate
increases, there is less chance of finding a low-energy
site before the next layer of material covers the substrate.

Summary
In summary, using Raman spectroscopy we find
that J = 0 D2 or J = 0 H2 forms a mixed fcc/hcp structure when deposited at 0.2 < Td/Ttp < 0.3. The fcc
phase is less stable in H2 than D2. This fcc component
transforms continuously and irreversibly to hcp upon
increasing the temperature through 0.5Ttp, suggesting
that the fcc phase is separated from the lower-energy
hcp phase by a spectrum of barrier energies. As Td
decreases below ~0.2 Ttp, the lattice structure has less
symmetry than fcc or hcp and possibly resembles a
randomly stacked close-packed phase. Finally, the
crystallite size decreases with decreasing Td from millimeter scale at a few degrees below Ttp to micrometer
scale at ~0.3 Ttp.
The metastable hydrogen structure described here
may elucidate several recent experiments. D atoms in
solid deuterium deposited from the gas phase at ~3 K
have a significantly different activation energy than
expected for the equilibrium hcp structure.17,20 Also,
surface-state electron mobility21 shows an increased
conductivity after annealing vapor-deposited films.
These observations can be at least qualitatively explained
by the metastable structures described here and those
that may be found at lower deposition temperatures.
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Introduction
High-powered lasers focused to high intensities can
generate bright x-ray sources. When they directly
irradiate high-Z planar targets, more than 50% of the
incident laser energy can be converted to soft, or thermal, x rays.1,2 Enclosed targets, or hohlraums, can
confine the x rays for inertial confinement fusion (ICF)
and other radiation-heating experiments.3–5 Laserheated plasmas can also be a bright source of keV x-ray
emission.6,7 These x rays are produced by bound–bound
and bound–free transitions in the hot, underdense plasmas. The spectrum is highly structured and depends
on the target material.
To date, most studies of x-ray production from
laser-produced plasmas have used solid or overdense
targets whose initial density, when ionized, is above
the critical plasma density, nc, for absorption.1,8 In such
targets, the laser energy is absorbed at, or near, critical
densities producing a hot plasma. Electron conduction
from the hot plasma efficiently heats the higher-density matter while the hot plasma expands to form a
lower-density plasma, or corona. This establishes an
ablation process in which the denser matter flows
through the critical density region and is heated by the
laser and then exhausted into the corona. X rays are
produced primarily in the region around critical density
that is heated by the laser, a region called the conversion
layer. For high-Z targets, x rays from the conversion
layer can produce a thermal wave into the dense target
material, which also can contribute to the production
of thermal x rays. Although this heating and x-ray production process has been shown experimentally to be
efficient, a significant amount of energy is coupled to
hydrodynamic motion of the expanding plasma.
We present results from a new type of target that
does not rely on ablation for heating the plasma. In the
new targets, the density is less than nc when ionized.
The plasma is initially cold and opaque to the laser.
UCRL-LR-105821-96-2

The laser is absorbed efficiently by inverse
bremsstrahlung heating of the plasma. As the plasma
is heated, inverse bremsstrahlung becomes less efficient,
making the plasma more transparent. The supersonic
heat wave that is established ionizes the underdense
plasma. The process has the advantage of being more
efficient for radiation production, compared with overdense targets, because laser energy heats the plasma
without ablation, and less energy is wasted on hydrodynamic motion. The plasma subsequently disassembles
as it expands, producing hydrodynamic motion; however, this occurs after the plasma is already heated. The
higher plasma temperatures can potentially produce
brighter sources for both thermal and multikilovolt
x rays. In addition, the higher plasma temperatures
can produce higher ionization states, which may result
in higher-energy x rays than those attainable using
overdense targets. More efficient targets for x-ray production have several applications, including use as a
bright x-ray source for backlighters and for radiationeffects experiments.

Experiment
The experiments were performed using the Nova
laser9 to investigate underdense targets and to demonstrate their efficiency for both thermal and multi-keV
x-ray production. The targets, called gasbags10, are
nearly spherical thin membranes filled with gas similar
to those developed for large plasma experiments. The
thin membranes are made of 4000-Å polyimide
(C14H6N2O4) stretched over a support washer.11
Figure 1(a) is a picture of the target mounted in the
Nova target chamber and viewed from the west by the
polar target alignment viewer (TAV1). The striped,
nearly hemispherical objects are the membranes. The
stripes are caused by interference patterns of the optical illumination system in the membrane. The large
black stripe in the center is a support washer for the
43
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Up

when Xe is ionized to a Ne-like configuration. Thus,
the relative concentration of the two gases could be
varied without significantly changing the plasma electron
density while maintaining the same initial fill pressure.
Table 1 lists the experimental parameters for a total
of four Nova shots performed in this first set of scoping experiments. All targets were filled to 1 atm. The
varying gas concentrations and approximate diameter
of the targets for each shot are listed in the table.

N

TABLE 1.

(a) Target viewer picture

Shot
number

Gas
mixture

24061417

25% Xe/
75% C3H8
75% Xe/
25% C3H8

24061419
Beams
1 and 2

(b) Schematic

24072917
24072919

X-ray diode
arrays and
crystal
spectrographs

Beams
5 and 6

Gated or
streaked soft
x-ray imaging
Beams
9 and 10

Gated and
streaked keV
x-ray imaging

Target
washer
Beams
7 and 8

FIGURE 1.

Experimental geometry. (a) Image of the target in the target
alignment viewer. (b) Schematic of focusing geometry on the target surface and view of the diagnostics. This view is from the west on Nova
along the axis of symmetry of the beam cones. (08-00-0296-0438pb01)

membranes. The target is rotated 90° to the normal
configuration for the large plasma experiments to
allow optimal viewing by x-ray diagnostics.
The targets are filled with a gas mixture of Xe and
C3H8 (propane) at 1 atm of pressure. We chose Xe
because it is a relatively high-atomic-number gas that
is easily handled. When ionized to a Ne-like configuration, Xe has x-ray line emission in the 4–6-keV range,
which is of interest for x-ray radiography and x-ray
exposure experiments. Xe is mixed with C3H8 to supply H ions to the plasma. Mixing of light ions, such as
H, with heavy ions helps suppress stimulated Brillouin
scattering (SBS), which could be a source of energy
loss.12 We chose C3H8 because it produces 32 free electrons per molecule when fully ionized. This number is
similar to the 44 free electrons per molecule produced
44

Summary of Xe-filled gas targets.

75% Xe/
25% C3H8
90% Xe/
10% C3H8

ELaser Target diam
(kJ)
(mm)

Defocus
(mm)

ILaser
(W/cm2)

22.1

2.75

2/5

1.6/5.5 × 1014

20.7

2.75

2/5

1.5/5.3 × 1014

22.1

2.5

1.8

6.7 × 1014

22.1

2.5

1.8

6.3 × 1014

The targets are irradiated with eight of Nova’s ten
beams. Figure 1(b) is a schematic showing the beam
positions on the target membrane. The other two Nova
beams were not used because they would have hit the
target washer support. The beams are pointed at the
center of the target. Beams 1, 2, 5, and 6 are at an angle
of 43° to the washer normal; beams 7, 8, 9, and 10 are
at 63°. The beams irradiate the membrane surface in
converging focus. The average intensity on the membrane for each of the shots is listed in Table 1. For the
first two shots, the focusing is chosen to provide the
lowest intensity irradiation on the membrane and still
miss the washer. The average intensity for the beams at
43° is the lower intensity value listed in Table 1; the
higher intensity is for the beams incident at 63°. For
the second two shots, the focusing is the same for all
eight beams so that the average intensity for all beams
on the membrane is the same. The laser energy is 21 to
22 kJ of 0.35-µm light in a 1-ns square laser pulse.
We measured x-ray production from the targets
using several diagnostics shown in Fig. 1(b). Absolute
x-ray production in the range of 0.1 to 1.8 keV is measured using Dante, a broadband, multichannel soft-x-ray
spectrometer.13 X-ray spectra in the range of 1.8 to
7.0 keV is measured using time-integrated x-ray crystal
spectrographs. Absolute yields are obtained by normalizing these spectra to a broadband, filtered x-ray
diode on Dante as described below. Beam heating and
propagation is measured using gated x-ray imaging.14
In addition, back-reflected light near the incident
wavelength from SBS is measured on beam 7 using the
Full Aperture Backscatter Station (FABS).15,16
UCRL-LR-105821-96-2

X-RAY PRODUCTION IN LASER-HEATED XE GAS TARGETS

Results
We studied the heating dynamics of the gasbag
using time-resolved, x-ray pinhole camera imaging.
Figure 2 is an example of the images taken with the
west axial x-ray imager (WAX).14 This view is the

explodes.10 The high-density region persists long after
the membrane has been ablated, but it should not significantly affect the present experiments.
We measured absolute x-ray production in the
0.1–1.8-keV range using Dante.13 Figure 3 shows timeintegrated spectra from the three different fill mixtures.
The spectra show two distinct features, one at about
270 eV, and the other between 700 eV and 1.5 keV. The
highly modulated spectra suggest that the emission is
generated mostly by line or band transitions from ionized Xe. High-resolution spectra were not obtained

FIGURE 2.

Time-resolved x-ray images. The sequence of events is
from upper right to lower left. The first image is 100 ps after the beginning of the 1-ns laser pulse. The images are of x-ray emission above
2 keV. Each image is time-resolved to about 80 ps, and time between
images in a row is 40 ps. The time interval between the last image in a
row and the first image in the next row is 80 ps. (08-00-0296-0439pb01)

same as that shown in Fig. 1(a), although the images
are inverted in the pinhole camera. The time sequence
of events run from the upper right to the lower left.
The time difference between images is ~50 ps, and the
first image is ~100 ps after the start of the laser pulse.
The images show the dynamics of the gasbag heating.
Initially, the heating is highly localized at the surface of
the gasbag. As the plasma is ionized, the beams penetrate the gasbag until all of the beams reach the center.
This event appears to occur in the seventh image, or
~400 ps from the beginning of the laser pulse. The beams
continue to propagate to the other side of the target.
The plasma is still relatively cold since it is not heated by
the beams. Later in time, the plasma appears to become
more uniformly heated, either by electron or radiation
conduction. Late time images viewed from normal to
the washer indicate that the entire plasma is heated
nearly uniformly by the end of the 1-ns laser pulse.
An interesting feature occurs in the region near the
position that the lasers initially irradiate the membrane. This region continues to be brighter even after
the laser has penetrated into the center of the gasbag.
This appears to be higher-density plasma from a blast
wave launched when the initial solid membrane
UCRL-LR-105821-96-2
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FIGURE 3. Time-integrated x-ray spectrum from 0.1 to 1.8 keV for
different concentrations of Xe. (08-00-0296-0440pb01)

below 2 keV, so positive identification of the atomic
configurations producing these modulations is not
possible. High-resolution spectra of Xe from Tokamak
plasmas have identified two spectroscopic regions of
line production.17 In the region from 21 Å (590 eV) to
12 Å (1030 eV), lines and unresolved transition arrays
(UTAs) have been identified from Xe+26 (Ni-like) to
Xe+30 (Cr-like) ions. This is approximately the spectral
region for the higher-energy feature observed in the
present spectrum. The present spectrum is shifted to
slightly higher energy probably due to higher plasma
temperatures. Reference 17 also reports observing a
number of lines from 55 Å (225 eV) to 40 Å (310 eV)
and identifies them as ∆n = 0 (3d–3p) transitions from
Xe+27 (Co-like) and Xe+28 (Fe-like). This is the same
energy range as the lower-energy feature in the present
spectrum. More work is needed to better understand
the spectrum below 1.5 keV.
Time-dependent total x-ray power is derived by
spectrally integrating time-resolved Dante spectra.
Figure 4(a) shows results of the integrals. Time resolution is ~180 ps. A typical incident laser pulse summed
over all eight beams is also shown. The most distinctive feature in the data is that significant x-ray power
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FIGURE 4. X-ray power emitted from 0.1 to 1.8 keV. (a) X-ray and
laser power as a function of time. (b) Instantaneous conversion efficiency, defined as the x-ray power divided by the laser power. Data
are for 25% and 75% concentrations of Xe. (08-00-0296-0441pb01)

continues 300 to 600 ps after the end of the laser pulse.
Errors in timing are estimated to be ~100 ps. This
observation is consistent with the laser heating the
gas as a supersonic heat wave and the cooling occurring
later in time due to radiative cooling and hydrodynamic expansion.
Instantaneous x-ray conversion efficiency is derived by
dividing the x-ray power by the laser power. Figure 4(b)
shows these results. The instantaneous conversion efficiency is ~25% for the 25% Xe fill and varies from 40 to
60% for the 75% Xe fill over most of the laser heating
pulse. The instantaneous conversion efficiency begins rising as the laser pulse turns off. Of course, this quantity
does not have any significance after the laser pulse ends
because the laser power in the denominator is zero. It does,
however, indicate that potentially longer pulses can be
used, and such pulses can still maintain efficient conversion because there does not seem to be a drop in efficiency
during the heating pulse. X-ray production times will ultimately be limited by the disassembly of the target.
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Figure 4(b) also shows the total conversion efficiency
for x-ray power emitted below 2 keV. These values are
higher than the instantaneous conversion efficiency
because they include x-ray power emitted after the end
of the laser pulse. These efficiencies compare quite
favorably with x-ray conversion efficiencies measured
from Au disks, as shown in Fig. 5. Here, the Xe data
are plotted at the incident intensity on the membrane
of the target. The large uncertainty for one of the intensities for the gasbag indicates the range of intensities
used with the two different focusings on the membrane.
The Au data points are measured conversion efficiencies using single Nova beams irradiating disk targets.
The data include the thermal emission from 0.1 to 2 keV
and the Au M-band emission from 2 to 5 keV. When
contributions are included for the Xe L-shell emission,
as discussed below, the Xe gasbags are more efficient
emitters than Au disks.
Significant x-ray emission is also observed from
∆n = 3–2 transitions from Xe. Figure 6 shows a typical
time-integrated spectrum. The most prominent features
are from Xe+44 (Ne-like configuration) in the wavelength (energy) range of 2.3 to 3.0 Å (4 to 5 keV). These
transitions are identified in Fig. 6. Line emission is also
observed between 1.8 and 2.2 Å from ∆n = 4–2 transitions.
Absolute emission levels are obtained by normalizing
the spectrum in Fig. 6 to a high-energy channel from
Dante. In general, this normalization is within a factor
of 2 of the intensity predicted using calibrations of the
various spectrograph components. Results of the normalization are plotted in Fig. 7, comparing them with
data from various Z disks.18 The gasbags are significantly
more efficient at x-ray production in the 4–5-keV range
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X-ray conversion efficiency (%)
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FIGURE 5. Time-integrated x-ray conversion efficiency as a function
of intensity for x-ray production in the region of 0.1 to 1.8 keV. Xe
data are shown as the closed squares (■). Also shown are data from
Au disk experiments ( ). Xe experiments are plotted at the average
intensity on the initial gasbag surface. (08-00-0296-0442pb01)
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at intensities of 4 and 6 × 1014 W/cm2, respectively.
SBS light scattered outside of the lens was not measured for these experiments, but it has generally been
comparable to the light scattered into the lens. These
scattering levels are similar to levels seen from
hohlraum targets using normal Nova beams.
For the 90%-Xe-filled target, the focus of beamline 7
was placed at the center of the gasbag, and the focal
spot on the membrane is ~300 µm in diameter. The
intensity of this beam varies from ~3.5 × 1015 W/cm2
on the membrane to >1 × 1016 W/cm2 at the center of
the gasbag. SBS from this shot is ~6%, suggesting that
SBS will not necessarily be a limiting factor in optimizing the targets for irradiation intensity.
Light produced by stimulated Raman scattering
(SRS) was not measured in these experiments. Fast
electrons produced by SRS is monitored by measuring
the x-ray bremsstrahlung. Inferred fast electron levels
are low, typically less than 0.1%. Of course, this does
not include fast electrons that escape the target or lose
their energy to plasma expansion instead of collisional
stopping in the Xe.
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FIGURE 7. X-ray conversion efficiency into multi-keV x rays for Xe
gasbags. Data are integrated from 4 to 7 keV. The efficiency is plotted in joules of x rays (Jx) per steradian (sr) divided by the incident
laser energy in joules (Ji). The efficiencies are compared with conversion efficiencies measured on solid targets. (08-00-0296-0444pb01)

than disk targets. Only M-shell x-ray production for
elements emitting below 3 keV are as efficient.
We monitored backreflected SBS from the gasbags
using FABS on beamline 7. As mentioned previously,
Xe is mixed with propane to provide hydrogen for
enhancing Landau damping of the ion wave produced
by SBS.12 This mechanism has been shown to be effective
for suppressing SBS in large-scale plasma experiments.15
Low levels of SBS are observed for all targets. SBS
levels of ~2% are observed for the 25% and 75% Xe fills

UCRL-LR-105821-96-2

These experiments have demonstrated that underdense targets can be a bright source of both sub-keV
and multi-keV x rays. The brightness is greater than
that measured in high-Z solid target experiments.
Increased x-ray production is attained by reducing the
energy coupled to hydrodynamic motion and increasing the internal energy in the plasma. More efficient
targets for x-ray production have several applications.
One is as a brighter x-ray backlighter source. We have
shown that x-ray production is enhanced by a factor of
3 or more above that from conventional solid targets.
This factor of 3 directly correlates with lower laser
energy requirements for backlighter beams. Spectra at
different x-ray energies could be attained by changing
the gas or using low-density foams doped with high-Z
elements. As long as the ionized electron density of the
material is below ~0.25 nc, the foam targets should perform similarly to gas-filled targets. At higher density,
laser–plasma instabilities become more significant, and
at densities above nc the targets become ablative, performing more like disk targets. Another application is
as a bright x-ray source for radiation-effects experiments.
In addition, such features could be incorporated into
hohlraum designs for ICF to increase radiation production
and heating efficiency. Significant work in calculations
and experiments is still needed to optimize underdense
sources for any of these applications. Nevertheless,
these initial experiments demonstrate the significant
advantages that underdense target have over solid
disk targets as a bright laser-produced x-ray source.
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Introduction
High-gain direct-drive inertial confinement fusion
(ICF) requires very uniform irradiation of a hollow
spherical shell with a layer of fusionable deuterium–
tritium (D-T) on its inner surface. The intensity of laser
irradiation builds up in several nanoseconds from an
initial “foot” at 1013 W/cm2 to more than 1015 W/cm2
during the main drive pulse. Laser ablation of the capsule surface produces a high pressure that accelerates
the shell radially inward in a spherical implosion.
During the main drive phase, there is Rayleigh–Taylor
(RT) growth of surface perturbations due to two factors: the initial surface roughness of the capsule and
imprint from spatial nonuniformities in the laser drive
intensity early in the laser pulse. With the completion of
the Omega upgrade laser at the University of Rochester,1
the Nike laser at the Naval Research Laboratory,2 and
proposals for the National Ignition Facility (NIF),3 there
is considerable interest in studying the physics of directdrive ICF, and particularly in the imprinting process.4–6
On a large scale, the uniformity of illumination on a
direct-drive implosion capsule is determined by the
multibeam irradiation geometry, and on a small scale, by
beam smoothing techniques. Large-scale nonuniformities
are minimized by using a large number of beams (such
as the 60 beams of the Omega Upgrade laser or 48 beam
clusters of the proposed NIF). The small-scale spatial
variations of intensity due to the speckle pattern of
individual laser beams are effectively smoothed with
smoothing by spectral dispersion (SSD),7 where a random phase plate (RPP)8 is illuminated by the spectrally
dispersed frequency components of a broad-band laser
beam giving a rapidly fluctuating speckle pattern on
the target.
*Rutherford Appleton Laboratory, UK, and University of Oxford, UK.
**University of Rochester, Laboratory for Laser Energetics, Rochester, New York.
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Our interest is in studying the imprinting of nonuniformities due to a direct-drive laser beam under
conditions simulating the low-intensity foot of a pulse
designed for an ignition target such as might be used
on the NIF. By studying the reduction of optical and
imprinted hydrodynamic perturbations with SSD
smoothing, we will be able to assess the effectiveness
of SSD bandwidth in suppressing imprint for directdrive experiments. To demonstrate the effect of beam
smoothing on laser imprint, we have obtained extreme
ultraviolet (XUV) radiographs (at 15.5-nm radiation) of
the imprinted modulation at shock breakout due to
(1) a static laser speckle pattern and (2) a one-dimensional (1-D) SSD smoothed speckle pattern.

Experiment
We irradiated a 3-µm-thick Si foil with a 3 × 1012-W/cm2,
400-ps pulse of 0.35-µm laser light in the Nova twobeam target chamber.9 The speckle pattern from this
beam imprinted modulations in the Si foil, which we
measured by XUV radiography. We used an Y x-ray
laser with a wavelength of 15.5 nm as the XUV backlighter,10,11 and we imaged the Si foil in two dimensions
onto an XUV-sensitive charge-coupled device (CCD)
camera by using XUV multilayer optics12 as shown in
Fig. 1.13–15 The XUV imaging system uses an off-axis
spherical optic for imaging at about 25× magnification.
The angle of incidence on the imaging optic was only
1.25°, minimizing astigmatism, and providing a spatial
resolution of about 3 µm.
The XUV image is a two-dimensional (2-D) image of
the modulation in optical depth of the foil at 15.5 nm
due to imprint of the laser speckle pattern. We used
the x-ray laser as a backlighter since the optical depth
of most materials is high at 15.5 nm, which allows us
to make a sensitive measurement of the optical depth
variation in the foil. Si was used because it has the lowest
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FIGURE 1. X-ray laser imaging
system for measuring directdrive imprinted modulation on
a thin Si foil. The imaging
optics are Mo/Si multilayer
optics. (08-00-0296-0363pb01)
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opacity at 15.5 nm. It is still highly attenuating at this
wavelength, which limits the thickness of foils that we can
probe to <4 µm. Because it is highly attenuating, a 50-nm
thickness variation in the Si foil results in a 10% change
in the backlighter intensity in the XUV radiograph.
To measure the effect of laser imprint on a directly
driven foil, we probe the foil before significant RT
growth occurs at the time of shock breakout. Computer
simulations of the Si foil done with the LASNEX computer code16 indicate that with a laser intensity of
3 × 1012-W/cm2, a ~2-Mbar shock propagates through
a 3-µm-thick foil and breaks out the back side at about
260 ps. At this time, the Si foil is compressed by a factor of 1.5. We timed the 80 ps duration x-ray laser
pulse to radiograph the optical depth modulation of
the foil at shock breakout, namely at t = 260 ps, and we
turned the optical laser drive pulse off at 400 ps.
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Laser Imprint
In Fig. 2, we show time-integrated far-field images
of the drive beam that were recorded photographically
at an equivalent focal plane diagnostic station. These
are shown as modulation in the intensity pattern of the
RPP focal spot. Figure 2(a) shows the static RPP
speckle pattern for a 100-µm-square region at the
object plane obtained with zero bandwidth. The theoretical root mean square (rms) fractional modulation of
the exposure due to a static RPP speckle pattern is
1.0.17 We measured a modulation of 0.6, but our measurement may be affected by the finite resolution of the
far field imaging system, the film calibration, and the
fact that the beam has a time-skew of about 100 ps.
Note that the time skew is introduced by the grating
used to disperse the bandwidth for SSD. It results in a

UCRL-LR-105821-96-2

MEASUREMENT OF 0.35-µM LASER IMPRINT IN A THIN SI FOIL

50
25
0

0

25
50
75
Position (µm)

100

Mode number (200 µm sq)

(c)

0

25
50
75
Position (µm)

100

(d)

100
50
0
–50
–100
–100 –50
0
50 100
Mode number (200 µm sq)

–100 –50
0
50
100
Mode number (200 µm sq)

FIGURE 2. Time-integrated optical far-field images of the 0.35-µm
laser intensity modulation in a 100-µm-square region at the equivalent focal plane for (a) a static speckle pattern with an intensity of
2.3 × 1012 W/cm2 and (b) an SSD-smoothed speckle pattern with
0.33 THz of bandwidth at 0.35 µm and an intensity of 3.3 × 1012 W/cm2.
Two-dimensional Fourier transforms of (c) the static speckle pattern
and (d) the SSD-smoothed speckle pattern shown for a 200-µm-square
region of the object plane. (08-00-0296-0364pb01)

speckle pattern that changes during the initial portion
of the laser pulse as the laser beam fills in to the full
aperture, even for the case with no bandwidth.
The optical far-field image shown in Fig. 2(b) for the
case of 0.33-THz bandwidth at 0.35 µm has an rms
modulation of 0.15. This is the time-integrated modulation in exposure. This value is reduced from a
theoretical value of 1.0 for the static speckle pattern by
the SSD. It reaches an asymptotic value of 0.15 after
about 100 ps. One-dimensional streaks in the vertical
direction are due to the 1-D dispersion from the grating, and additional streaks at a small angle relative to
the vertical are attributed to chromatic aberration in
the focus lens, resulting in a multidirectional SSD pattern.
We characterize the far-field speckle pattern by
Fourier analysis. Figures 2(c) and 2(d) show 2-D
Fourier transforms of the far-field intensity modulation. The transform of the static laser speckle pattern
shows azimuthal symmetry due to the isotropy of the
speckle pattern [Fig. 2(c)]. The transform of the SSDsmoothed speckle pattern, however, has a distinct
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“propeller” shape that dominates in the horizontal
direction [Fig. 2(d)]. This indicates that there is shortwavelength structure in the horizontal direction
[i.e., perpendicular to the vertical streaks in Fig. 2(b)],
while short-scale laser nonuniformities are suppressed
in the vertical direction due to the SSD smoothing. The
transform also shows a feature that is tilted at about
20°. This is due to the slightly rotated additional
streaks in Fig. 2(b), mentioned above.
Figure 3 shows face-on radiography images of the
imprinted modulation in thin Si foils due to both a
static speckle pattern and an SSD-smoothed speckle.
The imprint appears as a modulation in the optical
depth of the foil, given by the natural logarithm of the
ratio of transmitted XUV intensity to a smoothed fit of
the overall x-ray laser profile. Figure 3(a) shows a
100-µm-square region from the radiograph of a
3.05-µm-thick Si foil irradiated by the static speckle
pattern shown in Fig. 2(a). Figure 3(b) shows a 100-µmsquare region from the radiograph of a 3.15-µm-thick
Si foil irradiated by the SSD-smoothed speckle pattern
shown in Fig. 2(b).
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FIGURE 3. XUV radiographs showing the imprinted modulation in
optical depth in a 100-µm-square region at the object plane of (a) a
3.05-µm Si foil irradiated by the speckle pattern shown in Fig. 2(a) and
(b) a 3.15-µm Si foil irradiated by the SSD-smoothed speckle pattern
shown in Fig. 2(b). These radiographs were obtained at t = 260 ps.
Two-dimensional Fourier transforms of the imprint due to (c) a static
speckle pattern and (d) an SSD-smoothed speckle pattern shown for
a 200-µm-square region of the object plane. (08-00-0296-0365pb01)
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Discussion and Simulations
We compare the modulations imprinted in the Si foil
with and without SSD bandwidth by performing radial
lineouts of the square of the 2-D Fourier transforms
(Fourier power) of the optical speckle patterns and the
XUV radiographs of the imprinted foils, as shown in
Fig. 4. We azimuthally integrated the Fourier power so
that the sum over mode number gives us the square of
the rms. Figure 4(a) shows the Fourier power per
mode calculated for the static and 0.33-THz SSD band
width cases. We also show the result for an intermediate
case of 0.29-THz (at 0.35 µm) SSD bandwidth, obtained
on a separate shot. Figure 4(b) shows the Fourier
power per mode for the XUV radiographs recorded at
the time of shock breakout with zero, 0.29-THz, and
0.33-THz SSD bandwidth. The noise in the radiograph
measurement is shown as a power spectrum calculated
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The rms modulation in optical depth of the foil
imprinted with a static speckle pattern is 0.37 ± 0.06.
We translate this to an rms modulation in foil thickness
using the cold opacity, µ, times the density of Si, ρ. The
shocked density of the Si foil is about 1.5 times solid
density at shock breakout, which gives us a product
µρ = 3.21 µm–1. Therefore, this modulation in optical
depth corresponds to an rms thickness modulation of
only 115 nm in the foil at shock breakout.
The rms modulation in optical depth of the Si foil
imprinted with the 0.33-THz SSD-smoothed beam is
0.23 ± 0.04, which corresponds to a 72-nm rms modulation. The error bars quoted above correspond to the
standard deviation obtained from calculating the rms
from multiple lineouts of the 2-D radiographs.
Figures 3(c) and 3(d) show 2-D Fourier transforms
of the face-on XUV radiographs. The Fourier transform
corresponding to the static speckle pattern [Fig. 3(c)]
shows a lobe structure with the vertical direction dominating. This is a result of the slight horizontal anisotropy
in the radiograph image [Fig. 3(a)], and is consistent
with the astigmatism of the imaging system when the
foil is about 100 µm away from best focus,15 which is
the limit of our ability to position the Si foil. Note that
the uncertainty in the measured rms optical depth
modulation due to locating the target to within 100 µm
of best focus of the imaging system is ±20%.
Figure 3(d) shows the Fourier transform of the optical
depth modulation imprinted with the SSD-smoothed
speckle pattern. One-dimensional SSD suppressed the
short-wavelength structures in the direction of dispersion. As a result, the 2-D Fourier transform shows
structures similar to the Fourier transform of the intensity modulation of the laser speckle intensity pattern
[Fig. 2(d)]. The transform has a strong directionality,
and the tilted structure due to chromatic aberrations of
the Nova lens is reproduced in imprint almost identically.
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FIGURE 4. Power per mode for a 200-µm region measured from
(a) the optical far-field images and (b) the XUV radiographs of
0.35-µm laser imprint. The MTF for the imaging system is shown
overlaid in (b). (08-00-0296-0366pb01)
from the XUV radiograph of an undriven Si target. The
noise is primarily due to the surface finish of the polished Si foils, which we characterized by scanning
with an atomic force microscope. Note that we have
also plotted a modulation transfer function (MTF) for
the imaging system in Fig. 4(b) to illustrate the resolution at short wavelengths. The calculated value of the
MTF is about 0.3 for a 3-µm wavelength modulation.
The modulation of optical depth at 15.5 nm in the Si
foil has an rms of about 0.37 ± 0.06 when it is imprinted
with a static 0.35-µm laser speckle pattern. The rms is
reduced by 40% to 0.23 ± 0.04 when we apply 0.33-THz
SSD beam smoothing on the imprint beam. The reduction
in power per mode is greatest for the short wavelength
modes (n ≥ 40, λ < 5 µm). For a mode number of 67
(λ = 3 µm), the power is reduced by a factor of six. For

UCRL-LR-105821-96-2

MEASUREMENT OF 0.35-µM LASER IMPRINT IN A THIN SI FOIL
a mode number of 20 (λ = 10 µm), the power is nearly
the same with and without bandwidth, differing by at
most 50%. The time-integrated modulation in fractional exposure of the speckle pattern shows a much
greater reduction in power per mode when SSD bandwidth is introduced. The rms modulation is reduced
by a factor of about four, between the static and 0.33-THz
cases from a measured rms of 0.6 to 0.15. For a mode
number of 67, the optical power per mode is reduced a
factor of 30 to 35, and it is reduced a factor of 20 to 25
at mode 20 with 0.33-THz SSD.
We used the 2-D LASNEX computer code to simulate the imprint of a thin Si foil in a 2-D approximation.
We simulated imprint on a target 60 µm wide in the
transverse direction with reflection boundary conditions. The laser intensity and pulse shape were taken
from the experiments, but the drive pattern was calculated from a speckle model18 at each time step. For the
example of zero bandwidth, the lineout was static,
whereas for the case with the SSD-smoothed imprint
beam, the speckle pattern was calculated at each time
step in the simulation, and this time-varying lineout
across the dispersion direction was used as the laser
intensity profile for the simulation.
The rms modulation in optical depth was calculated
and averaged over 80 ps, centered at t = 260 ps. As
shown in Fig. 5, the result was convolved with a 1-D
MTF for the imaging system for comparison with the
experiment. The rms modulation of the optical depth
of the Si foil calculated for the static speckle pattern
imprint is 0.36. For the 0.33-THz SSD smoothed speckle
pattern, the imprinted rms modulation from the simulation is 0.072, about a factor of five lower than the
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Optical speckle
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0.4
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0.2
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0.3

rms intensity modulation

rms optical depth modulation

0.8

0
0.4

FIGURE 5. Simulated rms modulation in optical depth imprinted in
the Si foil. Optical rms and experimental results are included.
(08-00-0296-0367pb01)
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static case. This is consistent with the reduction in rms
modulation of the asymptotic optical intensity distribution, shown in Fig. 5 for comparison. (We have not
included the effect of the 100-ps skew in the imprinting
laser beam in the simulation. Results from applying
the skew parallel or perpendicular to the dispersion
direction indicate that it reduces the rms modulation
by a factor less than two for each case.)
Figure 5 also plots the measured rms modulation of
the Si foil. The simulated imprint decreases more rapidly
with SSD bandwidth than we measured using XUV
radiography. To test whether the conclusion is affected
by noise in the measurement at high mode number, we
impose a high-mode cutoff in calculating the rms modulation. The result does not change significantly. By
integrating only over modes with mode numbers less
than 24 (λ < 5 µm), the measured rms modulation of
the imprint is reduced by a factor of 1.7 when we apply
SSD bandwidth. The simulated rms is reduced by a
factor of 4.5 by the addition of SSD smoothing.
The difference between reduction of optical and
imprinted hydrodynamic perturbations through SSD
smoothing is important in assessing the effectiveness
of SSD bandwidth for suppression of imprint. We expect
that the hydrodynamic response of the Si target should
be linear with the optical intensity modulation, but the
temporal weighting of the optical speckle may be more
complex than is indicated by just the time-averaged
speckle pattern. This may be due to the presence of the
skew in the beam and the finite rise time of the laser
pulse shape. The fact that the measured imprint is
reduced less than the asymptotic laser smoothing level
suggests that the observed imprint is dominated by the
early time intensity modulation in the optical speckle
pattern, before the asymptotic limit is reached. This
limit is reached for the SSD-smoothed beam by about
100 ps,18 which implies that the imprinting time for the
short spatial scales measured here is significantly shorter
than 100 ps. One possible reason is that the effect of
thermal smoothing may be progressively overwhelming
the effect of the optical smoothing, though the 2-D
modeling implicitly includes thermal smoothing.
The simulations also show less reduction in the
imprint than the optical smoothing level. A similar
experimental conclusion has been obtained in parallel
measurements using conventional x-ray radiography.19

Summary
We measured laser imprint as the modulation in
optical depth of a thin Si foil that is irradiated by a
low-intensity 0.35-µm beam on Nova. We recorded
images of imprint due to a beam with and without
SSD bandwidth by using an x-ray laser backlighter,
and we demonstrated the effect of beam smoothing on
laser imprint at the time of shock breakout.
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The imprinted rms modulation in optical depth is
reduced by a factor of two when the time-integrated
rms modulation in exposure of the optical drive pulse
is reduced by a factor of seven from 1.0 to 0.15 with
0.33-THz bandwidth. Simulations of the imprint in two
dimensions show about a factor of four reduction in
the rms optical depth modulation, also less than the
reduction of the optical modulation rms.
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Introduction
In recent years, there has been increasing interest in
the interaction of short laser pulses with overdense
plasmas.1–12 For sufficiently short laser pulses, the
hydrodynamic motion of the heated target does not
play a dominant role, and the production of high-density
plasmas with sharp density gradients becomes feasible. One topic of great interest is the dependence of the
light absorption on the laser intensity and plasma temperature in such plasmas.
In the Fast Ignitor concept13 of inertial confinement
fusion, the core is ignited with super-thermal electrons
generated by the high-intensity ignition laser. It is
expected that the absorption of the laser energy occurs
at a steep gradient produced by the hole-drilling laser.
Furthermore, the absorption is mainly due to collisionless mechanisms such as the one discussed in this
article. Although the intensity of the ignition laser is
expected to be so high that the assumption of the present linear analysis is no longer valid, certain aspects
of the present analysis still hold true. For example, the
transverse electron temperature is invariant for normal
incidence case, unless surface rippling happens. Also,
the comparison between the analytical and numerical
results provides some criteria in determining parameters (e.g., grid size and time step) used in numerical
simulations, which will be heavily relied on in the
regime of the Fast Ignitor where analytical analysis
may not be tractable.
It has been observed in laser absorption experiments1–3 that, starting from a sufficiently low intensity,
the absorption rate of light in overdense plasmas
increases as a function of laser intensity until it reaches
the “resistivity saturation,”1 a condition in which the
electron mean-free path in the plasma reaches a minimum value. Further increase of the laser intensity and
the plasma temperature will then cause an increase in
the electron mean-free path and a decrease in the
UCRL-LR-105821-96-2

absorption rate. When the electron mean-free path is
longer than the skin depth, theoretical studies14–16
suggest that collisionless absorption mechanisms such
as the sheath inverse bremsstrahlung14 and the
anomalous skin effect15–19 become important.
In this article, we modify the original sheath inverse
bremmstrahlung model14 by including the v × B
(velocity and magnetic field, respectively) term in the
Lorentz force equation, since the evanescent magnetic
field in an overdense plasma is greater than the corresponding electric field. Our results are significantly
different from those derived without the v × B term,
except when the distribution function is isotropic
[f0 (v) = f0 (|v|)]. For an isotropic distribution function, identical results will be obtained whether or not
the v × B term in the equation of motion is included in
the derivation. However, if the v × B term were
neglected, the absorption of the light would be incorrectly interpreted as an increase in the transverse electron
temperature, while the conservation of the transverse
components of the canonical momentum requires that,
after leaving the interaction region (|x| <
~ δ), an electron should have the same transverse momentum as it
did before it entered the interaction region.
By deriving the absorption coefficients for both the
sheath inverse bremsstrahlung and the anomalous
skin effect from the same set of equations, we show
that both phenomena are limiting cases of the same
collisionless absorption mechanism. The sheath
inverse bremsstrahlung corresponds to the limit where
ω2c2 >> ω p2 ve2 , while the anomalous skin effect corresponds to ω2c2 << ω p2 ve2 .
We have carried out numerical simulations of the
light absorption in overdense plasmas using the particle-in-cell (PIC) plasma simulation code ZOHAR.20 The
absorption coefficients observed in the simulations are
in reasonable agreement with the values calculated
from the linear theory. We have investigated the effects
of finite density gradients with ZOHAR simulations.
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Theoretical Model for the Sheath
Inverse Bremsstrahlung Absorption
and the Anomalous Skin Effect
The model consists of an overdense plasma filling
the half-space x > 0, and electric and magnetic fields of
the following forms, respectively:

{

]}

[

Ey ( x , t) = Re E0 exp i( kx ± ωt)

,

 ck

(1)
Bz ( x , t) = Re  E0 exp i( kx ± ωt)  .
ω

Here, x is the propagation direction, E0 and ω are realvalued constants, and k is the wave vector. Immobile
ions, with zero density for x < 0 and a constant density
for x > 0, are assumed to form the neutralizing background. The plasma is assumed to be highly overdense
( ω p2 >> ω2) and the fiducial thermal velocity ve, which
characterizes the electron distribution, is sufficiently
small (ω2c2 >> ω p2 ve2 ). Except in the sheath regime
near x = 0, the electron density ne is equal to n0 for
x > 0 and is zero for x < 0. When an electron hits the
sheath (x = 0) from the right ( x > 0), instantaneous
specular reflection is assumed, i.e., the y and z components of the momentum remain unchanged while the
x component reverses with the amplitude unchanged.
Since the typical time scale to reverse electron momentum in the sheath region is 1/ωp, which is much
shorter than both the wave period (2π/ω) and the transit time in the skin depth (c/veωp) in an overdense
nonrelativistic plasma, instantaneous reflection is a
reasonable assumption. Here, ωp = (4πn0e2/me)1/2 is the
electron plasma frequency. The assumption of specular
reflection requires that the sheath be one-dimensional
(1-D), i.e., that the scale length of the transverse variation be much longer than the width of the sheath
(approximately equal to the Debye length). The present
analysis also assumes that the quiver velocity
vos = eE0/meω is much smaller than the fiducial thermal
velocity ve, so that the perturbation analysis is applicable.
In a recent paper,21 the power transferred from the
laser to the plasma per unit area of laser–plasma interface was derived from the equation of motion, giving

[

Pab =

2n0 e 2 E02 δ 2
me

∫

2

d v⊥

]

∞

∫0

dv x

(

v x v y2 ω 2 δ 2 ± v x2

(ω δ

2 2

)

3
± v x2

) f (v) ,
0
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n0 e 2 E02 δ 2
m

∫

d 2 v⊥

∞

∫0

dvx

vx3

(ω 2δ 2 + vx2 )

f
2 0

(v)

.

Ey ( ±x) = Ey ( x), Bz ( ±x) = ±Bz ( x) .

(4)

The discontinuity in Bz requires a current sheet
J = êyJ0δ(x) exp(–iωt), whose amplitude is determined by

(

)

(

)

(

)

Bz x = 0 + ± Bz x = 0 ± = 2Bz x = 0 + .

(5)

Since an electron with x > 0 in the extended model will
have the same orbits as the corresponding electron in
the original model, the two models are equivalent as
far as the region x > 0 is concerned. In the extended
model, the electric field satisfies the equation

[

]

 2 ∂2

+ ω 2  Ey ( x) = ±4 πiω j y ( x) + J 0 δ( x)
c
2
 ∂x


,

(6)

where jy(x) is the current density induced by the electromagnetic fields. Performing the Fourier transform
on Eq. (6), and making use of the well known relation22
between the induced current density jy and the electric
field Ey, it follows that
±4 πiωJ 0
Eƒy ( k ) =
D(ω , k )

(7)

,

and
(2)

where δ = i/k. A similar derivation without the v × B
term in the equation of motion will give
Pab =

For an isotropic distribution function [f0(v) = f0(|v|)],
Eq. (3) is equivalent to Eq. (2). For general distribution
functions, however, Eq. (3) gives an absorption rate
significantly different from Eq. (2).21 Moreover, if the
v × B term had been neglected, the absorption of the
light would be incorrectly interpreted as an increase in
the transverse (y-direction) electron temperature, while
the conservation of the transverse components of the
canonical momentum requires that, after leaving the
interaction region (|x| <
~ δ), an electron should have
the same y-momentum as it did before it entered the
interaction region.
To show the relation between the sheath inverse
bremsstrahlung and the anomalous skin effect, we follow
the usual treatment of the anomalous skin effect15–19
and extend the plasma and the electromagnetic fields
in the present model to the half space x < 0 with

(3)

D(ω , k ) =

ω2

± c2k 2



± ω p2 1 ±



∫

d3v

∂f0 
 .
ω ± kvx ∂vx 

kv y2

(8)

Here, Eƒy ( k ) is the Fourier transform of Ey(x).
In the regime of the anomalous skin effect
(ω2c2 << ω p2 ve2 and ω p2 >> ω2), and for an isotropic
distribution function [f0 (v) = f0 (|v|)], making the

UCRL-LR-105821-96-2

ABSORPTION OF LASER LIGHT IN OVERDENSE PLASMAS
appropriate approximation21 of the function D(ω,k)
gives the absorption coefficient
ηas =

8ωδ as

.

3 3c

and
erfc( z) =
(9)

It was also shown in Ref. 21 that the appropriate
approximation of the function D(ω,k) in the ω2c2 >> ω p2 ve2
limit reproduces the power absorption of the sheath
inverse bremsstrahlung given in Eq. (2). The corresponding absorption coefficient is

ηsib = ±

8ω 2 ω 2p δ 4

(

2 2

cω δ +c



=

2

)∫

d 2 v ⊥ v y2

16ω 2 δ 2  2
d v ⊥ v y2

c



∫

∞

∫0

∞

∫0

dv x

dv x

2 2

(

+

v x ω 2 δ 2 ± v x2

(ω δ

2 2



v y2 (ω 2 δ 2 − v x2
f0 ( v )
× 1 ± ∫ d 3 v
2


ω 2 δ 2 + v x2



(

(ω δ

v x2

+ v x2

)

3

)

2
v x2

ηab

) f (v)
0




±1

.

)

(10)

The sheath inverse bremsstrahlung and the anomalous skin effect are two limiting cases of a more general
collisionless absorption mechanism described by
Eqs. (7) and (8). The sheath inverse bremsstrahlung
2
corresponds to the limit where ω2c2 >> ω p2 ve , while the
anomalous skin effect corresponds to ω2c2 << ω p2ve2. In
the intermediate regime (ω2c2 ≈ ω p2 ve2), the absorption coefficient can be obtained by performing the
inverse Fourier transform of Eqs. (7) and (8).
For a plasma with Maxwellian distribution function
f0 ( v ) =

1

(2πve2 )

3/2

 v2 
exp ± 2 
 2 ve 

∞

π ∫z



8 2 ve
=
Im
π c



[

(14)

,

SIB

0.60
ASE

ηab c/ve

0.40

Exact

0.30

]

( )

∫

0.80

(11)

8 ve
a ( a + 1) exp( a)E1 ( a) ± 1
2π c

a 




∞
1
dξ

0
ξ3
1 ± 2 Z(ξ) 

b

0.70

,

Eq. (10) reduces to a closed analytic form

1
πa
× +
exp( a)erfc
2
2


(13)

where b2 = ω2c2/2 ω p2 ve2 and Z(x) is the plasma dispersion
function.23 Equation (14) was derived in Ref. 21.
Figure 1 plots the quantities ηabc/ve (Exact) calculated
numerically from Eq. (14), ηsibc/ve (SIB) calculated from
Eq. (12), and ηasc/ve (ASE) defined in Eq. (9). The curves
are plotted versus ω2c2/ ω p2 ve2 in Fig. 1. It can be seen
that both ηsibc/ve and ηasc/ve are in good agreement with
ηabc/ve, in their respective regimes of validity. It is worth
reiterating that, for an isotropic distribution function
[f0 (v) = f0 (|v|)], such as the one in Eq. (11), an identical
absorption coefficient would be obtained whether or not
the v × B term in the equation of motion was included in the
derivation. However, neglecting the v × B term will lead to
an incorrect interpretation of the absorption mechanism.

0.50

ηsib =

( )

exp ±t 2 dt .

As can be seen from Eq. (12), the quantity ηsibc/ve
depends on the system parameters only through the
dimensionless parameter ωδ/ve, which is approximately the ratio of the transit time in the collisionless
skin depth over the period of the incident light. This
result will be compared with the more accurate result
calculated from Eqs. (7) and (8), i.e.,

∂f0
∂v x

2

0.20
0.10

±1

,

(12)

0
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101

102

2 2

ωc

where
a=

ω 2δ 2
2ve2

, E1 ( a) =
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∞

∫0

exp( ±t)
t

dt ,

/ωp2 ve2

FIGURE 1. The quantities ηabc/ve (Exact) calculated numerically
from Eq. (14), ηsibc/ve (SIB) calculated from Eq. (12), and
ηasc/ve (ASE) defined in Eq. (9). The curves are plotted versus ω2c2/ω p2 v e2 .
(08-00-0296-0388pb01)
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To examine the validity of the absorption coefficient
derived in the previous section, we have carried out
several runs of numerical simulations using the PIC
plasma simulation code ZOHAR.20 In all the simulations, the electric field of the incident light Ein satisfies
2 << πn m v 2 so that the quiver velocity of electrons
Ein
0 e e
in the overdense plasma is smaller than the thermal
velocity, as was assumed in the analytical derivation of
the absorption coefficient. The 1-D simulations are set
up as follows:
1. The electromagnetic fields can vary only in the
x direction. The length of the simulation region
is lx = 40c/ωp.
2. The boundary conditions of the electromagnetic
fields at x = 0 correspond to a normally incident
circularly polarized plane wave. The amplitude
of the wave gradually increases from zero at the
beginning of the simulation (t = 0) to a value Ein
at the end of the fifth wave period. The amplitude
of the incident wave remains constant thereafter.
3. The wave impedances of the boundaries are chosen
such that the outgoing waves will be completely
reflected at x = lx and completely transmitted at x = 0.
4. The initial electron density ne is zero for 0 < x < 3lx/4,
and is equal to a constant value n0 for 3lx/4 < x < lx.
Immobile neutralizing background charge density with the same profile as that of ne is imposed
to ensure charge neutrality at t = 0.
5. At t = 0, simulation particles are loaded uniformly
in the region 3lx/4 < x < lx, with Maxwellian distribution in the velocity space.
6. During the simulation, particles that hit the right
boundary at x = lx are re-emitted according to the
Maxwellian distribution, with the same thermal
velocity ve as the initial distribution function.
7. For particles moving to the left, we have used two
types of reflection conditions, as will be described later.
Three sets of simulations have been carried out,
with the initial thermal velocity ve equal to 0.1c. Each set
consists of simulations with different values of ω/ωp.
The simulation parameters are (i) 800 equally spaced
grid points for the electromagnetic fields; (ii) 409,600
simulation particles; (iii) the time step ∆t = 0.04/ωp.
The total numbers of time steps Nt are Nt = 80,000/ωp
for the simulations with (ωc/ωpve)2 equal to 0.1 or
0.2, and Nt = 40,000/ωp for the rest. There are three differences between the three sets of simulations: (1) For
the first set of simulations, the particles that reach the
laser–plasma interface at x = 3lx/4 are reflected specularly, and the longitudinal electric field (Ex) is purposely
turned off to mimic the idealized model of the linear
theory. (2) For the second and the third sets of simulations,
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the self-consistent longitudinal electric field (Ex) remains
on, and the particles that reach the left simulation
boundary at x = 0 are specularly reflected. However,
only a few particles ever reach the left boundary—
most of the particles are reflected by the sheath electric
field in the vicinity of x = 3lx/4. (3) The steady-state
value of laser intensity for the first and second sets is
(eEin/ωpmec)2 = ℘in = 10–5, and that for the third set
is ℘in = 2.5 × 10–4.
Figure 2 compares the absorption coefficients
observed in the simulations with those calculated
numerically from Eq. (14). The absorption coefficients

1.00
Sheath reflection
–5
℘in = 10

0.80

Sheath reflection ℘in = 2.5 × 10–4
ηab c/ve

Numerical Simulations of the Light
Absorption in Overdense Plasmas

0.60

0.40
Linear theory
0.20

0

Instant reflection
℘in = 10–5
10–1

100

101

ω2c2/ωp2 ve2

FIGURE 2.

A comparison of the absorption coefficients times c/ve
observed in the PIC simulations with those from the linear theory.
(08-00-0296-0389pb01)

from the first set of simulations (solid squares) agree
quite well with the linear theory, while those from the
second set (open circles) and the third set (solid circles)
are significantly greater than predicted by the linear
theory, except those with (ωc/ωpve)2 = 10. A plausible
explanation of the discrepancy is that the linear theory
assumes instant reflection in the sheath region, while
the finite reflection time may play an important role in
those simulations. This explanation is supported by
the agreement between the linear theory and results
from the first set of simulations, where instant specular
reflection condition is imposed at the laser–plasma
interface at x = 3lx/4. The comparison between the second and third sets of simulations indicates that most of
the simulations are in the linear regime, since the
absorption coefficients are not very sensitive to the
intensity of the incident laser light. The exceptional
cases are those with (ωc/ωpve)2 = 0.1, for which the
nonlinear effects may have set in when ℘in = 2.5 × 10–4.
UCRL-LR-105821-96-2
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In the simulations, the flows of the electromagnetic
energy and the electron kinetic energy through the
boundaries at x = 0 and x = lx are taken into account,
therefore corresponding to the net transfer of the electromagnetic energy into the electron kinetic energy as
shown in Fig. 2. The total (electromagnetic plus
kinetic) energy is conserved very well in the simulations, with the change in the total energy (∆Etotal) no
more than 1% of the net increase in the electron kinetic
energy (∆Ee).
As mentioned earlier, the transverse components of
the canonical momentum are the constants of the
motion in the present 1-D model. This is confirmed by
the distributions of the momentum observed in the
simulations, which show hardly any changes in the
distributions of py and pz. The absorption of the electromagnetic energy, therefore, must be accompanied
with the change in the distribution of the longitudinal
momentum px.
Figure 3 compares the distributions N(/mec) of the
normalized longitudinal momentum px/mec at the
ends of three PIC simulations (black line) with those at
the beginnings of the simulations (gray line). We obtain
the distributions by sorting the simulation particles into
bins of width ∆px/mec = 0.02. Only particles located in
the interval 7lx/8 ≤ x ≤ lx are counted, so that all the
particles counted are at least 5c/ωp away from the
laser–plasma interface. Figures 3(a) and 3(b) correspond to the solid squares in Fig. 2, with (ωc/ωpve)2
equal to 0.1 and 1.0, respectively. Figure 3(c) is obtained
from a simulation similar to the one corresponding to
the solid square with (ωc/ωpve)2 equal to 10, except
that ℘in = 10–3 so that the difference between the initial
and the final distributions can be seen easily. The
absorption coefficient observed in the simulation for
Fig. 3(c) is 0.0327, which is very close to the value 0.0324
for ℘in = 2.5 × 10–4 shown in Fig. 2 (the solid square at
ω2c2/ ω p2 ve2 = 10).
In Figs. 3(a) and 3(b), significant differences between
the initial and the final distributions can be seen clearly
for px > 0. Because the parameters ωp and ve are the

N (px/mec)

16

(a)

(b)

same for all three simulations, the comparison between
the three final distributions in Figs. 3(a) and 3(b) indicates that as ω becomes smaller, the change in N(px/mec)
shifts to smaller px. A possible implication of this trend
is that the breakdown of the linear theory, which
assumes that the unperturbed velocity is greater than
the quiver velocity vos = eE0/meω, may set in at a
smaller E0 when ω decreases. For the case in Fig. 3(a),
sizable changes in N(px/mec) can be seen even for negative px. This can explain the considerable decrease in the
absorption coefficient, for the cases with (ωc/ωpve)2 = 0.1
in Fig. 2, as ℘in increases from 10–5 (open circle) to
2.5 × 10–4 (solid circle).
The results described so far are obtained from simulations with the sharpest density gradient possible,
i.e., the densities of the immobile ions increase from
zero to the maximum values within one grid separation,
∆x = 0.05c/ωp. To study the effects of finite density gradients, we have also carried out three sets of simulations
consisting of runs all having a linear ramp in their ion
density profile. The width of the ramp L varies over a
wide range of values. The initial ne profile in each run
coincides with the ion density profile. The laser intensity corresponds to (eEin/ωpmec)2 = ℘in = 10–5, and the
thermal velocity is ve = 0.1c. The rest of the simulation
parameters are similar to those described earlier in
this section.
In Tables 1(a)–(c), absorption coefficients η obtained
from these simulations are shown versus the widths L of
the density ramp. Each of the three panels corresponds to
a set of simulations with a fixed (ωp/ω)2 (100, 50, or 20).
For (ωp/ω)2 = 100, panel (a) clearly shows that η, as a
function of L, has a maximum value approximately equal
to 11.5% with Lωp/c between 2 and 3. Panel (b) shows a
similar dependence of η on L for (ωp/ω)2 = 50, with the
maximum η of 9.5% occurring around Lωp/c = 1.5. For
(ωp/ω)2 = 20, panel (c) shows no increase in η for small
Lωp/c. Although we might have caught the increasing
trend in η for (ωp/ω)2 = 20 had we run more simulations
with finer grid separations, we do not expect to see much
increase in η.

(c)

12
8
4
0
–0.3 –0.2 –0.1 0 0.1 0.2 0.3
px/mec

UCRL-LR-105821-96-2

FIGURE 3. The initial (gray)
and the final (black) distributions
of the normalized longitudinal
momentum px/mec, observed in
three PIC simulations. The panels
(a), (b), and (c) correspond to
ω2c2/ ω p2 v e2 = 0.1, 1.0, and 10.0,
respectively.
(08-00-0296-0390pb01)
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TABLE 1. Absorption coefficients
η obtained from simulations
with ve = 0.1 c and various density ramp widths L. The panels
(a), (b), and (c) correspond to
(ωρ/ω)2 = to 100, 50, and 20,
respectively.

(a) Absorption coefficient η for (ωρ/ω)2 = 100
Lωp/c

0.05

0.5

1

η (%)

9

9.5

10.5

(b) Absorption coefficient η for

(ωρ/ω)2

2

3

4

5

10

15

20

11.5

11.5

11

10.5

7.8

5.5

4.2

= 50

Lωp/c

0.05

0.5

1

1.5

2

2.5

3

3.5

5

7

η (%)

8

8.8

9.3

9.5

9.3

8.9

8.5

7.8

6

4.2

(c) Absorption coefficient η for (ωρ/ω)2 = 20
Lωp/c

0.05

0.5

1

1.5

1.8

2

3

η (%)

6

6

5.5

5

4.2

4

2

For Lωp/c sufficiently greater than unity, we expect
that the absorption coefficient η will be a function of
c(ωp/ω)2/(ωL). The results in Table 1 reflect such a
dependence. For example, the runs of Lωp/c = 20 in
panel (a), Lωp/c = 7 in panel (b), and Lωp/c = 1.8 in
panel (c) all correspond to c(ωp/ω)2/(ωL) = 50, and
they all have η = 4.2%. The runs of Lωp/c = 10 in panel
(a) and Lωp/c = 3.5 in panel (b) also have the same η of
7.8% as they both correspond to c(ωp/ω)2/(ωL) ≈ 100.

Summary
We modified the original sheath inverse bremsstrahlung
model14 by including the v × B term (velocity × magnetic field) in the Lorentz force equation. We showed
that the present results are significantly different from
those derived without the v × B term. The v × B term is
also important in interpreting the absorption mechanism: if the v × B term were neglected, the absorption
of the light would be incorrectly interpreted as an
increase in the transverse electron temperature, which
would violate the conservation of the transverse components of the canonical momentum (in the case of a
normally incident laser light). We also showed that
both the sheath inverse bremsstrahlung and the
anomalous skin effect are limiting cases of the same
collisionless absorption mechanism. We compared
results from PIC plasma simulations with the absorption coefficient calculated from the linear theory and
investigated the effects of finite density gradients with
PIC simulations.
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Introduction
The principal technical goal of the National Ignition
Facility (NIF) is to achieve thermonuclear ignition in a
laboratory environment by means of inertial confinement fusion (ICF). Such ignition will enable the NIF to
service the Department of Energy Stockpile Stewardship
Management Program, to achieve inertial fusion energy
goals, and to advance scientific frontiers.1 All three
applications will make use of the extreme conditions
created in the target chamber. For a predicted 20-MJ
yield scenario, the NIF will produce ~1019 neutrons
with a characteristic deuterium–tritium (D–T) fusion
energy of 14 MeV per neutron. The ICF process will
also directly or indirectly produce x rays, gamma rays,
secondary neutrons, and solid, liquid, and gaseous target debris. Thus, a critical design issue is protecting the
final optical components and sophisticated target diagnostics in the harsh environment.
Figure 1 shows the basic geometry of the NIF target
chamber. The final optics package is located 6.5 m from
the target and chamber center. The debris shields,
which are designed to absorb x rays and target debris,
are likely to require frequent replacement. The target
chamber wall, ~1-m-thick concrete shielding, and target area concrete shield wall (not shown in Fig. 1) will
absorb virtually all of the radiation and target debris
and protect most of the laser system from direct lineof-sight irradiation. However, penetrating radiation,
such as neutrons and gamma rays, will propagate
through the ~1-cm-thick debris shields to interact with
the relatively expensive fused-silica focus lenses and
potassium-dihydrogen-phosphate (KDP) frequencyconversion crystals.

This article focuses on potential degradation of the
NIF final-focus lenses and frequency-conversion crystals, which must last for many years. Furthermore, an
ICF-based power plant may become possible in the
next century, when it will likely be necessary to maintain SiO2 final optics at an elevated temperature to
anneal the radiation-induced defects that are formed.2

Review of Fundamentals
Fused silica (synthetic SiO2) or fused quartz (natural
SiO2) are among the optical materials of choice for situations involving ultraviolet transparency, precision
quality, large size, or harsh environments. Issues surrounding the radiation hardness of SiO2 have been
studied for many decades,3–6 and the recent emergence
KDP frequencyconversion crystals
Focus lenses
Debris shields

Concrete
shielding

Aluminum
chamber wall

6.5 m

First wall plates
5m

Target
*Los Alamos National Laboratory, Los Alamos, New Mexico.
**Sandia National Laboratory, Albuquerque, New Mexico.

UCRL-LR-105821-96-2

FIGURE 1. Geometry of the NIF target chamber and position of the
final optical components. (50-02-0694-2720pb02)
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of deep-ultraviolet (DUV) lithography has prompted
renewed interest.7–9 Many defects have been characterized and elucidated, and this report builds on that
foundation.3–6 However, substantial uncertainty remains
in the literature, partly as a consequence of the often
unclearly specified radiation conditions and different
types of SiO2 that have been used. We tested a wide
variety of commercial fused silica and fused quartz
samples with a wide variety of specified irradiation
conditions, leading to an improved understanding of
the issues important for SiO2 radiation hardness.
Far less is known about the radiation resistance of
KDP.10,11 Our work is intended to assess radiation
hardness and to unravel some of the basic material
physics issues when SiO2 and KDP encounter gammaray or neutron irradiation.12
In general, when electromagnetic radiation of sufficient energy is used to irradiate an optical material,
solarization or optical darkening occurs. Absorption or
scattering of photons leads to the generation of energetic electrons and holes that eventually react with
pre-existing structural defects (precursors) or the
intrinsic material itself to create the electronic defects
associated with solarization.5,13
A ~1-MeV gamma ray, typical of the energy range
to be produced on the NIF, is, in principle, capable of
yielding about 105 electron–hole (e–h) pairs per photon. The process begins by the production of energetic
Compton electrons, which produce secondary electrons
and e–h pairs. The action of neutrons differs from that of
gamma-ray photons because of their uncharged nature.
Neutrons initially collide with nuclei and can induce
nuclear reactions that produce other types of radiation,
such as gamma rays and alpha particles. However,
some momentum transfer always occurs. The resulting
“knock-on-collision” displacement damage can lead to
precursor sites that later encounter electrons and holes
and become converted to other types of defects.
Precursors can also result from manufacturing processes, including oxidizing or reducing conditions.
Many different defects can be created in irradiated
SiO2 and KDP. Here, we review those most prominently
observed in our studies. In perfect SiO2 glass, silicon is
tetrahedrally bonded by four oxygens in a continuous,
random glass network. The Si–O–Si bonds can be
strained, which is believed to render the site more susceptible to electronically induced displacements.14 An
oxygen-deficient center (ODC), which gives rise to an
absorption band at 5 eV can be created as a result of
collisions with neutrons.15 The ODC can be converted
to an E’ defect center by losing an electron.5,16,17 The E’
absorption occurs at 5.8 eV. The precise absorption
spectra associated with all defect species have not yet
been fully resolved. For example, the B1 band, with an
absorption at 4 eV, is only observed in fused quartz,
and a definitive defect site has not been correlated
with this band.5,15 An Al impurity15,18 is known to
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give rise to absorption at 2.0 eV. We found evidence of
the Al impurity, B1, D0, and E’ absorption bands during
our work as a result of gamma-ray electronic excitations, and we believe that neutron collisions produce
the ODC.
Many different absorption bands have been identified with impurities and gamma-ray irradiation in
KDP. For example, transition metals, such as Al, Fe,
As, Cr, Pb, and V, can lead to significant radiationinduced absorption in KDP, all with absorptions in
various portions of the ultraviolet spectrum. In general, these absorptions arise from electrons that are
promoted by means of irradiation to the KDP conduction band in ways similar to those described above for
SiO2. The electrons are then trapped at impurity sites
in the band gap between the conduction and valence
band. The energy gap between the impurity site and
the lower edge of the conduction band determines the
wavelength of induced absorption.

Penetrating Radiation Characteristics
NIF
Most of the penetrating radiation from the NIF target will emanate directly from 14-MeV monochromatic
neutrons (the flux of 17.6-MeV gamma rays from D–T
fusion is less by a factor of 104). However, significant
neutron-induced nuclear reactions will also arise from
various structures in the target area.19 These secondary
reactions produce penetrating radiation consisting of
neutrons that range from <<0.01 to ~10 MeV in energy,
and gamma rays that range from 0.01 to 10 MeV.
Depending on whether the radiation is prompt (directly
from the target) or secondary, the pulse duration is in
the range of 5 to 100 ns, respectively.
The time-integrated dose over an expected 30-year
lifetime of the NIF is expected to be 1.1 Mrad from
neutrons (no) and 0.6 Mrad from gamma rays in the
SiO2 focus lenses; in KDP, the time-integrated dose is
1.1 Mrad from no and 0.5 Mrad from gamma rays.
These doses correspond to ~2 and ~1 krad of no and
gamma rays, respectively, for each of the 20-MJ yield
shots with a total 385-MJ/year yield.19 For reference,
1 rad is defined as 10–5 J of absorbed energy per gram
of material. Of course, variations in both the transverse
and longitudinal doses arise from absorption and
shadowing, but the ±10% variation is not significant
compared to other issues, such as the NIF gain and
shot rate, which may be accelerated.

Sources for Radiation Testing
No radiation test sources currently in operation can
produce the necessary spectrum and temporal format
of neutrons and gamma rays that is exactly equivalent
for direct accelerated life tests of the NIF final optics.
UCRL-LR-105821-96-2
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Thus, we used a variety of radiation sources that bracket
the problem to interpolate results and predict what will
happen on the NIF. Table 1 lists the radiation sources we
used and their relevant temporal and spectral characteristics. Modeling exercises benchmarked against the
accumulated data provided a realistic view of the radiation damage to optics that may be expected from the NIF.
The Los Alamos Neutron Science Center (LANSCE)
shown in Fig. 2 is a kilometer-long, proton-accelerator,
neutron-spallation source that provides a hard neutron
and gamma-ray spectrum extending from thermal
energies <<0.01 MeV to several hundred MeV. The pulse
format of the accelerator furnishes a long (ms) train of
300-ps pulses with a macrorepetition rate of 10 Hz.
This facility allowed us to obtain both neutron and
gamma-ray pulsed irradiations with energies and
doses spanning the relevant range for the NIF.

The Sandia National Laboratory Pulsed Reactor
facility No. III (SPR-III) shown in Fig. 3 is an enriched
235U pulsed nuclear reactor that provides a relatively
hard (for a reactor) neutron spectrum extending from
thermal energies to ~3 MeV.20 The reactor is nominally
operated with 100-µs pulses at a repetition rate of once

Coolant
plenum
Reactor fuel
plate
Central
experiment
cavity
Control
element
Reactor core
support post

Reactor
stand

Shield
pit

Reactor
elevator

FIGURE 2. The Los Alamos Neutron Science Center (LANSCE) was
the pulsed, high-energy (>10-MeV) neutron-irradiation facility used
in our studies. (70-17-1095-2274pb04)

FIGURE 3. The Sandia National Laboratory Pulsed Reactor No. III
(SPR-III) was the pulsed nuclear reactor used in our studies.
(70-17-1095-2274pb03)

TABLE 1. Summary of radiation source characteristics that were collaboratively used for accelerated life testing of NIF final optics components at LANL, SNL, LLNL, and French Commissariat Energie Atomique Laboratories.
LANL
LANSCE

SNL
SPR-III

LLNL
RTNS-II

CEA
Sames

LLNL
60Co

LLNL
e– LINAC

14 primary
<0.01–1 low dose
5 ns

<0.01–100

<0.01–1

14

14

None

None

ps trains

100 µs

continuous

1

4

4

continuous
(or 5 ns)
4

N/A

N/A

N/A

0.01–10
20 ns

1–100
ps trains

0.01–1
100 µs

0.01 to 1
continuous

0.01 to 1
continuous

1
continuous

0.01–50
20 ns

0.5

4

4

N/A

N/A

4

4

NIF
Spectra (MeV)
Neutrons

Gamma rays

Pulse format
NIF 30-yr dose
(Mrad)
Spectra (MeV)
Pulse format
NIF 30-yr dose
(MRad)
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every 2 hr. The neutron energy spectrum is peaked at
1 MeV but is broad, with 99% of the neutron energy
bracketed within 0.01 to 10 MeV. This facility allowed
us to obtain gamma-ray irradiations with energies
close to the relevant range for the NIF, along with
no irradiation with energies near that of the NIF
(see Table 1).
The French Commissariat Energie Atomique (CEA)
Sames neutron source and LLNL RTNS-II neutron
source are D accelerators with T targets that provided
a continuous source of direct, 14-MeV, D–T fusion neutrons. These facilities provided us with the best match
to the neutron energies on the NIF; however, the continuous temporal format is dissimilar. Gamma-ray
irradiation is also present in these sources due to
secondary reactions.
At LLNL, an electron accelerator spallation source
(0.01 to 50 MeV) and a 60Co source (1 MeV) also provided
pure gamma-ray radiation in ns pulsed and continuous formats, respectively. These gamma-ray facilities,
together with the mixed-neutron and gamma-ray
sources, allowed for the separation of effects that arose
from gamma rays and neutrons.

FIGURE 4. Eight different types of fused silica and fused quartz
from several different manufacturers. All were irradiated with
3.7 Mrad of gamma rays from a 60Co source. (70-15-1094-3620pb02)

1.0

0.5

0.46-Mrad gamma rays
0.20-Mrad neutrons

SiO2 type FS1
e.g., Corning 7980

Before irradiation
After irradiation

0

Experimental Results
We have developed a physical model of the primary
radiation-damage pathways for silica glass and KDP in
the penetrating radiation dose range of interest for the
NIF. The primary consideration was the induced optical absorption in the glasses as a function of absorbed
radiation dose. The temporal format of the radiation
pulses was of interest because potential thermal
annealing at room temperature could affect radiation
damage of subsequent pulses. The radiation spectral
shape was also of concern because neutrons of different energy have differing percentages of elastic and
inelastic scattering.
We studied as many as 25 sources and grades of
SiO2 to understand the impact of manufacturing methods on precursors to damage. In addition, we studied
many different impurities in deliberately doped KDP
to understand the impacts of purity and process control in the starting material.

Radiation Effects in Silica Glass
Figure 4 is an example of eight types of SiO2 we
tested following irradiation, including fused silica and
fused quartz from different vendors and manufacturing processes. All samples were simultaneously irradiated with 3.7 Mrad of gamma rays from a 60Co source.
The results varied widely.
Despite the wide variation in radiation resistance,
these samples led to only four radiation-induced
absorption spectral shapes, as shown in Fig. 5. From
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Absorption coefficient (cm–1)

1.0
SiO2 type FQ1
e.g., Heraeus Herasil
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FIGURE 5. Under identical doses of 200-krad neutron and 460-krad
gamma irradiation, the absorption spectra of all 25 types of SiO2 that
we studied fell into four distinct classes. (70-17-0596-1038pb01)
this information and data obtained on other radiation
sources, it was possible to determine the origin of the
prominent spectral shapes. The peak at 246 nm arises
from direct-neutron, collision-induced displacements
creating a localized ODC that is intrinsic to all SiO2.
The absorption peak at 300 nm in Fig. 5(b) arises from
the conversion of 241-nm defect absorption that is present

UCRL-LR-105821-96-2

RADIATION-EFFECTS TESTING FOR NIF FINAL OPTICS

FS1 silica
most rad-hard type
Corning 7980
Corning 7940
Heraeus Suprasil-1
Heraeus Suprasil-2
Heraeus Suprasil-3
Dynasil 4100
Dynasil 4101
Nippon ES
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the E’ center at 213 nm grows at an accelerated rate
compared to the 246-nm feature. This observation
suggests that neutrons first create the ODCs, which are
then converted to E’ centers by gamma rays. A critical
test to confirm this synergistic gamma-ray/no effect is

(a) SiO2 type FS1

0.6
8 shots
6 shots

0.4

4 shots
Absorption coefficient (cm–1)

prior to irradiation, which is likely due to a Ge impurity center originating from the manufacturing process.
The peak at 210 nm (E’ defect) is due to a two-step process of first creating the 246-nm ODC defect and then
converting it into an E’ center with gamma rays. The
peak centered at 550 nm is most likely due to Al
impurities in the SiO2, as suggested in the literature.5,16,17
The four spectra shown in Fig. 5 correspond to the four
classes of SiO2 in Table 2. The most radiation-hard
variants are synthetic fused silicas, such as Corning
7980 and Heraeus Suprasil grades.12
To benchmark the effective lifetime of the NIF
optics, it was necessary to use a mixed neutron and
gamma-ray source because synergistic neutron and
gamma pathways lead to radiation-induced damage.
The SPR-III reactor was a versatile radiation source for
our purposes, with 100-µs pulse operation, a mixed
neutron and gamma dose ratio similar to the NIF
(within a factor of 5), and a gamma spectrum very
close to that of the NIF (see Table 1). The neutron
spectrum from this largely unmoderated 235U fission
reactor, however, extends over a broad energy range,
with a peak flux at 1 MeV. This is low compared to the
direct D–T 14-MeV neutrons that will dominate the
NIF spectrum. As a consequence, these results must be
extrapolated to higher neutron energies (more damage
per individual collision cascade created by a single
neutron) to make NIF predictions. The SPR-III data are
intended to provide insight into the impact of the
gamma-ray and no mix of radiation.
Figure 6 shows the results of a dose-dependent
study on the SPR-III over two experimental days. One
year on the NIF, with 385 MJ of fusion yield assumed
in the NIF conceptual design report (CDR), is predicted
to produce ~40 krad of neutron dose and ~20 krad of
gamma-ray dose, hereafter referred to as a “NIF year.”
One shot on the SPR-III corresponds to one neutron
NIF year and 5 gamma-ray NIF years.
Figure 6(a) shows the cumulative effect of up to
eight pulses from the SPR-III for FS1 glasses, revealing
absorptions at both 213 and 246 nm. On closer inspection,

0.2

2 shots

0
(b) SiO2 type FQ1
0.5
0.4

8 shots

0.3

6 shots
4 shots
2 shots

0.2
0.1
Baseline
0
200
250

300
350
Wavelength (nm)

400

450

FIGURE 6. Optical absorption spectra of (a) fused silica and
(b) fused quartz taken after successive shots on the SPR-III. One
shot has 40 kRad no and 100 krad of gamma-ray dose.
(70-17-0596-1040pb01)

FS2 silica
rad-soft type

FQ1 silica
rad-hard type

FQ2 quartz
rad-soft type

Dynasil 1100
Dynasil 1101

Heraeus Herasil-1top
Heraeus Herasil-1
Heraeus Herasil-2
Heraeus Herasil-3
Heraeus Homosil
Heraeus Infrasil-302
Heraeus TO8
Dynasil QUV
Nippon OY

Heraeus Infrasil-301
Dynasil QIR
Nippon OZ
Nippon OX1

TABLE 2. All of the SiO2 sam-

ple types studied fell into four
groupings of radiation response
designated as FS1, FS2, FQ1,
and FQ2, where FS = synthetic
fused silica, and FQ = natural
fused quartz.
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Figure 8(b) shows the results of this analysis. The
data show little dose-rate dependency over the range
studied in this experiment. This can be rationalized by
showing that the number density of defect centers is
less than the number density of atoms by four orders
of magnitude. Consequently, one would expect that
multiple collisions and interactions on a single physical site would be infrequent (i.e., two neutrons striking
the same nucleus or damaged region) and that the system behaves as if single, isolated collisional impact
sites are present.
Figure 9 is a reduction of the data in Fig. 6, which
resulted from exposing fused silica and fused quartz
for up to eight shots on the SPR-III reactor. The data in
Fig. 7 were fit to a sum of Lorentzians, L(λ), to account
for the absorption arising from each species:
α i (λ ) =

∑ α i N i Li (λ) ,

(1)

i

where
Li (λ ) =

∆λ2i

∆λ2i + (λ i − λ )

2

(2)

,

(a) Four continuous runs of 30-min. duration

Irradiation flux (arb. units)

shown in Fig. 7. Here the FS1-type sample is first irradiated in the SPR-III to create the ODCs, and then in a
separate irradiation, it is subjected to pure gamma rays
from the 60Co source to show that the ODCs are converted to E’ centers. Recall that irradiation by gamma
rays alone has no effect; that is, the neutrons first
“soften” the material by generating ODCs.
For a pulsed radiation source, annealing of the
induced defects generally follows the radiation pulse;
i.e., some of the defects are self-healing at room temperature with relaxation times (inverse rate constants)
ranging from nanoseconds to hours. The defects discussed in this paper are primarily long-lived defects
that show no further decay after many days to months
following irradiation at room temperature. The temporal format of the radiation pulse could, in general,
affect the number of “permanent” defects observed,
since annealable defects could be further affected by a
subsequent radiation burst before they had a chance to
decay. To test this possibility (i.e., to explore the doserate dependence), we performed an experiment on the
SPR-III in which the radiation dose rate was varied
over eight orders of magnitude. Figure 8 summarizes
the results.
In the first experiment shown at the top of Fig. 8(a),
the reactor was run in a steady-state mode for 30 minutes with relatively low radiation flux. In the second
experiment at the bottom of Fig. 8(a), a 100-µs pulsedneutron format was used. The total time-integrated
neutron (and gamma-ray) dose during the 30-minute
runs and the 100-µs pulses was measured to be
approximately the same, 1.5 × 1015 no/cm2 to within
10%. The neutron and gamma-ray spectra are virtually
identical for these two experiments because the reactor
has the same degree of moderation inside the core
region. Nearly the same overall experimental time
elapsed between pulses.
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1

#1

#4

0
0
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(b) Similar integrated doses in both cases

0.20
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A = 80-kRad n
+ 220 kRad gamma ray

A then B
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B = 3.7-MRad γ-ray
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B only
A only
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FIGURE 7. Optical absorption spectra of FS1 glass reveal that the
oxygen-deficient center created by neutrons can be converted to E’
center absorption at 213 nm with gamma rays. (70-17-0596-1041pb01)
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After four continuous runs of 30 min.
After four pulses of 100 µs
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Absorption coefficient (cm–1)
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FIGURE 8. Experiment to study the effect of room-temperature
annealing with short-pulse vs continuous irradiation. (a) Temporal
format of radiation flux from the SPR-III. (b) The experimental results.
Similar time-integrated doses were used in both experiments.
(70-17-0596-1042pb01)
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λi is the peak wavelength, and ∆λ is the half width at half
maximum of the absorption spectrum for i = E’, ODC,
Ge, or B1. The data points in Fig. 9 give the peak defect
absorption coefficients obtained from the Lorentzian curve
fits to the spectra in Fig. 6. With fused silica, shown in
Fig. 9(a), the absorption peak at 246 nm grows as a function
of dose most rapidly at first; at higher doses, the 210-nm
absorption peak growth rate overtakes it. This qualitative
observation is consistent with the model described in Fig. 10.

Quantitative modeling of the defect absorption
peaks shown in Fig. 9(a) for fused silica can be performed by applying rate equations derived from the
model in Fig. 10 for the number density of neutroninduced ODC and subsequent gamma-ray-induced E’
defects, denoted as NODC and NE’, respectively. The
rate equations can be written as
dN ODC
dt

Gamma-ray dose (krad SiO2)
0.8

0

200

400

800

(a) SiO2 type FS1
E′ band
(210 nm)

Absorption coefficient change (cm–1)

0.4
ODC band
(246 nm)

0.2

0

(b) SiO2 type FQ1

0.20

0.15
Ge band (241-nm)
and ODC (246-nm)
0.10
B1 band
(300 nm)

0.05

0

0

dFn
dDγ
− βE′
N ODC (3)
dt
dt

and

600

0.6

= Mcol σ col (E) N SiO
2

100
200
Neutron dose (kRad SiO2)

300

dDγ
dN E ′
N ODC
= βE′
dt
dt

.

(4)

The first term in Eq. (3) describes the formation of
ODC defects due to direct neutron collisions, where Fn
is the neutron fluence, σcol is the neutron collision
cross section, NSiO2 is the silica number density, and
Mcol is a collision multiplier that denotes the number
of cascade-collision-induced defects due to a single,
primary neutron collision, as shown in the first step of
Fig. 10. Equation (4) and the last term in Eq. (3)
account for the second step in Fig. 10, where ODC
defects are transformed into E’ defects with gamma
rays. Here, βE’ denotes a phenomenological conversion
coefficient, and Dγ is the gamma-ray dose in krad.
Defect optical absorption cross sections (σODC and σE’)
are then multiplied by the number densities obtained
from Eqs. (3) and (4) to obtain the absorption coefficients in Fig. 9.
For the modeling of the defect absorption peaks in
fused quartz shown in Fig. 9(b), the direct conversion
of pre-existing Ge impurity into B1 defects, with number
densities NGem and NB1, respectively, can be written as:

FIGURE 9. Radiation-induced absorption of E’ (210-nm), ODC

dN ODC
dN B1
dDγ
m
N ODC
=−
= β B1
m
dt
dt
dt

(246-nm), Ge (241-nm), and B1 (300-nm) bands in SiO2 for (a) fused
silica type FS1 and (b) fused quartz type FQ1. Data points were
obtained from the SPR-III experiments. Solid lines show the numerical modeling using Eqs. (1) through (3). (70-17-0596-1043pb01)

where βB1 is the gamma-ray conversion coefficient.
The pre-existing Ge concentration, determined from
absorption spectra and mass spectra copy of individual

Fused silica and fused quartz type FS1 and FQ1
o

n

+n
Si

Si
O
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Neutron-induced
oxygen-deficient center
(246 nm)
+ gamma ray
Si
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E′ center
(210 nm)
Si–

Si+

,

(5)

FIGURE 10. Mechanistic model
of primary radiation damage
mechanisms in SiO2 that lead to
changes in optical transmission.
Both neutrons and gamma rays,
either separately or in combination, can lead to radiation-induced
damage. (70-17-0596-1039pb01)
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Mn =

0.8Edam
ηanneal
2Edef

(6)

,

where Edam is the average kinetic energy of the atom,
which receives the initial direct collision, given as22
Edam = En

2
A+

2
3

(7)

,

where A is the atomic mass (average of Si and two O),
and En ≈ 1 MeV is the neutron energy, yielding
Edam ≈ 0.1 MeV. We estimate the defect formation
energy of the ODC, Edef, as 40 eV from calculations of
SiC, a related, covalently bound material.23 An additional factor, ηanneal, is included by Diaz de la Rubia
and others to account for the rapid (< 1-ns) annealing
that occurs from the enormous local-energy deposition
following a neutron–nucleus collision. Estimates from
simulations place ηanneal at ~0.2 for fast neutrons.21,24
Substitution into Eq. (6) yields Mn at ~200, a value that
is reasonably close to our experimental assessment of
105 given the level of approximation in Eqs. (6) and (7).
To apply this model to NIF-like conditions, the neutron multiplier obtained at 1-MeV average neutron
energy must be extrapolated to 14 MeV for D–T fusion
neutrons present on the NIF. For this extension, we
analyzed several experiments from three different
high-energy neutron sources. Two experiments were
performed on 14-MeV D–T fusion neutron sources (CEA
Sames and LLNL RTNS-II), and one set of experiments

TABLE 3. Parameters used to
model data from the SPR-III
reactor (Figs. 7–10) and to predict NIF fused silica final optics
performance in Fig. 12.
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was performed on the LANSCE high-energy (>100-MeV)
proton-spallation neutron source.
Figure 11 shows the results of irradiating type FS1
fused silica (e.g. Corning 7980) with 2 × 1014 no/cm2 in
the Sames neutron source. The neutron multiplier, Mn,
required to fit the data set was 70. The induced-absorption
spectral shape is similar to that shown in Fig. 7(a) for
the fission-reactor-induced absorption, indicating that
no fundamentally new defects are created. The number
of defects per collision is expected to be higher for 14- vs
1-MeV neutrons, however. Data taken on the RTNS-II in
1987 by Singh et al. (unpublished) at much higher
doses (1016 no/cm2) implied a neutron multiplier of
200. Data taken on the LANSCE were roughly consistent with this neutron multiplier range, although
detailed dosimetry of neutron fluence as a function of
neutron energy for the broad spectrum on the LANSCE
is still being analyzed elsewhere. The overall spread of
up to a factor of 3 in neutron-damage effectiveness (Mn)
is large, depending on the experiment. The neutron
multiplier inferred from these experiments varied over
the range of 70 to 200, depending on the dose and

0.03
Absorption coefficient change (cm–1)

samples, results in a nonzero initial condition. The
solid lines in Fig. 9 are fits generated from Eqs. (1)
through (5). Table 3 gives the parameters obtained
from these curve fits.
The data-fitting parameters lead to an overdetermined
system, which may not be evident from first glance at
Table 3. To first order, the two unknown optical cross
sections, σi, and the neutron multiplier, Mn, determine
the height of the four curves; the two conversion coefficients, βi, determine the shape of the data curves.
From this interpretation, the collision multiplier can
be estimated by the Kinchin–Pease expression21

0.02
Data

0.01

0
200

Theoretical

225

250
275
300
Wavelength (nm)

325

350

FIGURE 11. Absorption induced by the CEA Sames 14-MeV D–T

fusion neutron source with 2 × 1014 no/cm2 fluence at room temperature.
Both data and the theoretical curve are shown. (70-17-0596-1044pb01)

Parameter
Neutron absorption coefficient, NSiO2σcol
ODC to E′ gamma-ray conversion coefficient, βE′
Collision multiplier for 1-MeV neutrons, Mn
Collision multiplier for 14-MeV neutrons, Mn
ODC to B1 gamma-ray conversion coefficient, βB1
Optical cross section for ODC defect, σODC
Optical cross section for E′ defect, σE′
Optical cross section for B1 defect, σB1
Optical cross section for Ge impurity, σGe

Value

Units

Source

0.35
0.0007
105
200
0.004
2.1 × 10–18
3.2 × 10–17
9.4 × 10–18
1.1 × 10–17

cm–1
s/krad
Unitless
Unitless
s/krad
cm2
cm2
cm2
cm2

Literature
Data fit
Data fit
Data fit
Data fit
Data fit
Literature
Data fit
Ge concentration
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neutron source. The range may be due to differences in
neutron dosimetry calibration or to other uncertainties in
the radiation environment, such as the ratio of neutron
to gamma dose. To be conservative, we use Mn = 200 to
predict the NIF final-optics performance.

Predictions for Silica Glass on NIF
The predicted transmission of silica glass as a function of time on NIF is plotted in Fig. 12 for both fused
silica type FS1 and fused quartz type FQ1, with an initial condition of NGe = 5.7 × 1015 cm–3 determined from
data. The final-focus lens is assumed to be 4.5 cm thick.
Thicker lens designs would be expected to have larger
absorbance (–log transmission) that is proportional to
the thickness. From the predictions in Fig. 12, FS1 is
significantly more radiation-resistant than FQ1 at 3ω.
Fused silica is expected to have >99% transmission
over the 30-year facility lifetime. Fused quartz, however, is expected to drop to a 99% lens transmission
within one year, which is undesirable. Fortunately, FS1
is the current baseline material that was assumed in
the CDR.

0.98

The results of irradiation experiments with both
gamma rays and neutrons indicate that only gamma
rays have a measurable impact on the UV transmission
spectra of KDP at integrated doses relevant to the NIF.
Figure 13 shows the spectral results of two representative
KDP and KD*P crystals for samples irradiated on the
SPR-III (n° and gamma-ray source) and LLNL 60Co
(gamma-ray source only). The spectral features observed
after similar gamma-ray doses from the two sources
are nearly identical in shape and magnitude, demonstrating that the presence of ~1 MeV n° in the SPR-III does not
produce observable optical damage in KDP. Direct knockon neutron collisions will introduce noncrystalline defects;
however, they do not appear to introduce optically
absorbing species. No changes in refractive index were
experimentally observed to within the experimental precision of 10–5. The different spectra in Fig. 13 appear to
correlate to the presence of impurities detected by wet
chemical analyses of several of the crystals. Most KDP
samples give rise to relatively featureless spectra, which
show a slight overall increase in absorption (<0.03 cm–1 at
3ω). These samples are shown in Fig. 13(a) and (b). The
strong absorption band at ~263 nm is typical of As-containing KDP and KD*P, as seen in Figs. 13(c) and (d).
Other radiation-sensitive impurities have also been identified and are discussed below.

385 MJ/yr
(from CDR)

0.96

380-krad dose gamma-ray

770 MJ/yr
1540 MJ/yr

0.6

(a) KDP (typical)

380-krad gamma-ray
o
+ 85 krad n dose
(b) KDP (typical)

0.5

0.94

0.4
SiO2 type FS1

0.92

SiO2 type FQ1

0.90
0

5
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Time (NIF years)
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FIGURE 12. Predicted transmission of NIF final-focus lens vs time
for fused silica type FS1, such as Corning 7980 or Heraeus Suprasil,
and fused quartz type FQ1, such as Heraeus Herasil 1-SV. Predictions
for the NIF CDR fusion yield of 385 MJ/year, and for 2 and 4 times
that shot rate, are shown for FS1. (70-17-0596-1045pb01)
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If the shot rate or target yields on NIF were increased
by 2 to 4 times over that assumed in the NIF CDR,
(yield rates of 770 and 1540 MJ/yr), the lifetime of the
silica final-focus lenses would be reduced. Figure 12
shows our predictions for these shots rates, which lower
the effective lifetime to 18 and 9 years for a 2× and 4×
increase in yield rate, respectively. This would present
an incrementally small increase in the NIF operational
cost over the 30-year facility lifetime.
UCRL-LR-105821-96-2
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FIGURE 13. KDP and KD*P spectra before and after irradiation with
(a) and (c) 380-krad gamma rays, or (b) and (d) 380-kRad gamma
rays and 85 krad no. Spectra are virtually identical with or without
the 85-krad neutron dose indicating that gamma-ray damage is
expected to dominate the radiation effects for NIF KDP and KD*P.
Differences between samples types are due to impurities. All spectra
are σ-polarized. (70-17-0596-1046pb01)
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4−
rays

→ (AsO 4 )
(AsO 4 )3 − gamma

 → (AsO 3 )
gamma rays

2−

+ O2−

.

(8)

The (AsO4)4– species causes the 263-nm absorption
shown in Fig. 13(c), whereas the (AsO3)2– species is
believed to have minimal observable absorption.
Initial conditions are determined from the concentration of As in the crystal, and all of the As is assumed to
be of the form (AsO4)3–. A simple set of coupled rate
70

equations for the concentration of (AsO4)3–, (AsO4)4–,
and (AsO3)2–:O2– lead to an analytic solution for the
absorption coefficient at 3ω of the form:
A30 σ As sβ 32
exp( − D ′β 32 t) − exp( − D ′β 21t)
(β 21 − β 32 )

[

α=

]

.

(9)

The parameters used to fit the data in Fig. 15 using
Eq. (9) are defined and quantified in Table 4.

Absorption coefficient at 263 nm (cm–1)

4
380-kRad absorbed gamma-ray dose
Irradiated in SPR-III nuclear reactor
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FIGURE 14. Arsenic concentration in ppm by weight vs 380-krad
gamma-ray-induced σ-polarized absorption coefficient at 263 nm for
several different KDP and KD*P samples. The good linear correlation
suggests that As is a precursor for the radiation-induced 263-nm
absorption. (70-17-0596-1047pb01)

0.10
Absorption coefficient at 351 nm (cm–1)

In the case of As, where the readily incorporated
(AsO4)3– substitutes isomorphically for the (PO4)3– group,
irradiation by gamma rays turns the anion complex into a
color center with a peak absorption at 263 nm, which is
presumably (AsO4)4– based on evidence in the literature.10,11 To test the correlation of As with the strongly
absorbing peak at ~263 nm, we analyzed five samples
using inductively coupled plasma (ICP) mass spectroscopy. Figure 14 shows the absorption coefficient of the
263-nm peak as a function of As concentration. In this
case, the absorption coefficient was taken from spectra
collected after irradiation on the SPR-III (for a gamma-ray
dose of 380 krad). A linear regression to the data appears
to be a good fit, indicating that As is responsible for the
absorbing defect center.
Because As impurities appear to play the most important role in radiation-induced damage in all of the materials
studied to date, we recently completed a study to understand the dose dependence of this phenomena. This study
allows for predictions of NIF performance based on the
integrated gamma-ray dose present in the final optics
package as a function of time. Figure 15 is a compilation
of results from the SPR-III pulsed nuclear reactor, the
LLNL 60Co continuous gamma-ray source, the LLNL
pulsed-spallation gamma-ray source (LINAC), and the
LANL pulsed spallation no and gamma-ray source (LANSCE). All of the data fall onto one curve, indicating that
pulse length and radiation spectra do not play a primary
role in modifying the radiation-induced damage in KDP.
This result can be explained as follows. Gamma rays
impart energy to the electronic portion of the atomic
structure via Compton scattering. This first produces a
~100-keV electron, for each 1 MeV of initial gamma-ray
energy, that then rapidly scatters via cascade e––e– reactions to form multiple ~10-eV electrons. As a consequence,
the initial energy of the gamma ray determines the number,
rather than the damage characteristics, of final energetic
electrons. The ~10-eV electrons next form defects in the
material by trapping at precursor sites (e.g., impurities).
This simple mechanism is linearly related to the timeintegrated, radiation-induced electron density in the
conduction band of the material, and does not depend on
the initial gamma-ray spectrum or temporal pulse length
to first order.
Based on the As precursors described above, we propose a simple mechanism, where

0.08
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LANL LANSCE
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LLNL LINAC
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FIGURE 15. Gamma-ray-induced absorption at 3ω (351 nm) as a
function of gamma-ray dose. For reference, the NIF is expected to have
160 krad for each decade of operation. Independent data from the
source characteristics suggests that the total integrated dose, independent of gamma-ray spectral or temporal characteristics, is adequate
for phenomenologically modeling radiation damage in the NIF.
(70-17-0596-1048pb01)
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From Table 4, we can predict the 3ω transmission of
a NIF tripler KD*P crystal, taken to be 0.95 cm thick, for
different D–T fusion yields and As impurity concentrations. Figure 16 shows predictions for three different
fusion-yield scenarios on the NIF, ranging from a baseline operation of 385 MJ/year to four times this rate
(higher gain per shot and/or higher shot rate) for crystals with the same amount of As as a recent crystalline
boule grown for the NIF prototype Beamlet Laser
System (4.5-ppm As). In any of these cases, the transmission of the tripler drops gradually to 93% within
~1 year. It is clearly undesirable to have this level of
loss routinely on the NIF following the first year of
full-yield operation. The dotted line in Fig. 16 shows
the predicted transmission of a tripler KD*P crystal for
0.5-ppm As. The transmission of this crystal is
expected to exceed 99% for the lifetime of the facility.
Consequently, 0.5 ppm is the maximum level of As
that would be desirable in NIF KD*P triplers. It should
be possible to hold the As concentration below this
value by using high-purity starting materials.25
Impurities other than As could also cause problems
in KDP at ppm levels. To test this hypothesis, we

irradiated 15 KDP crystals using 14 different impurity
dopants and one undoped sample. Results using the
SPR-III are summarized in Table 5 and Fig. 17. We
found that other impurities—most notably metals,
such as Al, Fe, As, Cr, Pb, and V—can lead to significant radiation-induced absorption in KDP. We obtained
the concentrations of all the dopants in the crystals,
using inductively-coupled plasma mass spectroscopy,
in the growth solution and spectra before and after a
dose of 1.4 × 1015 no/cm2 and 473 krad of gamma rays.
Even thought it is clear that many impurities can cause
problems, it is not practical to test the entire periodic
table. Consequently, a testing procedure, that uses a
readily available radiation source, such as the 60Co
source at LLNL, will likely be used on actual starting
materials that have been grown into test pieces prior to
growth of large boules.
Figure 18 presents typical σ-polarized spectra used
to obtain the results in Table 5. The spectra in Fig. 18(a)
is for a crystal grown with no deliberate doping, and
the resulting change in transmission is minimal in the
wavelength region of interest. Figures 18(b) through
(d) are for samples doped with Al, Cr, and Pb, respectively. Many of the spectra have absorptions peaked at
266 nm, both before and after irradiation, that look

385 MJ/yr
(from CDR)

0.98

Absorption at 3ω normalized to
dopant concentration (%/cm/ppm)

3ω transmission of KD*P tripler

1.00

770 MJ/yr
0.96
1540 MJ/y
0.94
4.5 ppm As (Beamlet KD*P crystal)
0.5 ppm As (predicted)

0.92

Assumes KD*P tripler 0.95 cm thick
0.90

0.1

1
Time (NIF years)

10

FIGURE 16. Predicted transmission of the NIF KD*P tripler crystal
as a function of time for different fusion-yield assumptions and levels of As impurities. (70-17-0596-1049pb01)

Parameter
As concentration in Beamlet KD*P boule
(LL3LG), A°3
Defect optical absorption cross section, σAs
Rate constant for first step in Eq. (8), β32
Rate constant for second step in Eq. (8), β21
Gamma ray dose rate, D′
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FIGURE 17. Experimental results of irradiating impurity-doped
KDP with 473 krad of gamma rays. Absorption coefficients are
weighted for concentration in ppm by weight. (70-17-0596-1050pb01)

Value

Units

Source

8.3 × 1016

cm–3

Measured

9.3 × 10–19
0.047
3.0 × 10–5
15.9

cm2
1/krad
1/krad
krad/yr

TABLE 4. Parameters used to
model data in Fig. 15 and to predict NIF fused silica final optics
performance in Fig. 16.

Data fit
Data fit
Data fit
Ref. 1,19
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TABLE 5. Experimental results of deliberately doping KDP with various impurities and irradiating with 1.4× 1015 no/cm2 at 1 MeV equivalent,
or 84 krad of neutrons and 473 krad of gamma-rays (Si equivalent). The absorption coefficients are weighted for concentration and were
background corrected with a blank sample that showed induced absorptions of 0.0%/cm and 5.9%/cm before and after irradiation, respectively.
Peak absorption
wavelength (nm)

Concentration weighted
absorption at 3ω
before irradiation (%/cm/ppm)

Concentration weighted
absorption at 3ω
after irradiation (%/cm/ppm)

11/5
10/21
1000/18
9/<4
50/10
10/0.9
250/14
250/<1
250/<1
1000/15
250/26
250/34
100/0.8
100/20

266
<290
263
358 and 270
<230 and 268
266
266
266
266
266
218
266
276
266

2.7
2.7
0.2
>2
0.8
~20
0.1
>7
>6
1.1
0.6
0.1
0.7
0.2

6.6
3.1
2.8
>6
1.8
~40
0.3
>7
>6
1.7
0.6
0.3
0.7
0.3

FIGURE 18. Absorption spectra
of (a) control sample, and KDP
doped with (b) Al, (c) Cr, and
(d) Pb before and after irradiation with 1.4 × 1015 no/cm2 and
464 krad of gamma rays.
(70-17-0596-1051pb01)
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(c) Cr doped <4 ppm
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High-Energy Neutron Irradiation
Experiments
A remarkable outcome of our experiments is the
lack of absorption in KDP following irradiation with
neutron energies of ~1 MeV. The NIF is expected to
produce neutrons that are primarily at 14 MeV directly
from the D–T fusion reaction. Consequently, we performed experiments at CEA Sames with 14-MeV no
irradiation and at LANSCE with 1- to 100-MeV no irradiation. Neutron fluxes ranged from 2 × 1014 no/cm2
on Sames to as high as 3 × 1017 no/cm2 on LANSCE.
These high-energy neutron irradiations agree with the
previous 1-MeV SPR-III neutron-irradiation results in
that there are no observable neutron-induced effects in
the absorption of the material. Figure 19 shows a
typical result for very high-purity KDP irradiated to
3 × 1017 no/cm2. This neutron flux is equivalent to
~100 years of operation on the NIF at 385 MJ/year
thermonuclear yield, as assumed in the CDR. The increase
in absorption at 3ω was only 5.6 %/cm even after such
a large dose. KDP showed significantly less change in
UV absorption than fused silica, which is normally
assumed to be the “optimal” radiation-resistant optical
material. As discussed above, KDP with impurities can
have significantly larger induced absorption.
This sample serves as important proof that, with
sufficient purity, KDP can withstand the radiation
environment on the NIF and have minimal radiationinduced absorption losses at 3ω (<1% per decade of NIF
yield). There must, of course, be displacements induced
in the crystals from direct-neutron knock-on collisions,
but they do not appear to manifest themselves optically

UCRL-LR-105821-96-2

5
Absorption coefficient (cm–1)

virtually identical to that in Fig. 18(b). This transition
was observed to be only weakly polarized. Because
many different dopants provide the same absorption
spectra, this peak appears to be due to an intrinsic
vacancy or F center in the KDP lattice induced by the
presence of a nearby impurity. 11,26 Some of these
dopants have measurable increases in 3ω absorption
after irradiation. For example, Al-doped KDP appears
to initially have ~3%/cm loss; but following irradiation, it has ~6%/cm loss due to the peak lowering and
broadening as shown in Fig. 18(b). This behavior is
also observed in general for V, S, B, Si, Na, Rb, Ca, Sr,
and Ba dopants, although the magnitude of the effect
normalized for concentration seems to vary. Other
common impurities in KDP are metals such as Fe, Cr,
and Pb. These lead to different absorption features, as
noted in Table 3, with varying degrees of impact on 3ω
transmission. The transition metals also appear to be
more sensitive, in general, to gamma irradiation.
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FIGURE 19. Fast-grown KDP sample (LLNL boule LNL-58) before
and after irradiation at LANSCE with ns-pulsed, 1- to 100-MeV neutrons and gamma rays with up to ~100 years of the NIF dose at CDR
shot rates and assumed yields. (70-17-0596-1052pb01)
at doses relevant to the NIF. This situation may arise
from either the lack of natural color centers capable of
near-UV or visible absorption, as opposed to vacuumUV, or possibly from rapid self-annealing of the local
displacements at room temperature. Our data suggest
that secondary gamma irradiation appears to induce
virtually all of the observed damage in KDP.

Summary
We performed a variety of neutron and gamma-ray
irradiation experiments in the SNL SPR-III, LANL
LANSCE, CEA Sames, and LLNL 60Co and LINAC
facilities. These facilities provide complementary
sources of gamma rays and neutrons with various
energy and pulse formats. We focused on high-energy,
penetrating radiation (gamma rays and neutrons) that
will propagate through the debris shield and supply a
3-krad dose from neutrons and gamma rays to the NIF
final optics for each 20-MJ-equivalent NIF shot. From
our experiments and modeling, fused silica (such as
Corning 7980 and Heraeus Suprasil) is expected to have
<1% loss at 3ω in the final-focus lens after 30 years of use
at baseline NIF D–T fusion-yield levels. The optical
absorption is due both to neutron-induced displacements and gamma-ray-induced color center formation.
Neutrons induce an absorption peak centered at 246 nm,
whereas gamma rays introduce absorption peaks centered at 210 and 300 nm in high-purity fused silica and
fused quartz, respectively. Increasing the shot rate or
yield by 4 times over CDR assumptions is expected to
decrease the effective lifetime of the focus lens to 8 years
for a ~1% loss. If fused quartz (such as Heraeus Herasil 1)
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is used, 1% losses are reached within 1 year for CDRlevel fusion yields. Therefore, it is advisable that only
radiation-resistant, synthetic fused silica be used for
the final-focus lenses.
Neutron collisions do not appear to degrade the
optical properties of KDP at NIF-relevant fluences.
Gamma rays can cause significant problems if impurities,
such as As, are present at ppm levels. For As, which
appears to be a common impurity, we constructed a
physical picture and measured the quantitative parameters necessary to model the radiation-induced losses
expected for KDP and KD*P. We also found that other
impurities, such as Al, Fe, As, Cr, Pb, and V, can cause
significant problems at ppm concentrations. Assuming
these impurities are at acceptable levels, the neutron
and gamma-ray damage to KDP arrays should not
present a significant problem for more than one decade
of NIF operation. Using the LANSCE facility, which
has a more severe radiation environment than that
expected on the NIF, the purer growths of KDP at
LLNL showed virtually no observable degradation
(<1%/cm losses) at up to the equivalent dose of ~100
NIF years.
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TEMPORAL PULSE SHAPING OF FIBER-OPTIC LASER BEAMS
S. C. Burkhart
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Introduction
Precise temporal pulse-shaping of the laser beams for
inertial confinement fusion (ICF) experiments has
become increasingly important over the last 15 years, as
better understanding has been made of optimal target
drive conditions.1 ICF targets have been shown to reach
higher temperatures and better convergence when the
laser drive is increased in a controlled manner during
the drive pulse duration, which mitigates premature
heating of the capsule interior. Computer simulations
and experimental campaigns have confirmed the advantages of such a shaped laser drive. Another consideration
is that small asymmetries in the initial laser drive
imprint on the capsule, preventing implosion symmetry
and limiting capsule convergence. This puts high value
upon balancing the power for the multiple beams of
lasers like Nova, Omega, or the National Ignition Facility
(NIF). Since each beamline behaves somewhat differently, temporal shaping capability for each beam is
planned for the NIF to achieve power balance. Finally,
temporal pulse shaping is required to correct for pulse
distortion due to gain saturation in the main amplifiers,
which can cause the end of an initially square temporal
pulse to droop by factors of up to 15:1 at the laser output.
To achieve independent pulse shaping on the NIF, an
integrated electrooptic modulator driven by a ~ 5-V
arbitrary pulse shape generator will be used for the front

end of the laser system,2 when each laser beam is at low
energy (< 1 µJ), as shown in Fig. 1. This article discusses
the design and performance of this device.

Background
To date the Nova, Omega, Phebus, and Shiva lasers
have all used conventional optical oscillators and
amplifiers for laser-pulse generation, requiring bulk KDP
Pockels cells for temporal pulse shaping.3 Depending on
the design, these Pockels cells have a half-wave voltage
of either 4 or 8 kV, which places severe demands on the
electrical waveform generation due to the high voltages.
For Nova, the shaped pulse is derived from a square
high-voltage pulse, generated by a photoconductive
silicon switch4 that discharges an initially charged 25-Ω
transmission line. The square pulse is injected into a section of nonuniform transmission line designed to reflect
an electrical pulse shape, generating the desired optical
pulse shape through the Pockels cell. On Nova, the transmission line initially consisted of a microstrip line, but
this was soon replaced by a variable impedance
transmission line (VITL),5 a manually adjustable
nonuniform line. In 1989, Nova abandoned the VITL
and returned to the microstrip transmission lines due to
the difficulty in retuning the VITL to previously generated
pulse shapes. Also in 1989, a numerical method for calculating the required stripline impedance was developed,6 a

Electro-optic modulator
Light out

Light in

30 ns

21-ns square
gate pulse

8V

Arbitrary
electrical
waveform
generator
0
UCRL-LR-105821-96-2

0

21 ns

FIGURE 1. The NIF pulseshaping system, comprised of
an electrooptic modulator, a
square pulse generator, and an
arbitrary electrical waveform
generator. The electrooptic
modulator (two Mach–Zehnder
interferometers) modulates the
fiber-provided laser light using
electrical pulses from the arbitrary waveform generator (AWG)
and the square pulse generator.
The second Mach–Zehnder
interferometer is necessary to
achieve > 105 on/off contrast.
(70-50-0195-0185pb01)

21 ns
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technique now implemented on Omega and Phebus. The
limitation of this technique is that each different pulse
shape requires a new microstrip transmission line to be
fabricated, similar to that shown in Fig. 2.
One major development from the Beamlet project7 is a
new type of laser master oscillator and pulse shaping
system based on 1.053-µm fiber-optic lasers and components.8 In this new system, beam intensity is controlled
by an integrated optic Mach–Zehnder interferometer
(electrooptic modulator), which has an extinction voltage
of only 10 V. This advance opened up new approaches to
pulse shaping, which on Beamlet was originally accomplished using transmission lines periodically coupled by
potentiometers. This arrangement provided pulse-adjustment capability for monotonically increasing pulses, but
was still was not amenable to computer control.
In 1994, we began to develop a fully computer-controllable electrical pulse shaping system capable of driving
the Beamlet-style electrooptic modulator. Haner and
Warren9,10 set precedence for this approach by developing an electrical technique based on microwave GaAs
field-effect transistors (FETs) to generate subnanosecond
shaped pulses for laser beam modulation and subsequent
compression to subpicosecond duration. Their circuit
consisted of six GaAs-FETs connected in parallel through
coupling capacitors to construct short shaped pulses. The
method of Haner and Warren demonstrated the speed
needed for ICF lasers, but the parallel connection approach
was not extendable to large numbers of GaAs-FET sections. The arbitrary waveform generator (AWG) we
developed bypassed these limitations by using a traveling wave architecture and a reflection-free trigger system.
We have modeled11 the circuit, performed device characterization experiments, and fabricated a 14-element unit.
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The waveform generator is based on the summation
of short (250-ns) pulses sequenced in time and with differing amplitudes. This is similar to the digital-to-analog
converter in a compact disc player, but at a speed
beyond the state of the art. In the following two sections,
we describe the wave-summing approach and discuss
some of the practical issues with the electrical circuitry.

–2.5 V

To
electrooptic
modulator

GaAs FET
Trigger line
1V

Trigger line voltage
x

FIGURE 2. An example of the nonuniform transmission lines
synthesized for pulse shaping on the Nova laser. This particular
nonuniform transmission line generates a “picket-fence” pulse, consisting of two small prepulses followed by a main drive pulse, for
Nova target experiments. (70-50-0396-0503pb01)
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FIGURE 3. The AWG concept in three stages: (a) A 1-V trigger pulse
is launched onto the trigger transmission line. The initially quiescent
pulse transmission line is tied to +3 V through a termination resistor.
(b) The trigger pulse turns on the GaAs field-effect transistor (FET)
as it propagates past the coupling capacitor. This creates a dip in the
pulse line voltage proportional to the initial GaAs-FET bias voltage
(–2.5 V). (c) The voltage dip is really composed of two counterpropagating pulses: the pulse traveling to the right becomes part of the
shaped pulse, and the pulse propagating to the left is absorbed by
the termination. The trigger pulse propagates to the next GaAs-FET
stage. (70-50-0396-0504pb01)
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Impulse Generation and Traveling
Wave Summation
Arbitrary waveforms are assembled using a large
number of the basic circuit sections shown in Fig. 3. Each
section consists of a power GaAs-FET connected between
the charged transmission line and ground, activated by the
impulse from the trigger line. When 1 V of the trigger
impulse is coupled to the GaAs-FET gate, it turns on, conducting current in proportion to the initial bias pulse on
the gate, as shown in Fig. 3(b). An opposite polarity replica
of the trigger pulse is generated onto the pulse line, composed of two counterpropagating pulses each containing
half the amplitude. The left-going pulse is absorbed by a
terminator shown on the left side of Fig. 3, but the rightgoing pulse becomes part of the overall shaped pulse. The
amplitude of the generated pulse is dependent upon the
initial bias (Vb1, Vb2, etc.), because the GaAs-FET does not

turn on until the gate voltage exceeds approximately –2.2 V
relative to the source (the grounded terminal in this
circuit). If the bias is initially set to –4.0 V, the 1-V trigger
pulse does not turn on the GaAs-FET and no impulse is
generated on the pulse line. On the other hand, if the bias
is initially –2.2 V, it turns on strongly, making an impulse
in excess of 1 V. For bias voltages intermediate between
these two extremes, the impulse amplitude follows a
square law, Ids ∝ (Vgs – VTO)2 where Vgs is the gate-tosource voltage due to the bias plus the trigger voltages
and VTO is the gate cutoff voltage (nominally –2.2 V).
Each of the elemental impulses traveling to the right
becomes a time-slice of the overall shaped pulse (Fig. 4).
The timing between the trigger line and the pulse line is set
to generate impulses at a specific rate. We chose four
gigasamples per second (GS/s) based on an analysis of the
temporal resolution required to synthesize NIF pulse
shapes. For this data rate, the trigger delays shown in Fig. 4
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FIGURE 4.

A square pulse generated from three pulses. (a) The first pulse is generated by the first GaAs-FET, with the pulse amplitude set
by the bias voltage Vb1. For this drawing, Vb1 = Vb2 = Vb3. (b) The trigger pulse delay makes the second GaAs-FET turn on just after the first
pulse propagates past, summing the second impulse (set by Vb2) to the shaped pulse. (c) A third impulse (set by Vb3) is added onto the end of
the shaped pulse. (d) The final, shaped, square pulse remains after the left-propagating pulses have traveled towards the termination. The
4-GHz sinusoid on the top of the square pulse is strongly suppressed by the 1-GHz low-pass filter (not shown). (70-50-0396-0505pb01)
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are set to 250 ps plus the FET-to-FET delay along the pulse
line. Also, the trigger pulse full width at half maximum
(FWHM) is set to between 250 and 350 ps to overlap each
subsequent elemental pulse onto the tail end of the previous one. The elemental pulses are summed with each
amplitude independently set by the computer-controlled
gate-bias voltages. The harmonics at multiples of the sampling frequency (4 GHz for our design) are suppressed by
a 1.0-GHz maximally linear phase (Bessel) low-pass filter
at the generator output. This constitutes a 4-GS/s AWG,
with a 1-GHz bandwidth, and a pulse length limited only
by the number of GaAs-FETs sequenced along the transmission line. Presently, commercial waveform generators
are limited to 1 GS/s, with a bandwidth of 200 Mhz, at a
cost unacceptable to the NIF Project.
(a)
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Gate

50 nF

GaAs FET
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Source

100 Ω
390 Ω

50 Ω

Trigger line

(b)

Device parasitics
Cgd

Gate

Figure 5 shows the complete circuit model for the
“building block” described above. Ideally, the GaAsFET acts as a voltage-controlled current source when
on and as an open circuit when off. This ideal behavior
is modified by the stray inductance, capacitance, and
lead resistance inherent in the GaAs-FET structure and
the packaging, as shown in Fig. 5(b). Circuit modeling
and experiments demonstrated that 4-GS/s operation
is possible if the gate node impedance is less than 240 Ω.
Going to higher speeds (more than 4 GS/s) requires a
lower gate impedance with a commensurate increase
in trigger-pulse attenuation.
The other significant parasitics are Cgd and Cds.
[Fig. 5(b)]. These capacitances effectively load the pulse
line with distributed capacitance, lowering the transmission line impedance. This is shown by the measured
time domain reflectometer (TDR) trace looking into a
14-element AWG in Fig. 6. The unloaded line impedance
of 56 Ω decreased to 38.5 Ω when loaded with the GaAsFETs. We found that we could compensate for GaAs-FET
loading by increasing the line impedance such that it
became 50 Ω when loaded. This requires precise knowledge
of the parasitics, which we obtained by de-embedding12
them using the manufacturer’s S-parameters. We
applied the de-embedding technique to the Mitsubishi
MGF1801B GaAs-FET and obtained an equivalent shunt
capacitance of 0.63 pF. This compares quite well to 0.56 pF
calculated from the TDR data in Fig. 6.
Trigger pulse distribution is another important consideration for a long series of GaAs-FET sections. The trigger
pulse is attenuated as it triggers each GaAs-FET in
sequence, so we developed a technique for maintaining its
amplitude. We accomplished this by matching the parallel
combination of tap resistor and output trigger line to the
input trigger line. This minimized reflective losses and
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FIGURE 5.

Circuit representation of each GaAs-FET section. (a) Bias
is provided through a 1-kΩ resistor, and the trigger pulse propagates
through the 50-nF capacitor to the GaAs-FET gate. The 100-Ω resistor
to ground speeds up the switching. (b) Detailed model of the GaAsFET parasitic elements. The key elements are Cgd and Cds, which
cause discontinuities (and reflections) on the pulse line. We compensate for the capacitive load by decreasing the line impedance.
(70-50-0396-0506pb01)
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FIGURE 6. Time domain reflectometer (TDR) trace from a 14–GaAsFET pulse-shaping transmission line. The capacitive loading of the
GaAs-FETs reduces the line impedance from 55 to 38.5 Ω. Increasing
the line impedance to approximately 80 Ω unloaded results in near
50-Ω performance after the FETs are installed.
(70-50-0396-0508pb01)
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maintained trigger amplitude within 5% along the
14-section distribution line. We found that it was always
advantageous to start the line at the lowest realizable
impedance, despite the discontinuity loss where the 50-Ω
input cable connected to the printed circuit board. We
used 25 Ω as a starting impedance in our prototype
because a lower impedance would require an excessively
wide transmission line.

Circuit Realization
A 14-stage arbitrary waveform generator was designed
and fabricated using the printed circuit shown in Fig. 7.

V+

Pulse
in

Pulse
out
To
electrooptic
modulator

300
ps

Trigger
pulse in

FIGURE 7. Circuit realization of a 14-section AWG. The pulse line is
initially charged to voltage (V+), and a 300-ps FWHM trigger pulse
is injected into the 25-Ω trigger line. Each GaAs-FET is mounted
with its associated circuitry where the pulse lines and trigger lines
cross. The printed circuit is constructed from teflon/glass precision
microwave circuit board. (70-00-0895-1895pb02)

The circuit board material is a teflon/fiberglass matrix
substrate, manufactured to tight tolerances for dielectric
constant and substrate thickness, commonly used in
microwave circuitry. It is designed as a four-layer board,
three layers of 31-mil substrate sandwiched between four
layers of copper plating. The first and third layers (starting
from the bottom) are ground planes stitched together by
numerous plated via holes. The second layer contains the
trigger line, which involves a total of 3.5 ns of delay, and
the top layer is printed with the pulse line circuit along
with mounting pads for all the surface mount components.
We used stripline construction for the trigger line to avoid
modal dispersion inherent in microstrip, which tends to
distort fast pulses. To reduce stray capacitance in the
printed circuit, we soldered the GaAs-FETs directly to the
edge of the pulse line with a minimum of lead length.
Small sections of transistor leads on the board can have
large fractions of a picoFarad of stray capacitance, enough
to markedly affect the pulse line impedance. The
transmission line was manufactured to have a loaded line
impedance of 50 ± 4 Ω. Α 4-Ω impedance mismatch causes
~ 4% voltage reflection. In comparison, the highest quality
microwave SMA connectors are specified to 50 ± 2.5 Ω. We
also measured the trigger line performance and verified
that the trigger pulse maintains its shape and amplitude as
it propagates past the 14 GaAs-FETs. There were reflections due to the capacitance of each GaAs-FET gate, but
the circuit design mitigated the effect of these reflections.
We built a 28-stage, 7-ns pulse shape generator, consisting of two of the 14-stage circuits, and installed it in
the Beamlet laser system. Figure 8 shows the system.

FIGURE 8. Prototype arbitrary
optical waveform generation
system for the NIF. A 30-ns
pulse from the laser oscillator is
amplitude-modulated by a
Mach–Zehnder electrooptic
modulator (only one of the two
Macintosh
modulators on the chip is shown).
with
The shape of the optical pulse is
Labview
measured by a sampling oscilloscope, and the GaAs-FET bias
GPIB voltages are adjusted until the
interface desired pulse shape is achieved.

Arbitrary waveform generator chassis
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The AWG circuit is connected to the other supporting
electronics. One of the key electronics is the impulse
generator that generates the 300-ps trigger pulse.
Originally we used an expensive, commercially available generator, but we found that a fixed-width
impulse generator consisting of an avalanche diode
and a chain of step recovery diodes, originally developed for impulse radar,13 worked just as well for a
small fraction of the price. The impulse generator as
designed had a 170-ps FWHM pulse width at 28 V,
which we stretched to 300 ps and attenuated to 4 V.
The pulse shaping circuit is connected to a control
computer that has 32 channels of 12-bit digital-to-analog
output for setting the bias on each of the GaAs-FET
stages. The shaped electrical pulse, nominally 1 V
peak, is low-pass–filtered to remove the 4-GHz sampling
noise and is amplified to 5 V to drive an integrated
electrooptic modulator. The modulator is an integrated
Mach–Zehnder interferometer, similar to that used in
the Beamlet front end. The shaped optical pulse is
sampled and diagnosed by a fast diode detector and
sampling scope, and software written in Labview
adjusts the pulse-shaping bias voltages to set and
maintain the required optical pulse shape.

Experimental Results
The pulse-shaping system installed on Beamlet has
been used to generate a number of relevant pulse shapes
that are used (or planned to be used) in Nova, Beamlet,
and NIF. Figure 9 shows the generation of a NIF-like
pulse: it has the general shape of a NIF-like pulse, but
the contrast is reduced to accommodate the diagnostics,

and the overall pulse length is shortened to 7 ns to
accommodate the subscale waveform generator.
Generating this and other pulses is quite simple using
feedback software written in Labview, which works in
closed loop to minimize the error between the desired
pulse and the pulse measured by the diagnostics.
Generating a new pulse shape requires only that the user
make a (time,intensity) text file, consisting of unequally
spaced X-Y pairs in a two-column format. To attain the
pulse peak, the feedback control system is not required
to fit to the ideal pulse beyond the peak, instead the precipitous drop at the end of the pulse is handled by a
pulse slicer. The contrast necessary for NIF has been
demonstrated by this system where the electrical pulse
was measured directly, instead of the optical pulse being
measured. The electrooptic modulator has a sin2 (V/V1)
response, so for 500:1 optical contrast we need only 25:1
electrical contrast. This is easily measured by the system.
However, practical operation with a 500:1 dynamic range
demands two transient digitizer channels interfaced to
the control system to accurately measure the foot and the
peak. This task will be accomplished by mid-1997.
The pulse shape shown in Fig. 10 is the laser pulse
required to produce a 3-ns FWHM temporally gaussian
laser pulse at the frequency converted (351-nm)
wavelength of Beamlet. The temporal shape was calculated by back propagating the tripled light through the
frequency converters and the laser chain, back to the
AWG. This pulse was useful for benchmarking previous
small-spot laser damage experiments14 against largeaperture Beamlet damage tests.
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FIGURE 9. NIF-like pulse generated on a 7-ns (28-section) AWG.
The NIF pulse is characterized by a long foot followed by a relatively
short drive pulse. (70-50-0396-0512pb01)
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FIGURE 10. Optical pulse used for optics damage experiments. The
object of this pulse was to generate a Gaussian-shaped 3-ns-FWHM
3ω pulse from Beamlet. (70-50-0396-0544pb01)
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Alternative Applications
In addition to pulse shaping for ICF lasers, precision
pulse shaping has several other notable applications
that are being pursued. One application is its obvious
use as a high-speed modulator of lasers for fiberoptic communications. We have been investigating
the possibility of directly connecting the GaAs-FET
stages to bit lines of a high-speed computer bus and
clocking the data at multigigahertz speeds onto fiberoptic networks. For such a system, the AWG would
be operated in the digital mode, in essence as a highspeed multiplexer. The present state of the art is up
to 10 GB/s using very expensive GaAs chip-sets. Our
AWG technology presents the possibility to operate
in excess of 20 GB/s while offering significantly
reduced costs relative to the other systems. This system
also shows potential for preshaping data communication pulses to compensate for path-pulse distortion in
long-haul telecommunications transmission.
Another application currently being pursued is a
localized wave-mode generator. Localized wave
modes are a form of radar pulses requiring precisely
temporally shaped basis modes that, when a reconstructed in the far field, have been shown to stay
localized in excess of ten times beyond that predicted
by classical diffraction theory. To date, owing to the
difficulty in producing subnanosecond shaped electromagnetic pulses, the only demonstration of such
modes has been done using acoustic waves in water.
Using the AWG to generate electrical pulses, we have
already propagated individual 300-MHz localized
wave-basis modes from a broadband antenna. The
next step is to construct a 5 × 5 array of such radiators
and verify the existence of localized wave modes in
free space.
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Conclusions
We have developed a computer-controlled arbitrary waveform generator that satisfies the NIF
requirements for flexible laser pulse shaping.
Technical advancements in a GaAs-FET–based wave
summing architecture, element compensation, and
efficient trigger-pulse distribution have been very
successful in this demonstration. The 7-ns version of
the arbitrary waveform generator fielded on the
Beamlet laser has produced a number of challenging
pulses for Beamlet experiments. Vendor development
and production of a full NIF-length generator has
begun, with the first prototype due for testing in the
first half of fiscal year 1997. The NIF will require 192
such arbitrary waveform generators to be fielded by
the year 2000.
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Introduction
The amplification of light by the parametric decay
of a laser beam propagating in a plasma has been studied since the inception of the inertial confinement fusion
(ICF) program, primarily because it is a mechanism for
scattering and loss of the laser’s energy. Recent
studies1 show that the resonant nonlinear processes
which excite plasma waves and lead to stimulated
Raman and Brillouin scattering (SBS and SRS)2 can
also lead to the transfer of energy between laser beams
under the right conditions. This stimulated energy
transfer is analogous to four-wave mixing in nonlinear
media,3 although standard optics treatments do not
include the propagation velocity of the plasma waves
which affect the frequency matching conditions and
limit the energy transfer. In past ICF experiments,
symmetric illumination of the target has worked to
prevent energy transfer between beams. In the National
Ignition Facility (NIF), however, laser beams with different intensities and different angles of incidence will
cross at the hohlraum entrance, where energy transfer
may occur. Such energy transfer would be detrimental
to the implosion symmetry and fusion yield. We have
performed a series of experiments using the Nova
facility to understand and control these effects.
The process by which light is transferred between
two beams is the same as the process by which stimulated scattering grows from thermal noise. In both
cases, the incident laser beam decays into an electrostatic wave, propagating in the plasma, and a scattered
electromagnetic wave. The decay is initiated when it
is “seeded” by a source of one of the decay waves. For
stimulated scattering experiments, the seed wave is a
very low amplitude electrostatic or electromagnetic
wave that is generated by thermal noise, while in
crossing beam experiments the seed wave is a second
laser beam. The interaction of crossing beams is
obviously favored over stimulated scattering because
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the initial seed is large and only a small amplification
factor will result in substantial transfer of energy.
However, the symmetry of the crossed beam interaction
has suppressed the effect in previous ICF experiments
in which the crossing laser beams had identical intensities, as well as identical incident angles. With identical
beams in a stationary plasma, there can be no net energy
transfer. Furthermore, the stimulated process can only
occur when the incident and seed waves have different
frequencies in the frame of the plasma, with fastest
growth occurring when the difference frequency is
equal to that of the resonant plasma wave. Thus,
either a frequency difference between the incident and
seed waves, or a plasma flow that Doppler shifts the
frequency of one of the waves relative to the other, can
allow the stimulated process to occur and transfer significant energy. In the NIF, the beams will be required
to have different intensities and different incident
angles, which results in different frequences in the
frame of the flowing plasma, thus allowing for the possibility of resonant energy transfer between the beams.
To simulate the interaction of the four-color beams
in NIF, we performed a series of experiments on Nova
to study the transfer of energy between beams with
slightly mismatched frequencies in a nearly stationary
but otherwise NIF-like plasma. In these experiments,
the frequency mismatch was achieved by tuning the
frequency of the incident beam rather than relying on
Doppler shifts from plasma flows. For the first time,
the amplification of a probe laser beam by interaction
with a second frequency shifted (pump) beam and a
stimulated ion acoustic wave was observed. The
amplification of the long wavelength (probe) laser
beam reaches a maximum of 2.8 when the frequency
difference ∆ω of the two beams is in the vicinity of the
ion acoustic resonance (∆ω = cs |∆k|). Here, cs is the
acoustic speed and ∆k is the difference in wave vectors
between the two beams. The amplification is steady
state in that it persists for many (~103) ion acoustic
UCRL-LR-105821-96-2
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periods and is resonant in that it is largest at a particular frequency difference. In addition, in the large, mixed
species plasmas that are used in these experiments, we
find that the amplification of the probe beam is independent of its intensity (up to a maximum average
scattered intensity of 1.0 × 1015 W/cm2) . This indicates
that the ion wave response n1 remains unsaturated up
to n1/n0 ~ 1%, where n0 is the unperturbed density.

Experimental Setup
The experiments were performed in an approximately
spherical plasma4 produced by eight f/4.3, λ = 351 nm
beams. These heater beams have a 1 ns, square pulse
shape with a total power of 20 TW (2.5 TW each beam)
and pass through a 1 atm C5H12 gas contained in a
500-nm-thick spherical polyimide shell with radius
r0 = 1.3 mm. Each heater beam is centered at the target
center with a converging focus. The beam spot size at
the target center is approximately equal to the target
diameter, allowing spatially uniform heating. Two
dimensional (2-D) numerical simulations using LASNEX5 indicate that after t = 400 ps, a stationary plasma
is formed (velocity < 0.15 cs), with a uniform density
plateau (∆n/n < 0.1) in the region between r = 250 and
900 µm. By 1.4 ns after the beginning of the heater beam
pulse, the outer edge of the plateau region has shrunk
to approximately r = 450 µm by an incoming shock wave
created by the ablation of the polyimide shell. The
plasma parameters calculated by the simulation, and
in agreement with measurements4 are: electron density
of ne = 1021 cm–3 (0.1 nc, where nc is the critical density
for λ = 351 nm light) and electron temperature Te = 3.0 keV.
The high-intensity pump beam and low-intensity
probe beam are also f/4.3 and λo = 351 nm, and are
aligned to cross at r = 400 µm near best focus for both
beams. As a result, the interaction between the two
electromagnetic waves occurs in the plateau region of
the plasma, as shown in Fig. 1. This allows the ion
wave that is driven by the beating of the two beams to
propagate in a plasma in which gradients are minimized.
The interaction beams have random phase plates (RPPs)
which smooth the intensity profile and limit the spot
size to 177 µm full-width half maximum (FWHM)
(345 µm between first Airy minima) and the peak
pump intensity to 1 × 1016 W/cm2 (2 × 1015 W/cm2
average inside the Airy minima) in vacuum. The
beams have their polarizations aligned within 25° of
parallel. The simulations indicate that the presence of
the focused probe beam increases the temperature only
slightly (~6%) in the vicinity of best focus.
The probe beam is adjusted to have a wavelength
slightly longer than that of the pump with the wavelength separation ranging between 0.0 and 0.73 nm.
The pump beam frequency is 10,527.7Å (1ω). The technique used to provide the tunable frequency probe beam
is based on nonlinear mixing of the two frequencies in
UCRL-LR-105821-96-2
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FIGURE 1. Experimental configuration showing an approximately
spherical plasma and two interaction beams crossing in a homogeneous
region off the plasma center. The two beams are detuned by ∆λ = 0.0
to 0.73 nm to excite the ion acoustic resonance. The transmitted power
vs time of the long wavelength probe beam is measured.
(08-00-0296-0343pb01)

an optical fiber prior to injection into the laser chain.6
Two photons at different pump frequencies mix together
to create a comb of single frequency sidebands separated
by the difference frequency between the two initial pump
frequencies. The pump frequencies are produced by two
Q-switched neodymium-doped yttrium lithium fluoride
oscillators. The difference frequency is variable from
0.1–4.5 Å by tuning one of the oscillator frequencies via an
intracavity etalon. The total number of frequencies produced is controlled by varying the oscillator intensities into
the fiber. The probe frequency of interest is selected with a
grating monochrometer located in the Nova preamplifier
section and is frequency tripled (3ω) by potassium dihydrogen phosphate crystals after amplification. While up to
260 Å of bandwidth (FWHM) can be generated with the
fiber-optic technique at 1ω, the maximum usable frequency range is ~32 Å due to gain narrowing in the laser
amplifier chain, limiting the maximum frequency separation of the converted beam to 10.7 Å at 3ω.
The probe beam has a square pulse shape lasting 2.0 ns,
which begins at the same time as the heaters (t = 0). The
pump beam has a 1.0 ns square pulse shape that is
delayed 0.4 ns so that the plasma in the interaction
region is relatively homogeneous during the interaction
period. The transmitted power of the probe beam is collected by a fused silica plate 1.5 m from the target, which
is roughened to scatter the light over a broad angle.7
This scattered light is imaged onto a fast photodiode and
a gated optical imager. The photodiode is calibrated to
provide a histogram of the probe beam power, which is
transmitted through the plasma and onto the scatter
plate. The imager captures a 2-D image of the light on
the scatter plate during the 0.6 ns period when all beams
are on and provides a measure of the directionality of the
transmitted power during the period of the interaction.
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Demonstration of Energy Transfer
The transmitted probe power waveforms, with and
without a pump beam, are shown in Fig. 2, for the case
of ∆λ = 0.43 nm, and a normalized probe intensity of
Iprobe/Ipump = 0.06. The total transmitted energy without a pump beam is 49 ± 7% of the incident energy
which is in agreement with a calculation of inverse
bremsstrahlung absorption and refraction by the
plasma. 7 This transmission is reproducible within
±15%. The shape of the waveform in the pump-off
case in Fig. 2 shows that the transmission first increases
in time when the plasma temperature is increasing and
then decreases in time after the heaters turn off at 1.0 ns
and the plasma radiatively cools. Comparison of the
waveforms in Fig. 2 shows an increase in the probe’s
transmitted power during the time the pump beam is
on (0.4 < t < 1.4 ns). The pump on waveform is corrected to account for a small variation in the energy of
the probe beam between the two shots. The transmitted
probe power is nearly the same in the two experiments
before the arrival of the pump. After t = 0.4 ns, the
transmitted probe power rises in about 150 ps to nearly
1.7 times the level observed without the pump, indicating amplification of the probe by the pump. After the
pump turns off, the probe power drops rapidly to equal
the value observed without the pump. The amplification is determined from the ratio of the two traces and
is found to vary between 1.6 and 1.8 during the 1-ns
duration of the pump pulse. The average amplification
A is determined by averaging over the 1 ns that the pump
is on plus an additional 0.3 ns to include the signal
delayed by the response of the detector, and is found
to be 1.7 in this case.

Transmitted power (TW)

0.3
Pump on
0.2

Pump off

0.1
Probe
Heater

Pump

0

–1

0

1
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2

3

FIGURE 2. Measurement of the probe beam power transmitted
through the plasma for the case ∆λ = 0.45 nm and Iprobe/Ipump = 0.06.
In the pump on case, a 2 × 1015 W/cm2 pump beam intersects the
probe between 0.4 and 1.4 ns causing the probe to be amplified by a
factor of 1.7 above the pump off case. (08-00-0296-0344pb01)

84

The amplification observed in Fig. 2 can be explained by
scattering from an ion wave produced by the beating of
the incident and pump beams. The interaction of the
beams creates an ion wave in the plasma, as shown in
Fig. 3(a), that scatters energy from the pump so that it
propagates parallel to the probe beam, as shown in
Fig. 3(b). The ion wave forms in response to the
interference of the two beams, which generates a
ponderomotive force that is periodic in space and time,
and proportional to the product of the amplitude of
the two beams. The initial ion wave amplitude is then
proportional to the probe beam incident amplitude.

(a)

(b)
k1

kia

k2

kscattered

k1

kia = k1 – k2

kia = k1 – k2

ωia = ω1 – ω2

ωscattered = ω1 – ωia

FIGURE 3. (a) Interference of the pump and probe beams creates an ion
acoustic wave in the plasma with wave ventor kia = k1 – k2 and
frequency ωia = ω1 – ω2, where |k1| = 2π/λ1 is the wave vector of the
pump beam and |k2| = 2π/λ2 is the wave vector of the probe beam.
(b) Diffraction of the pump beam off the traveling ion acoustic wave
generates a scattered wave with wave vector kscattered and frequency
ωscattered that is equal to k2 and ω2. (08-00-0796-1581pb01)

As a result, the energy scattered from the pump is also
proportional to the probe intensity, and an amplification of the probe results. This amplification is defined
to be the ratio of the transmitted power measured in
an experiment with the pump beam, to that measured
in an essentially identical experiment without the
pump beam. Resonant interaction requires that the ion
wave have a wave vector kia which satisfies wave vector
matching kia = ∆k = k1 – k2, where k1 is the wave vector
of the pump and k2 is the wave vector of the probe. An
ion wave with this wave vector will cause energy to be
diffracted in the direction of the probe beam. In addition,
the scattered wave has its frequency down shifted by the
ion wave frequency ωia = cs |∆k|. Experimental evidence of the wave number matching is obtained from the
2-D image of the transmitted probe beam on the scatter
plate. To eliminate the spatial structure in the transmitted
beam that is due to the inhomogeneity of the incident
beam, the 2-D image is averaged over azimuthal angle to
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obtain a measure of the beam intensity as a function of
the angle from the beam axis, as shown in Fig. 4. The
amplified beam has an azimuthally averaged angular
profile which is largest inside the f/4.3 cone of the incident
beam (±6.6°) and similar to the profile of the probe beam
obtained when it is transmitted through the plasma with
the pump beam off. The fact that the intensity of the
amplified beam falls rapidly outside of the f/4.3 cone
(FWHM = 12°) indicates that the scattering is caused by ion
waves with wave numbers near the phase-matched value
∆k. The profile of the unamplified beam intensity outside
the cone is similar to that for the amplified case, indicating
that in these experiments the observed spreading of the
beam is not caused by the two beam interaction but rather
by refraction and scattering from the unperturbed plasma.
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FIGURE 5. A series of experiments measured the amplification of the
probe beam as a function of the wavelength separation of the two
beams, as shown. The amplification is greatest when the frequency
separation is in the vicinity of the unshifted ion wave resonance,
∆λ = 0.46 ± 0.04 nm. Data is shown for Ipump/Iprobe equal to 0.06 (●),
0.13 (■), and 0.32 ( ). (08-00-0296-0346pb01).
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FIGURE 4. The angular distribution of the transmitted power of the
probe beam is shown for the experiment in Fig. 2. The similar profiles in the two cases indicate that the amplified light is collimated
and coincident with incident laser beam. (08-00-0296-0345pb01)

Determination of the Wavelength
Dependence and Maximum Gain
Experiments to determine the average energy
amplification as a function of the frequency mismatch
were performed for six different pump/probe wavelength separations between 0.0 and 0.73 nm with the
normalized probe intensity Iprobe/Ipump between 0.06
and 0.32. The amplifications for these cases are shown
in Fig. 5 and exhibit significant gain only when there is
a frequency separation between the two beams. The
largest amplification is 2.8 when the wavelength separation is ∆λ = 0.58 nm. The resonant ion wave frequency
is calculated as ωia = cs|∆k| and the half width of the
resonance as νi /2, where νi is the intensity damping
rate of the ion wave.1,8,9 The predicted position of the
resonance is ∆λ = 0.46 nm with a width of ± 0.04 nm

UCRL-LR-105821-96-2

for the plasma parameters found in the vicinity of the
focused beam. This indicates that the observed maximum measured gain is near the ion wave resonance, but
may be Doppler shifted by weak plasma flows produced by heater beam and target inhomogenities that
are not included in the 2-D simulations. The observation
of a maximum amplification near the ion wave frequency
combined with the observation of reduced amplification
at both larger and smaller frequencies (∆λ = 0.3 nm and
0.73 nm) indicates that resonant excitation of an ion
acoustic wave is necessary for amplification.
To compare with theory, we adopt the model of a
steady state, convectively saturated instability leading
to the amplification A of the probe by a gain coefficient
or exponent g such that g = ln(A) . This interpretation
is applied in this case for two reasons: (1) the beam
crossing angle is < 90˚ (forward scattering) so that the
instability will be convectively saturated in the linear
regime, and (2) the duration of the experiment (1 ns) is
long compared with the time to reach a steady state,
which, in the strong damping limit, is the ion wave
damping time (~1.0 ps). The convective saturation of
the gain results from the scattered electromagnetic
wave propagating out of the interaction region and the
ion wave energy being absorbed by Landau damping.
The model is extended beyond the standard formulation of nonlinear optics3 by adding ion wave damping
and gain saturation. In the strong damping limit the
saturated gain exponent in a homogeneous plasma
scales as nLIpump/(Teνi ), where L is the length of the
interaction region.1 According to this model, the
pump wave scatters its power in the direction of the
probe wave, and the transmitted amplitude is proportional to both the incident pulse wave amplitude
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Demonstration of Linearity
To investigate the dependence of the scattered power
on the incident probe power, experiments were performed
at both high- and low-scattered power at the frequency
separation of maximum observed gain, ∆λ = 0.58 nm.
The high-probe intensity was Iprobe/Ipump = 0.32 and the
low probe intensity was Iprobe/Ipump = 0.13. The measured amplification of the probe at high intensity was
2.8 ± 0.42 and at low intensity was 2.5 +0.37, indicating
that the gain is nearly independent of the probe intensity
up to this level and that the ion wave is unsaturated.
Under these conditions, a maximum of 52% ± 12% of
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the pump energy was transferred to the probe. This
large an energy transfer should lead to a 23% reduction
in the spatially averaged amplification due to pump
depletion. This effect was not observed, but it is comparable with the combined shot-to-shot variation in
the transmission coefficient (± 15%) and amplification
in these measurements.
The amplitude of the ion wave is estimated by considering the amplitude necessary to scatter one half the
probe energy in a volume of dimension L, according to
the formula n1/n0 = 2/π (2)1/2 (ω/ωp)2 (L/λ0). A lower
limit to the maximum ion wave amplitude observed in
this experiment is n1/n0 = 1%, assuming the scattering
occurs uniformly over the region in which the beams
intersect (L = 345 µm). The actual wave amplitude
may be higher if inhomogeneities localize the scatter to
a region smaller than L.
The data in Figure 5 indicate a linear dependence of
transmitted power on the incident probe power over a
wide range if the experiments done at ∆λ = 0.45 nm and
0.6 nm are considered. The transmitted power measured
with values of Iprobe/Ipump different than 0.13 are normalized to the transmitted power measured at the same
∆λ, but with Iprobe/Ipump = 0.13. These normalized values are plotted in Fig. 6 and show that the transmitted
power is proportional to the incident probe power
over a range of 5:1, in good agreement with Ref. 1. At
the highest probe intensity, Iprobe/Ipump = 0.13, the
transmitted power is sufficiently large that a reduction
of the gain of approximately 25% is expected due to
pump depletion. Although this effect is not apparent
in the data in Fig. 6 it is about the same order of magnitude as the indicated error bars and is probably not
observable in these experiments.

3.0
2.5
Normalized transmission

and an exponential proportional to the pump wave
intensity. The measured amplification is also affected
by small scale inhomogeneities both in the incident
beam and in the plasma, for which accurate characterization and analysis is presented elsewhere.1,10 These
inhomogeneities make a calculation of the gain of the
instability based on the simple model of coherent laser
beams in uniform plasmas an over estimate of the actual
gain. In fact, under the conditions of this experiment,
the ideal model indicates a gain coefficient of g ≈ 20
when the probe beam is perfectly tuned,1,8,9 while the
maximum observed gain coefficient is g = 1.0. This difference can be substantially reconciled by considering
calculations, including the two types of inhomogeneities,
and recognizing that the set of discrete measurements
in Figure 5 may miss the exact resonance and underestimate the peak gain. (1) Because the shape of the
resonance is g ∝ 1/[1+ 4(∆ω/νi )2],1 a frequency detuning
of as little as ∆ω = νi (or ∆ω ≈ 0.2 ωia) can decrease g
locally by a factor of 5. This frequency detuning can
result from Doppler shifting by small amplitude velocity
fluctuations in the plasma or by inhomogeneous steady
flows, both of which are produced by structure in the
laser beam or target. For example, velocity fluctuations
as small as δv/cs ≈ 0.2 rms in the interaction region
reduce the gain at resonance by a factor of 3 by Doppler
shifting the resonance to different frequencies in different regions of space as discussed in Ref. 1. As shown in
Ref. 10, the combination of a spectrum of velocity fluctuations and linear gradients lead to reductions in g by a
factor > 5. (2) The gain is reduced by laser beam incoherence. These experiments use RPPs that eliminate large
scale structure in the beams, but necessarily create a
speckle pattern of small high intensity regions surrounded by large regions of low or zero intensity. The
gain of two intersecting beams with RPPs is largely
determined by the overlap of the spatial profiles of the
two beams. This can lead to a reduction of gain coefficient by an additional factor of 2 or more, depending on
details of the beam structure.10 Clearly, these crossing
beam experiments provide a valuable test-bed for motivating and testing improvements to the theory.
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FIGURE 6. The measured transmitted power is shown to be proportional to the probe intensity over the range of Iprobe/Ipump = 0.06 to
0.32, using data obtained at disparate separation frequencies by normalizing to the amplification measured with Iprobe/Ipump = 0.13.
(08-00-0296-0347pb01)
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Conclusions
We report the first observation of energy transfer
between frequency-mismatched laser beams in the
presence of a stimulated ion acoustic wave. The effect
is shown to be linear with probe beam intensity, indicating that there is no saturation of the ion wave up to
a maximum of 52% energy transfer in these conditions.
We also show that energy transfer occurs only when
the beams are not symmetric and is maximized when
the difference in the wave frequencies in the plasma
frame is near the frequency of the resonant ion acoustic
wave. Although it is expected that the flowing plasmas
present in NIF targets may Doppler shift the frequencies
of the incident beams so that they satisfy the resonance
conditions, this experiment demonstrates that the
transfer of energy may be controlled by adjusting the
wavelengths of the incident beams.
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ION-BEAM PROPAGATION IN A LOW-DENSITY REACTOR
CHAMBER FOR HEAVY-ION INERTIAL FUSION
D. A. Callahan
A. B. Langdon

Introduction
Heavy-ion fusion (HIF) is an attractive candidate for
inertial fusion energy (IFE) production. In HIF, beams
of heavy ions (mass ~100 to 200 amu) are accelerated
and focused on an indirectly driven inertial confinement fusion (ICF) target. At the target, the ion energy
is converted in a hohlraum into x rays, which implode
the capsule. Accelerator drivers have the long lifetime
(~30 years), high repetition rate (~5 Hz), and high
efficiency (~30%) needed for commercial energy production. In addition, final focusing is accomplished via
magnetic fields, which are not damaged by the blast.
The accelerator requirements are set by the target. In
order to get efficient coupling of ion energy into x rays,
the amount of radiator material in the target (Fig. 1)
that needs to be heated must be kept reasonably small.
Because the ions must be stopped in the target, the ion
range (equal to the stopping distance times the material
density) is related to the amount of material necessary.
In order to keep the target mass reasonably small, an
ion range ≤0.1 g/cm 2 is used. For ions of mass 100 to
200 amu, this corresponds to an ion energy of 3 to 10 GeV.
To get the required beam power on target (5 to 10 MJ
in 10 ns = 0.5–1.0 × 1015 W), the beam current must be
greater than 50 kA. This current is broken into several
beams to keep the space-charge forces manageable. In

Symmetry shields
Ion
beam

Ion
beam
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and radiator

FIGURE 1.

Schematic IFE heavy-ion indirect-drive target with end

radiators.

(40-00-1096-2401pb01)
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most conventional ion accelerators, space-charge plays
only a small role; in a HIF accelerator, space-charge is
very important.
The gain of a heavy-ion target generally increases as
the size of the beam focal spot decreases. In order to
get a small spot (radius ~2 to 5 mm), the beam emittance must be kept small. The beam emittance (a term
used in accelerator physics) is proportional to the
phase space area occupied by the beam and is related
to the beam temperature. Keeping the emittance small
throughout the accelerator in the presence of nonlinear
fields (resulting from imperfect accelerator elements,
misalignments, fringe fields, etc.) while preforming the
necessary beam manipulations (beam bending, beam
combining, etc.) is a challenge. Recent Quarterly articles by W. M. Sharp1 and A. Friedman2 discuss issues
and progress towards understanding the accelerator
needed for a HIF power plant.
Once the beams leave the accelerator, they must be
focused and transported through the reactor chamber
to the target. Transporting the heavy-ion beams from
the accelerator to the target is extremely important for
a successful HIF reactor. Chamber transport (along
with the target) sets the requirements on the accelerator driver.3 As a result, improvements in chamber
transport and final focus can significantly reduce the
cost of electricity. Relaxing the requirements on the
accelerator reduces the cost of the driver, which
directly impacts the cost of electricity; reducing the
beam spot size at the target allows a larger target gain,
which also reduces the cost of electricity. Improvements
in beam transport and final focusing can be exploited
in optimizing the end-to-end HIF system.
The main-line approach to chamber transport is
low-density, ballistic or nearly ballistic transport. The
HYLIFE-II reactor4 uses a low-density chamber with a
pressure of a few millitorr. Even at the low density of
the HYLIFE-II chamber (5 × 1013 cm–3 ≈ 0.003 torr),
partial beam-charge neutralization is needed to overcome
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the effects of beam stripping. In this case, beam stripping refers to collisional ionization of the beam ions to
a higher charge state by the background gas. Beam
stripping and neutralization have been recognized as
important issues in chamber transport for many years.4, 5
Low-density transport is the most conservative option,
but puts strict requirements on the beam quality out of
the accelerator.
In this article, we first discuss different effects that
impact the beam spot size at the target. We then show
that ballistic transport in a near vacuum is possible, but
puts undesirable constraints on the reactor chamber design.
We then discuss simulations of partially neutralized beam
transport in a low-density chamber. Finally, we discuss calculations of multiple beam effects in the chamber. Partial
neutralization allows chamber operation at higher
pressures, and the use of ions with higher charge-tomass ratio which are easier to accelerate. Both increases
in flexibility allow for lower reactor cost.

Total Beam Spot Size at the Target
In this section we describe the different effects that
lead to the final beam spot size at the target. The beam
spot size is increased by the beam’s space charge and
emittance, chromatic aberrations in the final focusing system, and errors in aiming the beams at the target. These
sources are roughly independent and add in quadrature,6
2
rtarget
≈ rs2 + rc2 + ra2

,

(1)

where rtarget is the final spot radius at the target, and
rs, rc, and ra are the spot radius due to space charge and
emittance, chromatic aberrations, and aiming, respectively.
The simulation results presented in the sections below
do not include chromatic aberrations or aiming errors;
Eq. (1) is used to estimate the total spot radius. The
spot radius necessary for a high gain (≥40) ranges from
2 to 6 mm depending on the details of the target design.
In the HYLIFE-II reactor concept, the targets are
injected into the chamber at a rate of six per second
using a gas gun. Petzoldt7 estimates that the spot
radius due to errors in aiming the beams at the target
is 0.4 mm. This estimate takes into account translational positioning errors and rotations of the target.
Chromatic aberrations occur in the final focusing
system because particles with different longitudinal
momenta are focused at different distances. This causes
a radial spread in the particles at target, which is proportional to δp/p, the longitudinal momentum spread
divided by the longitudinal momentum. For a focusing
system of four thin lenses, single-particle calculations
(neglecting space charge) show that rc = 8Fθδp/p, where F
is the focal distance, and θ is the half convergence
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angle of the beam. Including space charge reduces the
chromatic aberrations by about a factor of 3/4, so
rc ≈ 6 F θ

δp
p

.

(2)

Generally F is set by the reactor geometry and has a
value of ~5 m. The convergence angle θ is generally
limited to ~15 mrad to avoid geometric aberrations in
the final focusing magnets. It is possible to use larger
angles and correct the geometric aberrations using an
octupole correction.8 A larger convergence angle results
in a larger aperture for the final focusing magnets, however, which increases the cost of those magnets. For the
purposes of these calculations, we will keep θ ≈ 15 mrad.
Limiting the spot radius from chromatic aberrations to
1 to 1.5 mm sets a limit on the allowable momentum
spread in the final focusing system. Using F = 5 m and
θ = 15 mrad, we find δp/p ≤ 2.2 – 3.3 × 10–3 in the final
focusing system. In the conventional HIF driver scenario,
the beam is drift compressed by a factor of 10 or more
between the end of the accelerator and the final focusing
system. This is accomplished by giving the beam a velocity “tilt” so that the beam tail is moving faster than the
beam head. After the tilt is applied, the beam is allowed
to drift and it compresses as the tail catches up with the
head. This drift compression increases the longitudinal
momentum spread, and, as a result, δp/p ≤ 2.2 – 3.3 × 10–4
at the end of the accelerator if the beam is to be drift-compressed by a factor of 10 prior to focusing.
If ra = 0.4 mm, and rc = 1.5 mm, then 2.57 mm are
left for space charge and emittance (rs) in a total spot
(rtarget) of 3 mm. An optimization needs be done to
weigh the relative costs of each of the spot size contributions. We need to assess the cost of increasing δp/p
at the expense of beam emittance, for example.
The beam-spot radius from space charge and emittance can be estimated using the envelope equation
a ′′ =

K
ε2
+ 3
a
a

,

(3)

where each ′ indicates a derivative with respect to z, K
is the perveance (which is a measure of the beam’s
space charge), ε is the unnormalized emittance, and a
is the beam edge radius. Multiplying by a′ and integrating gives

(af′ ) – (a0′ )
2

2

 1
a 
1
= 2 K ln f  – ε 2  2 – 2 
a0 
 a0 
 af

(4)

where 0 and f denote the initial and final values. At
the beam waist af = rs and af′ = 0. At the entrance,
UCRL-LR-105821-96-3
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a0′ = θ and a0 ≈ Fθ. Using these substitutions and
assuming a0 » rs, Eq. (4) becomes
a 
ε2
θ 2 = 2 K ln 0  + 2
rs
 rs 

.

(5)

In the absence of space charge (i.e., a perfectly neutralized beam), K = 0 and the spot radius due to emittance re
is given by
re =

ε
.
θ

(6)

If re = 1 mm and θ = 15 mrad, then transverse beam
emittance is restricted to ε ≤ 15 mm-mrad.
Using Eq. (5), we can estimate the maximum beam
perveance allowed for a given rs. Using θ = 15 mrad,
a0 = 7.5 cm, rs = 2.5 mm, and ε = 15 mm-mrad, Eq. (5)
gives a maximum perveance of K = 2.8 × 10–5. The perveance is related to the beam current by
K =

Ib
( γ β) A I 0
2Z

3

,

(7)

where Z is the ion charge state, β is the beam velocity
over the speed of light, γ is the Lorentz factor, Ib is
the beam current, A is the ion mass in amu, and
I0 = mamu c3/e = 31 MA. For K = 2.8 × 10–5, this leads
to a maximum current per beam of 2.3 kA for a
mass-200 ion and 1.6 kA for a mass-135 ion, both at
βγ = 0.3. Neutralization is needed if the current per
beam is larger than these values.

Ballistic Transport in a Near
Vacuum
Using the equations introduced in the previous section, we can show that a beam of 10-GeV, singly charged,
heavy (~200-amu) ions can be ballistically transported
with a reasonable spot size provided the chamber density is low enough to avoid beam stripping. The target
requires a main pulse with 4 MJ of energy in 10 ns (an
additional 1 MJ is carried by a low-power prepulse).
The total current necessary in the main pulse is
4 MJ/(10 GeV × 10 ns) = 40 kA. Without neutralization,
the maximum current per beam found in the previous
section was 2.3 kA, so 17 beams are needed for the main
pulse. This provides a reasonable, conservative scenario
for transporting the beam to the target.
Beam stripping is an issue, however. Estimates of
the cross section9–11 for stripping the beam ions by
the background gas in HYLIFE-II (BeF2 from the
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molten LiF-BeF2 chamber wall) range from 1.3 to
4.0 × 10–16 cm2. Stripping only about 1% of the beam
ions requires a chamber density 1≈ 0 11 cm–3. This
density is two orders of magnitude below the chamber density in the HYLIFE-II reactor (≈5 × 1013 cm–3).
Since a HIF reactor has a repetition rate of about 5 Hz,
it is difficult to achieve densities lower than used in
HYLIFE-II after each shot. Thus, purely ballistic
transport puts an undesirable restriction on the
chamber density.

Low-Density, Nearly Ballistic
Transport
One option for improving the beam focus at the
density of HYLIFE-II is to partially charge neutralize
the beam. At the density of the HYLIFE-II chamber, the
stripping mean-free-path is 0.5 to 1.5 m. In the
HYLIFE-II design, the chamber radius from “first
wall” to the target is 3 m (from target to the center of
the last focusing magnets is about 5 m, as used in the
“Total Beam Spot Size at the Target” section). Therefore,
the beam will strip 2 to 6 times during chamber transport. Simulations with the BICrz code12–15 show that
most of the stripped electrons tend to stay with the beam.
However, in the higher charge state, the ions respond
more strongly to the electric fields and the spot size
increases. Simulations with a stripping mean-free-path
of 1.2 m in a 3-m chamber show an increase in the beam
spot radius from 2.6 mm (vacuum transport) to 8 mm.
This is an unacceptably large spot, and partial beam
neutralization must be used to offset this increase.
While beam stripping makes chamber propagation more difficult, ionization of the background gas
by the beam ions can partially neutralize the beam
and aid transport. Cross sections for collisional ionization of BeF2 by the beam have a larger uncertainty
than stripping cross sections because calculating
molecular cross sections is more difficult than
calculating atomic cross sections. Estimates of the
mean-free-path for ionizing the background gas
range from 0.7 to 25 m. For BeF2, the ratio of stripping to gas ionization cross sections is not favorable
(i.e., more stripping than gas ionization). Other
chamber gases, such as Li, may have a more favorable cross section ratio.16
Simulations show that including a stripping
mean-free-path of 1.2 m and a gas ionization meanfree-path of 3.0 m reduced the spot radius from 8 to
5.4 mm. Neutralization by gas ionization occurs
“for free” since we do not have to add anything to
the reactor for it to occur; however, gas ionization
neutralizes the beam slowly, so radial velocities
develop before neutralization occurs. The solid
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curve in Fig. 2 shows the neutralization fraction as a
function of distance from the chamber wall for a simulation without beam stripping. The beam is more than
70% neutralized, but it takes about 2.5 m of propagation distance to reach this level of neutralization. To
get a smaller spot, additional neutralization is needed.
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FIGURE 2. Neutralization fraction as a function of distance from the
chamber entrance for neutralization using collisional ionization of
the background gas (black curve) and neutralization using a preformed
plasma annulus in the chamber (gray curve). (50-00-0696-1362pb01)

Velocity deflection/Vbeam × 10–4

Neutralization fraction

0.8

electrons are accelerated longitudinally by the z electric
field of the beam and oscillate back and forth across
the beam in both the radial and longitudinal direction.
The details of the acceleration and deceleration of the
electrons in the longitudinal direction will depend on
the shape of the beam. These simulations used a
beam with a current profile that was parabolic in z.
Because the BICrz code is axisymmetric, particles
cannot gain or lose angular momentum. The only angular momentum a particle has is the momentum it is
created with. For the plasma annulus, we used an initial isotropic temperature of 100 eV. The particles can
heat in r and z, but not in θ. As a result, a temperature
anisotropy develops, which causes an excess of electrons near the axis. This causes the radial fields to
become nonlinear. Figure 3 shows the radial velocity

6
5
4
3
2
1

Neutralization Using a Preformed
Plasma Annulus
Neutralizing an ion beam is more difficult than neutralizing an electron beam. When an electron beam
passes through a plasma, the plasma electrons are
moved out of the beam path, and the beam is neutralized by the immobile ions. For an ion beam, however,
electrons must be pulled in from outside the beam path
in order to reduce the net charge.
One method for neutralizing the beam quickly is to
create a preformed plasma in the chamber before the
beam enters. Simulations used a small (0.3-m = 40%
of the beam length) annulus of plasma just inside the
chamber entrance. A 4-kA beam of Pb+ ions entered
the chamber through the annulus. The annulus had a
total electron charge of four times the beam charge.
As the beam entered the chamber, electrons were
pulled from the inner surface of the annulus by the
large radial electric field of the beam (Er = 16 MV/m at
the beam edge for a 4-kA beam of radius 5 cm). The
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FIGURE 3. The radial velocity deflection of particles near the axial
center of the beam as a function of radius shows the electric field is
linear when no electrons are present. (50-00-0696-1363pb01)

deflection of particles near the center of the beam as a
function of radius when no electrons are present. As
expected, the field is linear. Figure 4 shows the same
plot when the beam has passed through a plasma annulus (but with no beam stripping). The field is greatly
reduced from the previous case, but the nonlinearity is
also apparent. Because of the abundance of electrons
near the axis, the field is negative at small radii. We can
compensate for linear fields by increasing the focusing
angle at the final optic. We cannot compensate for the
nonlinear fields in this way; as a result the nonlinear
fields can make it more difficult to focus the beam.
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Neutralization Using a Plasma Column
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FIGURE 4.

When electrons are present, the radial velocity deflection of
particles near the axial center of the beam as a function of radius shows
that the electric field is reduced, but nonlinear. (50-00-0696-1364pb01)

The charge neutralization fraction can be estimated
using the Child–Langmuir space-charge-limited current
from the inner surface of the annulus. For the 0.5-cm
gap between the beam radius and the inner edge of the
annulus used in this simulation, this estimate yields a
neutralization fraction of 90%. Simulations are in
agreement with this estimate, and the gray curve in
Fig. 2 shows that the beam is quickly neutralized to
slightly more than 90% while inside the annulus. As
expected, neutralization reduces the beam spot size at
the target. In a simulation with a stripping mean-freepath of 1.2 m and a plasma annulus, the final spot was
3.5 mm. This is a significant decrease over the 8-mm
spot found without neutralization, but is not as good
as the pure vacuum transport result of 2.6 mm.
The gray curve in Fig. 2 shows that while the beam is
well neutralized near the chamber entrance, it does not
remain well neutralized. The electrons pulled in from
the plasma annulus are hot (vth ≈ 0.3 c). As the beam
compresses, the electrons do not compress as readily
as the beam, and the neutralization fraction falls off as
the beam approaches the target. The fact that these
electrons are hot and as a result do not neutralize well
near the target was seen in earlier studies.17,18
Electrons created by collisional ionization of the background gas are cooler than those pulled in from the
plasma annulus, and we expect the smallest spot when
both collisional ionization and a plasma annulus are
included. Simulations confirm this, and the spot is
reduced from 3.5 to 3.0 mm when a gas ionization
mean-free-path of 3 m is added to the simulation.
UCRL-LR-105821-96-3

In the case of the plasma annulus, neutralization
was quite good (>90%) inside the annulus, but the
neutralizing electrons did not compress with the
beam. As a result, neutralization got worse as the
beam got closer to the target. One method to remedy
this problem is to put the plasma throughout the entire
chamber so the beam can continually pull in new electrons as it compresses.
The plasma density required in the plasma column is
not large. Simulations show that ionizing just 0.44% of the
background gas (ne = 2.5 × 1011 cm–3) in a cylinder of
radius 2rbeam, initial is enough to eliminate the effects of
beam stripping when the stripping mean-free-path is
1.2 m. In this case, the electron density was six times the
initial beam density. As the beam compressed, the beam
density became much larger than the electron density.
One method for reducing the cost of the driver is to
use a lighter, lower-energy ion such as 5.3-GeV Cs+.
The cost of using the lighter, lower-energy ion is that
more current is necessary to deliver the same energy to
the target. For 5.3-GeV Cs+, 75 kA of current is needed
to provide 4 MJ of energy in the 10-ns main pulse. We
found in the second section that the maximum current
we can transport in the chamber for a mass-135 ion
without neutralization is 1.6 kA per beam. This means
we would need more than 45 unneutralized Cs beams.
With about 80% neutralization, we can transport the
75 kA of Cs in 10 beams.
In the simulation, the low-density plasma column
neutralized the Cs beam quite well. A simulation
with a 7.5-kA beam of 5.3-GeV Cs+ ions (without
beam stripping) and a low-density plasma column
(ne = 2.3 × 1011 cm–3) produced a spot of 1.2 mm. This
simulation used a smaller emittance (15 mm-mrad) than
was used in some of the previous cases (33 mm-mrad).
For these parameters , the unneutralized beam spot
radius was 9 mm and the perfectly neutralized spot
radius (from emittance only) was 0.9 mm. Figure 5 shows

0.060
0.050

Fully neutralized

0.040
r (m)

8

0.030

Unneutralized

0.020
0.010
0

0

0.5

1.0

1.5
2.0
z (m)

2.5

3.0

3.5

FIGURE 5. A particle-in-cell simulation shows that a 7.5-kA beam of
5.3-GeV Cs+ ions is well neutralized by a low-density plasma column.
The gray curve shows the envelope solution with no neutralization
while the solid curve shows the envelope solution with perfect neutralization. (50-00-0696-1365pb01)
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the simulation particles at three times plus the envelope solution for the unneutralized beam (gray curve)
and the fully neutralized beam (black curve). The particles follow the fully neutralized envelope solution
quite well indicating a high degree of neutralization.
Adding a beam stripping mean-free-path of 3.2 m to
the Cs beam simulation produced a spot of 2 mm. This
mean-free-path would correspond to a decrease of
about a factor of two in the chamber density from the
standard HYLIFE-II case.
Producing the plasma column in the HYLIFE-II
chamber still needs to be addressed. Some methods
under consideration are using an electrical discharge
or a laser to ionize some of the chamber vapor and
using a plasma gun to create the plasma and inject it in
the chamber. Any equipment used to create the plasma
(lenses, insulators, etc.) must be protected from the
blast. This work is in progress.

Interactions Between
Neighboring Beams
Most indirect-drive, HIF target designs have two
radiation converters (one located at either end of the
hohlraum). However, many beams (i.e., more than
two) are necessary to reduce the space-charge forces.
This means that half the beams will be aimed at each
radiation converter, and these beams will be fairly
close to one another in the chamber (see Fig. 6). As a
result, each beam will be affected by the fields from
neighboring beams, which can result in an increase in
the beam spot size.
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One option for multiple beam transport in the HYLIFE-II
reactor is to place six beams in a “fan” aimed at one radiation converter. (50-00-0696-1366pb01)
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If the fields due to the neighboring beams were constant along the beam length, we could compensate for
them by increasing the focusing angle slightly. The
fields are not constant, however, and vary along the
pulse because of variations in the beam current as a
function of z and the finite length of the beams. These
two effects cause the field at the ends of the beam to be
smaller than the field at the beam center. Since we cannot adjust the focusing angle on the time scale of the
beam pulse duration (10 ns for the main pulse), the
beam ends will be overfocused if the beam center
is focused.
Hofmann, Hasse, and Reiser studied this problem
for a cone of beams produced by an RF Linac with
storage rings.19 In the RF Linac approach to HIF, beam
compression is done by a phase rotation and results in
a beam with a roughly Gaussian current profile. The
variation in current along with the finite length of the
beams causes a large variation in the electric field between
the beam center and the beam ends. Hofmann et al.
found that the increase in spot size due to the neighboring beams was tolerable for a charge state +1 beam,
but scaled as the charge state squared, so that it was
not acceptable for higher-charge-state ions.
This problem is less severe for beams produced
by an induction linac. With careful longitudinal
beam control, the induction linac can produce a
nearly flat topped current pulse so that variations in
the electric field come almost exclusively from the
finite length of the beams. Calculations show ≤5%
beam loss for a “fan” of either six unneutralized,
4-kA beams of 10-GeV Pb+ ions or six 70% neutralized, 7.5-kA beams of 5.3-GeV Cs+ ions.20
Complete simulations of the neighboring beams
problem will require a fully three-dimensional,
electromagnetic code. Such a code is under development by J.-L. Vay and C. Deutsch at University of
Paris-Orsay.21

Transporting the heavy-ion beam through the
reactor chamber to the target is a critical step in a
HIF power plant. We have simulated low-density,
nearly ballistic transport in a chamber that is
consistent with the HYLIFE-II reactor design. Our
simulations show that even at the relatively low
densities of HYLIFE-II, beam stripping plays an
important role. We have found that we can overcome the effects of beam stripping by charge
neutralizing the beam using a low-density plasma
column in the chamber.
Charge-neutralized transport has also opened up
new accelerator regimes by allowing lower-mass,
lower-energy ions to be used. Using lower-energy
ions should reduce the cost of the accelerator driver,
which in turn reduces the cost of electricity. Using
UCRL-LR-105821-96-3
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lower energy ions requires a larger beam current to
deliver the same amount of energy to the target;
transporting this large current requires either a very
large number of beams or charge-neutralized transport. Our simulations showed that ionizing less
than 0.5% of the background gas in the HYLIFE-II
chamber is sufficient to transport a 7.5-kA beam of
Cs+ ions.
Experiments are needed to verify the results of the
simulations. We believe that experiments to study
beam neutralization can be done using existing facilities at LBNL or Sabre at Sandia National Laboratories.
Beam neutralization thus far has concentrated on
“passive” neutralization using plasmas in the chamber.
“Active” neutralization by co-injecting an electron beam
along with the ion beam is another possibility for beam
neutralization. Further study in this area is needed.
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Introduction
Within the next decade, very-high-power, highenergy laser facilities may be constructed in Europe1,2
and the United States.3 Two-dimensional (2-D) numerical simulations with the LASNEX code4 at Lawrence
Livermore National Laboratory (LLNL) indicate that
this next generation of lasers offers the prospect of
producing multi-keV x rays with unprecedented efficiency: as much as 14% above 10 keV, 30% above 4 keV.
Such efficiencies, coupled with the intrinsically high
energy of these facilities, should allow us to produce
great quantities of multi-keV x rays—as much as several hundred kilojoules. This, in turn, may allow us to
perform experiments and field diagnostics we could
never consider with current facilities. Applications of
high-energy, multi-keV sources with the proposed
National Ignition Facility (NIF) include volume preheating of experimental targets; bright, multi-keV
backlighting; pumps for fluorescent imaging of capsule dopants and Doppler velocimetry; and uniform
irradiation of large test objects for Nuclear Weapons
Effects Testing (NWET).

Projections of Efficiency
Conventional slab targets irradiated by current lasers
produce multi-keV x rays with relatively low efficiency.
At photon energies >3 keV, the typical efficiency for
converting laser light into multi-keV x rays is less than
1%.5 Multi-keV efficiencies well in excess of those commonly obtained today are predicted to be achieved
with “underdense radiators,” a nontraditional source
of laser-generated x rays (so called because the density
of these targets is less than critical density of the laser
light). Figure 1 shows two examples of such sources.
Figure 1(a) is a column of gas (or foam) irradiated from
one end by a single 0.35-µm (blue) laser beam. In
simulations using 0.01 g/cm3 of Xe gas irradiated by a
2-ns flattop pulse at an intensity of 1015 W/cm2, we find

(a)

(b)

ρ = 0.01 g/cm3
3
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FIGURE 1. Two types of “underdense radiators.” (a)
a gas (or foam)
column irradiated from one end with a single, large-f-number beam.
(b) is a transparent container, filled with underdense gas or foam,
irradiated with several beams. NIF target type (a) can be irradiated
with, at most, 10 TW. Target type (b) can accept several beams, so it
can be irradiated with higher total power. (20-03-0696-1296pb01)

efficiencies into photons of energy >4 keV (L-shell Xe
and continuum) to be 19% with a 10-TW beam. Since a
cluster of four “beamlets” of the proposed National
Ignition Facility (NIF)3 will deliver 10 TW in the geometry of Fig. 1(a), good efficiency may be achievable
with such gas-column sources. However, simulations
indicate that higher efficiencies and higher photon
energies with such a target will require more than 10 TW.
This would be incompatible with the 10-TW/beam
maximum of the NIF. Figure 1(b) shows a higher
power source compatible with the NIF. It is a low-Z
container, transparent to x rays of interest, filled with
an appropriate-Z, low-density gas or foam. Since it is
heated by more than one beam, it can be irradiated at
much more than 10 TW. In simulations where the can
is filled with Xe gas at 0.01 g/cm3, we find near-optimal
performance for containers 2 mm diameter and 1.6 mm
long with 1-mm-diam laser entrance holes. For 2-ns
pulses, simulated, >4-keV efficiencies range from 17%
at 20 TW to 30% at 60 TW.
We have efficient 2-D designs of target type (b) at
photon energies up to ~10 keV. Table 1 summarizes our
LASNEX study. In all cases, the densities are 0.01 g/cm3,
and the rest of the laser energy appears as either thermal emission (<1 to 2 keV) or plasma energy.

*Alme Associates, Alexandria, VA.
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TABLE 1. Summary of LASNEX study results.
Material

Power (TW)

Fraction of laser energy > hν (keV)

Kr
Ge
Ge
Ge
Cu
Cu

60
60
50
30
40
30

4% > 13; 30% > 2
14% > 10; 26% > 2
10% > 10; 26% > 2
7% > 10; 20% > 2
11% > 8.5; 26% > 2
10% > 8.5; 24% > 2

Dy
Xe
Xe
Xe

60
60
50
30

9% > 8; 24% > 2
30% > 4; 48% > 1
26% > 4; 48% > 1
22% > 4; 40% > 1

Xe

20

17% > 4; 37% > 1

100
NIF K-shell
Conversion into photons > = hν (%)

Figure 2 plots the highest source efficiencies in the
third column of Table 1 vs photon energy and compares them with current disc backlighter efficiencies.5
The figure forcefully illustrates how much more efficient underdense radiators, heated by powerful lasers,
can be compared to current backlighters.

NIF
L-shell

1

Disc data

0.1

0.01

0

10

5

FIGURE 2. The projected multi-keV efficiencies for sources like those
of Fig. 1(b) are much higher than current disc efficiencies. K-shell
refers to the Ge, Cu, and Kr sources of Table 1. L-shell refers to the
Dy and Xe sources. (20-03-0696-1301pb01)

the first component of high, multi-keV efficiency. It
shows theoretical estimates of Xe emission at electron
temperatures of 2 keV and at 5 keV. The Xe density is
0.01 g/cm3. This plot makes a widely known but
essential point: x-ray emission shifts to higher energy
as plasma is made hotter. Figure 4, which plots radiation production/cm3 vs electron temperature, contains
the next step in the argument. This is from an optically
thin LASNEX simulation. The black line is total emission
vs Te. The gray line is the emission >4 keV (see Fig. 3).
This plot shows that the overall radiation production
does not change greatly with plasma temperature.
However, at higher temperatures almost all the emission
will be multi-keV (see Fig. 3). Figure 4 illustrates an
important point: a material that efficiently produces
x rays in the softer, “thermal” region may also efficiently

Analysis of LASNEX simulations leads to a simple
understanding of such high efficiencies in the multikilovolt regime and tells us why these are qualitatively
different from standard discs. In the following discussion, we use Xe as an example, although the arguments
are valid for other materials as well.

Good Multi-KeV Efficiency Is
Intrinsically Possible
First, we show how high, multi-keV efficiency is
possible with an underdense radiator. Figure 3 illustrates

(b) Xe at 5 keV
0.07

0.1

FIGURE 3. Emission from
0.01 g/cm3 Xe at electron temperatures of (a) 2 keV and
(b) 5 keV, simulated by XSN.
Heating a material causes more
of its total emission to be produced at higher photon energies.
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Hydrodynamics for Good Efficiency
Above we reasoned that efficient multi-keV radiation production is possible. It also indicates that the
achievement of good multi-keV efficiency requires a
hydrodynamic system that converts most of the laser
energy into hot plasma at sufficient density that it can
radiate a considerable fraction of the energy before it
disassembles. Underdense plasmas can provide such a
hydrodynamic system. Moreover, they do this better
than discs, which is the main reason underdense plasmas can be considerably more efficient multi-keV
sources than discs (see Fig. 2).
We can see the hydrodynamic differences by analyzing three simulated Xe gas-column sources of
different densities (0.01, 0.02 and 0.1 g/cm3) but
irradiated by the same laser. Figure 6 shows the total
L-shell radiation escaping 1-D simulations of these gas
columns vs time. (1-D analogs of the 2-D gas column of
Fig. 1[a]. The 1-D efficiency is higher than 2-D efficiency

98

because there is no radial hydrodynamic disassembly.)
The gas column that started at 0.01 g/cm3 (~0.2nc
when fully ionized) has the highest efficiency. At the
104

Rad production (TW/cm3)
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FIGURE 4. Total emission per cm3 vs electron temperature and L-shell
emission (Xe at 0.01g/cm3). A material that is an efficient source of
thermal x rays can also be a good source of multi-keV x rays, if we
can make it hot enough. (20-03-0696-1303pb01)

L-shell radiation (TW from a 1.4-mm-radius gasbag)

produce x rays in a much more energetic region if it is
made hotter.
Figure 5 is the plot needed to reach a simple, quantitative understanding of efficient multi-keV production.
It shows Xe L-shell radiation production vs electron
density for material at electron temperatures of 3, 4 and
5 keV. The Xe volume is that of a 1.4-mm-radius standard “gasbag”6 similar to ones we have shot on Nova
for studies of laser–plasma instabilities.7 Figure 5 shows
that at densities ~1 to 1.5 × 1021/cm, a 4- to 5-keV Xefilled gasbag would produce ~5 to 12 TW of L-shell
emission. Thus, if we can heat such a gasbag to these
temperatures with a 30-TW, 1-ns Nova pulse (30 kJ
energy), and if it remains together for ~1 ns, we might
expect to produce ~5 to 10 kJ of L-shell emission, or 16 to
33% multi-keV efficiency.
That we can both heat the bag and that it does not
disassemble too quickly follow from simple arguments.
If all the material in the gasbag is at constant temperature, then its thermal energy in kJ is approximately
2.75Te (in keV) × ne (in units of 1021/cm3). For the temperature and density regimes of interest (4 to 5 keV,
1 to 1.5 × 1021), this corresponds to 10 to 20 kJ. Moreover,
the sound speed of Xe gas at 4 keV is ~6 × 107 cm/s, so
the rarefaction takes more than 1 ns to propagate to the
center of the 1.4-mm-radius bag.
The Xe emission calculations just discussed were
made with a non–local-thermodynamic-equilibrium
average-atom model known as XSN.8 Better theoretical
estimates using a detailed configuration approximation
model9 give essentially the same result. Our estimates
above also assume the radiation can get out. Detailed
simulations with radiation transport of the lines indicate that the radiation can escape.

1000

100

4 keV

10
5 keV
1

0.1
20
10

3 keV

1021
ne

1022

FIGURE 5. L-shell emission from the volume of a 1.4-mm-radius,
Xe-filled gasbag, vs electron density. (20-03-0696-1304pb01)
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end of the 2-ns pulse, more than half of the incident
48-TW laser power is escaping this column as L-shell
emission. The column that started at 0.02 g/cm3
behaves like the lower density one for ~1 ns, but then
its efficiency drops notably. The 0.1-g/cm3 gas column
has comparatively low efficiency the whole time. We
call it disc-like since its simulated L-shell radiation production is the same as a frozen Xe slab’s (not shown).

30

Power of produced x rays >4 keV (TW)

ρ = 0.01 g/cm3

20

0.02

10
0.1

0

0

1

2

3

t (ns)

FIGURE 6. Time dependence of L-shell emission escaping 1-D LASNEX
simulations of Xe gas columns of different densities. The three columns
were all irradiated with 48 TW of blue laser light. (20-03-0696-1305pb01)
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(a) Best efficiency ρ = 0.01 at 1 ns

10

Now we can pass on to the next level of understanding. Figure 7 plots electron density and temperature, at
1 ns, vs length along the gas columns. The three 1-D
gas columns clearly have very different hydrodynamics.
In Fig. 7(a), in the 0.01-g/cm3 gas column, the heating
front moves nearly supersonically (also known as a
bleaching front). However, in the poorest-efficiency,
0.1-g/cm3 gas column, Fig. 7(b), the heating front
moves subsonically (also known as an ablative front).
Unlike the bleaching front, the ablative front drives a
shock of dense material ahead of itself. The 0.02-g/cm3
gas column is a transitional case; early in time it was
heating in an approximately supersonic manner.
However, residual hydrodynamics caused a density
bump ahead of the front to accumulate, finally causing
a transition, at ~1 ns, to completely ablative heating.
The transition from bleaching to ablative coincides
with the efficiency drops at 1 ns seen in Fig. 6.
Further analysis shows that a bleaching front creates
far hotter plasma than an ablative front, hotter plasma
that is denser and therefore more efficient in producing
multi-keV x rays. In particular, we find the following:
• In producing a given mass of hot plasma, more energy
is lost to low-photon-energy radiation when the
heating occurs in a dense ablation front than when
the matter is heated in the uncompressed bleaching
front. The ablative front’s dense material, which is
being heated by conduction from the laser-deposition
region, has a very high radiation production rate.
However, since it is relatively cold, the emission is
not multi-keV. This emission is energy lost from the
system that cannot contribute to heating plasma and,
since it is low-photon energy, does not contribute to
multi-keV production. From the viewpoint of multikeV radiation production, it is a parasitic loss.

(b) Poorest efficiency ρ = 0.1 at 1 ns
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(c) Transitional case ρ = 0.02 at 1 ns
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FIGURE 7. Electron temperature (keV) and electron density (× 1021) at 1 ns vs axial position (cm) for the three 1-D gas-column sources in Fig. 6.
(20-03-0696-1306pb01)
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• Because of the higher density, the material in the
ablation front rises to higher pressure. This ends up
as more kinetic energy per unit of mass heated.
• More kinetic energy causes the hot blowoff behind
an ablative heating front to be less dense than behind
a bleaching front; compare electron density profiles
of Fig. 7(a) and 7(b). Consequently, the blowoff
behind the bleaching front produces more coronal,
multi-keV x rays per unit mass because such emission scales approximately as (ne)2 (see Fig. 5).

Experimental Validation of Modeling
Calculations similar to those above provided the
first indication that we might be able to very efficiently
produce multi-keV x rays with laser-heated underdense
sources.10 Following these initial findings, we performed theoretical and experimental work to examine
the validity of these predictions. This involved testing
our ability to properly estimate the multi-keV efficiencies of published slab data,11–13 as well as efficiencies
from Xe-filled gasbags6 specifically shot at Nova to test
these predictions.14 Figure 8 compares simulated and
experimental absolute multi-keV efficiencies for all
these experiments. Except for two low-intensity
(1.4 × 1014 W/cm2) slab targets, there is general agreement between the experiment and simulations. In
particular, the >4 keV, L-shell production from our Xe
gasbag experiments14 agrees satisfactorily with the 2-D
LASNEX estimates. They are actually slightly higher
than the simulations. This favorable comparison seems
to lend credibility to the predictions discussed above.

Experimental efficiency (%)

M-shell
Au 6 × 1014
L-shell
25% Xe
M-shell
Au 6 × 1013

K-shell
UR Ti

1
K-shell
UR Ni

0.1
0.1

M-shell
Au 2 × 1015
L-shell
75% Xe

K-shell
UR Si

Below we discuss four applications of high-energy,
multi-keV sources with the NIF:
1. Volume preheating of experimental targets.
2. Bright, multi-keV backlighting.
3. Pumping for fluorescent imaging of capsule
dopants and doppler velocimetry.
4. Uniform irradiation of large test objects for
NWET.

Preheat Sources
Multi-keV x rays can be used to preheat experimental packages. The preheat temperature Te produced in
a package located distance d away from a multi-keV
source can be found by balancing x-ray deposition
with internal energy. Neglecting ionization energy, this
balance is approximately
ηx EL

4 πd 2 l

 3  ρ(Z + 1)Te
= 
9 × 10 4
 2
A

(

)

.

(1)

Backlighter Sources
L-shell
Osaka Mo

K-shell
Osaka Ti
1
10
LASNEX efficiency (%)

100

FIGURE 8. Comparison of simulated and experimental multi-keV
conversion efficiencies from several databases. (20-03-0696-1307pb01)

100

Applications of Efficient MultiKeV X-Ray Sources

Here ηx is the multi-keV efficiency; EL is the laser
power; l is the scale length over which x-ray absorption occurs in the experimental package; ρ, Z, and A are
the density, atomic number, and weight of the experiment we are preheating. Using ηx = 30%, EL = 106 J,
d = 0.5 cm, ρ = 1 g/cm3, and (Z+1)/A = 0.33 gives
Te = 2 eV-cm/l . Depending on l, it may be possible to
preheat large ρ = 1 samples to ~5 eV and thinner ones
up to several tens of eV, possibly approaching 100 eV.
NIF applications for preheat sources like this include
off-Hugoniot equation-of-state measurements and
low-temperature hydrodynamics.

100

10

In addition to this comparison with experiment,
there is a fairly extensive and documented database
indicating that LASNEX reasonably models the electron
temperature in gasbags and gas-filled hohlraums.15
The capacity to properly estimate underdense plasma
electron temperatures is an essential component of
believable, multi-keV predictions.

Sources like these could serve as the bright, highphoton-energy, large-area backlighters needed for bigger targets. Consider, for example, the 60-TW Ge source
listed in Table 1 scaled up to 100 TW (14% > 10 keV).
Viewed from the end of the 2-mm-diam cylinder, the
>10-keV emission/cm2/sr will be 3.5 × 1013 W/cm2/sr.
This is equivalent to viewing a 10-keV hemi-isotropic
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disc source of 1% efficiency irradiated by 700 TW at an
intensity of ~2.2 × 1016 W/cm2.

Pumps for Fluorescence-Based
Diagnosis
Efficient multi-keV sources and high-power lasers
may allow us to field fluorescence-based diagnostics—a
qualitatively new way of studying hydrodynamics. The
principle is simple: a multi-keV source at distance d
pumps a dopant in a capsule. In imaging, the number of
photons collected from a resolution element r is given by
ηF
δΩηdet δτ
r


4π
2
r
# of photons =


Ex
4 πd 2  l 
ηx PL

.

(2)

Here, PL is the laser power; Ex, the source’s average
photon energy; ηF, the dopant’s fluorescent efficiency;
and δΩ, ηdet, and δτ, the camera’s solid angle, efficiency,
and time resolution. Using r = 10 µm, PL = 60 TW,
ηx = 10%, Ex = 10 keV, d = 0.5 cm, δτ = 100 ps, and
ηF = 0.2 (i.e., Cu-K at 8 keV has ηF = 0.2 in Ref. 16) gives

(

)

 10 µm 
# of photons = 3.2 × 10 9 
 δΩηdet
 l 

.

(3)

For a 10-µm pinhole at 1 cm and the dopant concentration arranged so that 10 µm/l ≈ 0.01 to 0.1, we collect
40 to 400 photons from each 10-µm resolution element.
For a curved crystal/Rowland circle system, the number
of photons could be ~300 to 3000, at 1% crystal reflectivity.
A compelling possibility is using doppler spectroscopy
of fluorescent lines to measure pusher velocity and,
possibly, show the evolution of turbulence (via line
broadening) at stagnation. Figure 9 indicates how the
fluorescent lines may be shifted when the pusher starts to

Stagnation

Evolving turbulence
could broaden these
features

Time

Final
acceleration

Shock breakout

hν0
Photon energy

FIGURE 9. Doppler spectroscopy of fluorescing dopants in a capsule
could measure pusher velocity and, possibly, show the evolution of
turbulence, via line broadening, at stagnation. Efficient multi-keV
sources could pump such fluorescence. (20-03-0696-1308pb01)
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move, during final acceleration, and during stagnation. A
requirement for this will be an efficient spectrometer
which sees only diametrically opposed parts of a doped
capsule. Related to this, fluorescence might produce cutaway pictures of capsule mix, perhaps similar to those
used to visualize mixing in 3-D simulations. At a velocity
of 107 cm/s or more, narrowband Doppler imaging with
a camera of spectral resolving power 1500 or greater17,18
could image only one side of the imploding pusher.

Large Fluence-Area Products with
Good Uniformity
A requirement for NWET is that the flux over a test
object be uniform to ±10%. This allows us to describe
an NWET simulator by the fluence × area product that
it can produce with that uniformity. In general, the fluence × area product in a given spectral region will be
 E η
fluence × area =  L  Tdebris − shield (δΩ10% ) .
 4π 

(4)

The first term (ELη/4π) is the source output per
steradian in the spectral range of interest. It is determined by multi-keV source efficiency and total laser
energy. Tdebris-shield is the debris shield transmission. It
will be ~unity at 5 keV and higher, but may be significantly <1 at lower energies. The last term δΩ10% is the
solid angle we can collect from each source and still
get ±10% uniformity. It is a strong function of geometry. If all the emission is concentrated at a single point,
as in typical pulse-power NWET simulators, we can
collect only 0.45 sr with ±10% uniformity. However, if
we produce x rays in a number of properly distributed
sources, the useful solid angle increases. With four distributed sources, we can collect up to 1.6 sr from each
source, and with 25 distributed sources, 4.5 sr. Thus,
with proper facility capabilities, it is possible for 1 J of
laser-produced multi-keV energy to be worth up to 10 J
produced by a more conventional NWET simulation
source. However, this improvement comes at a facilitization price. The sources need to be distributed over
an area comparable to the size of the test object. For
objects ~1 m across, this requires steering beams to
irradiate sources much as 50 cm from chamber center.
On the NIF, the estimated fluence × area products
with four distributed sources and 100% debris-shield
transmission are as follows: 1 to 5 keV, 50,000 J-cm2;
5 to 15 keV, 14,000 J-cm2. With 25 distributed sources:
1 to 5 keV, 140,000 J-cm2; 5 to 15 keV, 40,000 J-cm2. This
prospect for simulation capacity has led to the formation of a joint U.S. Department of Defense–Department
of Energy working group (NIF Radiation Sources
Users Group19) that works with the NIF Project aiming
to optimize the NIF’s NWET capabilities.
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LASER–TISSUE INTERACTION MODELING WITH THE LATIS
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Introduction
The development of new instruments and procedures
for use in laser medicine typically involves extensive
experimental and clinical studies. Computational modeling of the laser–tissue interaction process can be used to
explore and reduce the experimental parameter space
(e.g., laser wavelength, pulse length and pulse energy),
and to gain a deeper understanding of specific laser-medical processes. In this way, modeling can lead to more
rapid development of new instruments and protocols
and to the genesis of new ideas. In addition, modeling
will be useful in the future for patient-specific treatment
planning and for physician training. Modeling will only
be useful, however, if it is closely linked to experiments; a
project to develop a specific instrument or protocol must
involve iteration between modeling and experiment,
converging on a set of optimized design parameters.
Figure 1 shows a likely iterative process using LATIS, a

Refine input data
• Optical properties
• EOS
• Material strength
and failure

The LATIS Program
Perform
simulations

Design experiments
Refine LATIS
Perform experiments

Analyze experimental data

Determine optimal sytem parameters:
wavelength, energy, pulse length,
pulse format, fiber placement, etc.

FIGURE 1. LATIS is used in an iterative method along with experiments to design a laser-medicine system. The cycle eventually converges
on optimized experiment design parameters. (50-03-0796-1584pb01)
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computer program we have recently developed at the
Lawrence Livermore National Laboratory to treat a wide
range of laser–tissue interaction phenomena.
The therapeutic uses of lasers fall into three broad
classes, depending on the physical mechanism by which
the laser interacts with and alters the living tissue:
photothermal, photochemical, and photomechanical.
The physical processes involved in these three laser–
tissue interactions include laser light propagation,
thermal heat transport, thermal coagulation, and other
material changes; photochemistry; and hydrodynamic
motion, respectively. An excellent introduction to
many aspects of these processes can be found in a
recently published textbook in which chapters have
been written by several of the experts in this field.1 In
this article, we present the structure and contents of
the LATIS program. We also present a brief discussion
of several applications, and a detailed discussion of
one application: the problem of laser-light dosimetry
with dynamic optical properties.

LATIS is a two-dimensional, time-dependent simulation program. It is based on the experience gained during
25 years of modeling high-intensity laser–matter interactions for fusion research, particularly with the LASNEX
code.2 LATIS uses cylindrical geometry, with spatial positions described by radial and axial coordinates, r and z.
The spatial domain of a calculation is defined by a connected mesh of line segments containing quadrilateral
zones. Each line segment intersection is called a mesh
point. Positions and velocities are defined at the mesh
points, while most material properties, such as temperature and density, are defined at the zone centers. Physical
properties are modeled mathematically by analytic formulas, table interpolations, and both ordinary and partial
differential equations. Partial differential equations are
solved by finite-difference or finite-element methods. In
addition, the Monte Carlo method is also used for laser
transport, as described below. LATIS is written in
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FORTRAN and controlled by a computer-science backplane called Basis.3 Basis is an interpreter that allows the
user considerable flexibility in setting up problems,
adding user-defined functions without recompiling the
code, and mathematical and graphical post-processing.
The physical processes considered by LATIS are
grouped into four categories, as illustrated in Fig. 2: laser
propagation, thermal response, material response, and
hydro response. For most applications, laser propagation
is calculated in the radiation-transfer approximation,
although for certain situations, such as ultrashort laser
pulses, a wave treatment is needed. Reference 1
describes the radiation transfer approximation in the
context of laser–tissue interaction and the associated
calculational methods.

Laser propagation
• Absorption
• Scattering
• Fluorescence
• Refraction

Material response
• EOS w/phase change
• Chemistry
• Strength/failure
• Mass transport

Nonlinear
coupling

Thermal response
• Heating
• Conduction
• Radiation

Mechanical response
• Waves
• Ablation
• Cavitation

FIGURE 2. LATIS models laser–tissue interactions considering four
areas of coupled physical processes. Features such as the hydro
response are being developed for future use in tissue ablation applications. (50-03-0796-1585pb01)

Laser Propagation
To model the laser propagation portion of a simulation, we mainly use the time-dependent Monte Carlo
method, in which light is represented by a finite number of “super photons”—typically 103 to 104. Since a
typical problem involves on the order of 1 J of laser
energy, each super photon represents on the order of
1015 real photons. (Henceforth we refer to the super
photons simply as photons.) The propagation of the
photons is treated in a probabilistic manner. In LATIS,
laser photons are created along one or several line segments of the numerical mesh with specified spatial
energy distribution and angular distribution relative to
the segment normal. A fixed number of photons is
introduced at the first time step of the simulation. The
photons are then tracked time-dependently through
the spatial domain of the calculation. When they cross
material interfaces with unequal indices of refraction,
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such as an air–tissue interface, Fresnel reflection and
refraction are calculated. Scattering is calculated probabilistically along a photon’s path, according to the
scattering coefficient, which may vary in space and
time. An anisotropic angular phase function is used to
select the scattering angle. We currently use the
Henyey–Greenstein phase function, which has been
found to be a good approximation to tissue scattering.4,5 Absorption is calculated analytically along each
photon path according to the absorption coefficient,
without destroying the photons. Each photon is
assigned a weight, which decreases with absorption.
When the weight drops below a specified value, typically 1%, the photon is retired from the Monte Carlo
calculation. The energy absorbed along the photon
path is tabulated in spatial zones, where it is added to
the material internal energy. At the end of a time step,
a certain number of photons are still “alive” within the
spatial domain of the simulation, and a certain number
have been removed, either by leaving the domain or
by having dropped below the minimum weight. At
the beginning of the next time step, new photons are
injected if the laser source is still turned on. In order to
keep the total number constant at the user-specified
value, and to ensure the best statistics, an attempt is
made to make the ratio of the number of source photons to the source energy for that particular time step
equal to the ratio of the number of living photons to
their total energy. If the number of photons that were
removed during the time step is not enough to create
the desired number of new photons to do this, we use
a technique called “combing.” Combing reduces the
number of photons in zones having two or more photons in a statistical but energy-conserving manner.
In addition to the Monte Carlo method, we have the
ablility to invoke the diffusion approximation for laser
transport, which is generally faster, but not as accurate
near the surface of the material and for complicated
geometries. For ultrashort pulses, we are adapting a
wave equation solver to calculate the laser propagation
and absorption.6 This is necessary because the absorption occurs via an evanescent wave extending into a
high-density plasma, which cannot be described in the
radiation transfer approximation.

Thermal Response
Absorption of the laser light primarily goes into raising
the tissue temperature according to its specific heat.
(For soft tissues this quantity is approximately that of
water.) Heat is then carried away from the laser deposition region by thermal conduction and other processes.
This is modeled with the well known “bio-heat” equation—essentially a diffusion equation with cooling and
heating terms due to blood perfusion and boundary
effects (see Refs. 7 and 8 for a basic discussion of the
bio-heat equation). The effects of blood perfusion are
UCRL-LR-105821-96-3
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important for relatively long pulses (>1 s), which are
used mainly for photothermal therapies. Heat
exchanges between blood and tissue occurs most effectively in the smallest vessels (the arterioles, venules, and
capillaries). In these vessels, the blood and tissue come
to the same temperature very rapidly. (In larger vessels,
there is little heat transfer between the blood and the
tissue due to the rapid flow rate and lower surface-tovolume ratio.) Because the small vessels are generally
short (≈1 mm or less) compared to other scales of interest, such as the laser spot size, the blood thermal effects
are assumed to be local. By further assuming that the
blood coming into the arterioles has a temperature
equal to the body core temperature (37°C), we represent the blood–tissue exchange as local heating and
cooling rates that are linear in temperature and that
drive the tissue towards body temperature. In the
models discussed below, we assume specific temperature and damage dependence to the blood perfusion,
representing increases due to vessel dilation at slightly
elevated temperatures and a decrease due to coagulation at long exposures to high temperature.

Material Response
The material response portion of the LATIS simulation includes calculation of the equation of state (EOS)
that specifies the internal energy and pressure of a
material as functions of the density and temperature.
We usually use steady-state, equilibrium models;
however, time-dependent models can be incorporated.
It is important to accurately describe phase changes in
the EOS, such as the liquid–vapor change in water. In
the primary implementation, the EOSs are generated
in the form of tables and placed in a simple library
format for easy access by LATIS. The tables are produced by the Livermore EOS generator HQEOS,9,10
which is a global model including solid, liquid, vapor,
and plasma states over a wide range of temperatures
and densities. Models for chemical processes, such as
protein denaturation and tissue coagulation, are
included. We have also implemented an “Arrhenius”
model, which describes such chemical processes by a
single temperature-dependent rate equation.11
Henceforth these processes are generically called
damage. The rate equation is integrated to give a
“damage integral”

∫

Ω = k dt ,

1(a)

where the damage rate is
k=

k bT
 ∆S ∆H 
−
exp 
.
h
 R RT 

1(b)

In these equations, kb, h, and R are the Boltzmann,
Planck, and gas constants, T is temperature, and ∆S
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and ∆H are the entropy and enthalpy of the reaction.
This formula applies formally only to ideal first-order
reactions. Although in reality the damage processes in
tissue are likely to be more complicated, we still use
Eq. (1) as a convenient fitting formula to experimental
data for such highly temperature-sensitive reactions.
The undamaged fraction of the tissue fu = exp(–Ω),
while the damaged fraction fd = 1 – fu. The damage integral is used to alter both the blood perfusion and the
scattering coefficient. Other chemical processes, such
as those responsible for tissue fusion in a welding
procedure or photochemical processes during photodynamic therapy can be modeled in a similar manner.
Another set of important material properties are the
strength and failure characteristics under mechanical
forces. We currently use simple prescriptions, such as a
stress-strain relation, but more sophisticated timedependent models are under development.

Hydrodynamic Response
The fourth category of physical process considered
by LATIS is the hydrodynamic response of the tissue.
These effects include acoustic waves, elastic and plastic
deformations, and large motions such as cavitation
and ablation. LATIS solves partial differential equations
describing mass and momentum conservation using
the Lagrangian method. In this method, the spatial
zones represent small mass elements. The mesh points
move in response to pressures generated in neighboring zones. The mass stays in each zone, moving with
the mesh. The hydro equations are solved by a finite
difference method and advanced in time via a second-order differencing scheme. The method is explicit,
so that a maximum time step is set by a numerical stability criterion (the “Courant limit”). Other criteria,
such as changes in the temperature and density, are also
used to set a maximum time step to ensure an accurate
and stable solution of the hydro equations.

Coupling
The four areas of interactions are all coupled together
allowing for nonlinear effects, such as alteration of the
optical and thermal properties by time-dependent
variations of temperature. This coupling is done
explicitly by the operator splitting method, in which
the time advance of each process is calculated using
the most recent data from the other processes. The
accuracy of this procedure is fixed with time-step
controls, ensuring a converged solution.

Applications of LATIS
To date, LATIS has been used to simulate both photothermal and photomechanical laser–tissue interactions.
Photochemical applications are planned for future
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work in the areas of cancer and arthritis treatment. In
the photothermal area, we have used LATIS to study
the effects of dynamic optical properties on laser
dosimetry12 (which we summarize below as a detailed
example of LATIS in action), welding of intravascular
patches,13,14 and the thermal environment for general
tissue welding.15 In the photomechanical area, we
have applied LATIS to study high-precision tissue
ablation with ultrashort pulses16 and laser thrombolysis for stroke therapy.17

Laser Dosimetry with Dynamic Optics
Many laser applications are based on raising the
temperature of a localized region of tissue for a certain
period of time to cause necrosis or other alterations,
such as tissue fusion. In these photothermal applications,
the local energy dose (energy/unit mass) delivered to
the tissue is a critical parameter.
Dynamic optics is defined as the alteration of tissue
optical properties by laser irradiation. The effects of
dynamic optics on the total dose to the tissue, the size of
the damaged region, and the reflected light pattern are
very important for photothermal applications of lasers,
such as tumor treatments.18 In this section, we illustrate
the application of LATIS to a problem in which the laser
scattering coefficient and the blood perfusion change due
to thermal damage. We focus on the size of the damage
region, and we study how dynamic optics effects vary
with the laser-irradiation and tissue parameters.
We chose characteristic, but “generic,” tissue properties to demonstrate the capabilities of LATIS and to
illustrate the physical effects involving dynamic optics.
The optical properties were those of dog myocardium

at a laser wavelength of 630 nm. The dynamic scattering
coefficient was a linear combination of an undamaged
and a damaged coefficient: µs = µufu + µdfd, where the
tissue fu and fd are calculated as described in the paragraph following Eq. (1). The scattering coefficients were
µu = 50 cm–1 and µd = 350 cm–1. The absorption coefficient was fixed at µa = 0.3 cm–1. Such parameters are
also typical of many other soft tissues in the 630–800-nm
range. Thermal properties (heat capacity and conductivity) were taken to be those of water, accurate to 30%
for most tissues.19 Damage rate coefficients were fit to
average data for whitening of several tissues: dog
prostate, dog heart, and rat and pig liver. The coefficients used in Eq. (1) were ∆S = 68.2 cal/deg/mole
and ∆H = 45.79 kcal/mole. With these coefficients, the
damage time scale (1/k) varies rapidly with temperature
from 100 s at 65°C to 0.5 s at 90°C. In the simulations,
the temperature was kept near 72.5°C, at which the
damage time scale was 20 s. We also included temperature and damage effects on the blood perfusion.20 The
temperature-dependent coefficient increased linearly by
a factor of four between 37°C and 42°C to model increased
perfusion due to vessel dilation. It was constant at
temperatures above 42°C. The damage-dependent
coefficient was an exponential cutoff of the perfusion with
the damage integral to account for vessel coagulation.
A standard case was defined with the following
parameters: laser pulse length 60 s, laser spot size (radius)
= 1 mm, scattering anisotropy factor = 0.9, and blood perfusion rate = 0.4 mL/g/min. The laser irradiation pattern
was assumed circular with a constant intensity distribution, and the tissue was assumed initially homogeneous.
The irradiation geometry and problem zoning are shown
in Fig. 3. Fine zones were placed near the laser spot,

Problem geometry
1.5

FIGURE 3.

(50-03-0796-1586pb01)
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such as achieving a maximum damage rate over a
specified volume without approaching temperatures
near 100°C at which tissue dehydration might occur.
We actively controlled the laser intensity by monitoring the average temperature in a 3 × 3 set of tissue
zones within the laser spot. We turned the laser off
when the temperature exceeded the desired maximum
and then turned it back on when the temperature
dropped below the desired minimum. We chose a
minimum of 70°C and maximum of 75°C. This technique enabled a very good control of the damage
progress and avoided adverse effects associated with
dehydration or vaporization as temperatures approached
100°C. Such a temperature-control technique has
recently been demonstrated experimentally using
infrared radiometry by several groups.21,22
Results for the distribution of absorbed laser energy
and the damage zone for a simulation of the standard
case are shown in Figs. 4(a) and 4(b). The absorbed
laser light reflects the time-average light distribution,
since the absorption coefficient is constant. Due to
heat diffusion, the temperature distribution (not
shown) extended further from the laser focal region
than the laser deposition. The size of the damage
zone, as indicated by the Ω = 1 contours of Fig. 4(b),
grew in time, due to both heat diffusion beyond the
energy deposition region and the increasing time for
accumulation of damage.
We now compare the damage zone (Ω ≥ 1) for the
standard case with dynamic optics to that with static
optics in Fig. 5. By static optics we mean a simulation
in which the scattering coefficient was kept fixed at its
undamaged value even though the tissue became damaged. It is clear that the inclusion of dynamic optics
reduces the size of the damage zone. To measure this
reduction, we defined a damage ratio as the depth of
the damage zone with dynamic optics relative to that
without dynamic optics:

0

z(Ω = 1) dynamic
z(Ω = 1) static

FIGURE 4.

D≡

where the highest resolution was desired, while courser
zones were used far from the laser deposition region. This
zoning technique increased the problem resolution while
maintaining a relatively small number of zones.
The laser intensity was controlled by a thermostat
function that keeps the surface temperature of the
directly irradiated region within a desired range. This
type of control is motivated by clinical considerations,

For the standard case, as shown in Fig. 5(a), we
found D = 0.67. For a larger spot size (r = 0.5 cm),
shown in Fig. 5(b), the effect of dynamic optics was
somewhat less than for the standard case—D = 0.77.
We performed a parametric study that quantified
the reduction in the damage zone caused by dynamic
optics. For each parameter variation, we performed
two simulations—one with dynamic optical coefficients and one with static coefficients. We then
formed the damage ratio as defined above. The
parameter variations and resultant damage ratios
are listed in Table 1.

The total absorbed energy density integrated over the
60-s pulse is shown in (a). The contour intervals are equal. Laser
and tissue conditions are for the standard case. This pattern reflects
the light distribution. The damage region (Ω = 1) is shown at various times during the pulse in (b). It grows due to heat diffusion and
time-accumulation of damage. (50-03-0796-1587pb01)
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TABLE 1. Parameter variations and corresponding damage ratios.

(a) Standard-spot (r = 0.1 cm) Ω = 1 contours
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0
Dynamic

–0.2
D = 0.67
–0.4
0.4

(b) Large-spot (r = 0.5 cm) Ω = 1 contours
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0.2

Static

0
Dynamic
–0.2
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0

FIGURE 5. The size of the damage regions is reduced by dynamic
optics, as shown for the standard case in (a) and for a case with a
large spot in (b). The effect of dynamic optics is greater for the standard spot than for the large spot. All curves are for the end of the
pulse (at 60 s). (50-03-0796-1588pb01)

Parameter variation

Damage ratio

Standard case
Short pulse (20 s)
Long pulse (180 s)
Small spot (0.01 cm)
Large spot (0.5 cm)
Isotropic scattering
No blood perfusion

0.67
0.76
0.63
0.39
0.77
0.67
0.66

deposition region, scaling approximately as µs–1. This
higher dependence on µs leads to the relatively larger
effect of dynamic optics for the smaller spots. The
variation with pulse length stems from the relationship
to the typical damage time scale. We controlled the
surface temperature to an average value of 72.5°C,
which gave a characteristic damage time scale of 20 s.
Thus pulses of about 20 s or less do not have enough
time to produce a large damage zone and therefore
show less difference between the dynamic optics and
the static optics cases as indicated in Table 1. We also
explored variations in the isotropy of scattering and
the blood perfusion rate. The isotropic scattering case
assumed smaller scattering coefficients, so that the
“reduced scattering coefficient” µs’ = µs(1 – g) was the
same as for the standard case with g = 0.9. This was
found to have very little effect on the simulation
results. The case with no blood perfusion showed 10%
larger damage depth in both dynamic and static cases,
but very little differential effect, as seen in Table 1.
In summary we see that dynamic optics reduces the
depth of damage by about 33% in most cases, with the
greatest sensitivity to the irradiation spot size and
pulse length. This study illustrates the importance of
including such nonlinear effects in designing protocols
for laser thermotherapies. Projects on thermotherapy
for benign prostate hyperplasia and laser–tissue
welding are currently in progress in which similar
modeling is being used to design experiments and to
compare directly with measured data.

Summary
The variation with spot size is the greatest. It can be
understood by comparing the spot size to the diffusive
optical penetration depth δ = [3µa(µs + µa)]–1/2 (see Ref. 1,
Chap. 6). For the undamaged tissue, δ = 0.46 cm; for
the damaged tissue, δ = 0.18 cm. For spot sizes larger
than δ (the case of 0.5 cm spot size), the deposition
region is properly given by δ, which scales as µs–1/2 for
µs >> µa as is the case. For small spot sizes, the laser
light scatters out of the beam, leading to smaller
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The LATIS computer program is being developed to
treat all of the important aspects of laser–tissue interaction including laser propagation, thermal effects,
material effects, and hydrodynamics, in a fully coupled
manner. In LATIS, we now have a powerful tool for
designing new medical devices and procedures
through computational simulation. LATIS is being
applied to areas of photothermal therapy, tissue welding, hard-tissue ablation, and thrombolysis.
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Introduction
The x-ray drive generated in a laser-driven hohlraum
ablates the high-Z wall material1–3 that can then fill the
hohlraum with a high-density plasma during the laser
pulse. This high-Z plasma absorbs the laser energy in
regions well removed from the original location of the
hohlraum wall. Because this plasma is high-Z, the
conversion from laser energy to x rays can occur in a
volume of the hohlraum that is not as well localized as
the original hohlraum wall location, and this in turn
can effect the drive symmetry in an unwanted way.4
To mitigate the problems associated with this high-Z
filling of the hohlraum, a low-Z material is introduced
to tamp the high-Z wall.5 This tamper is typically less
than one-tenth of the critical density nc for the laser
light used to illuminate the hohlraum. However, the
pressure associated with the tamper is sufficient to
keep the hohlraum wall material from moving significant
distances into the hohlraum interior, thus preventing
the laser deposition region from moving large distances
during the laser pulse.
In the experiments we discuss here, the tamper is
generated from a gas that is confined in the hohlraum.
These gas-filled hohlraums must be designed with
low-mass windows over the laser entrance holes (LEHs)
and diagnostic holes to confine the gas. Thin (3500-Å)
polyimide (C22H10N2O5) windows cover all of the
apertures to provide a gas-tight seal. The laser light
rapidly burns through the windows and gas, heating
and ionizing the low-Z material as it propagates to the
hohlraum wall. In the standard scale-1 Nova hohlraums,
this occurs in about 200 ps. We have studied the effect
of methane (CH4), propane (C3H8), and neopentane
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(C5H12) on the hohlraum performance. When fully
ionized, these gases at 1 atm generate plasmas with
0.025, 0.04, and 0.1 nc, respectively. As the hohlraum
wall moves inward, this low-Z plasma is compressed
and the density is slightly higher than the “atmospheric” densities.
The laser beam interacting with the low-density
plasma can generate parametric instabilities that can
scatter the laser light.6 If this scattered laser light leaves
the hohlraum, this reduces the energy available to produce the x-ray drive. This article presents the results
of hohlraum energetics measurements that are designed
to quantify the energy losses in gas-tamped hohlraums.
The hohlraum drive is characterized by a Planckian
distribution of x rays that defines the hohlraum temperature. We determine this hohlraum temperature by
measuring the radiation associated with the interior
hohlraum wall, which differs slightly from the actual
hohlraum temperature. In addition, we measure the
time-dependent losses associated with the stimulated
processes: stimulated Brillouin scattering (SBS) and
stimulated Raman scattering (SRS).6

Measurements of Hohlraum
Energy Balance
Hohlraum Temperature Measurements
The gas-tamped hohlraums (shown in Fig. 1) are
required to hold 1 atm of the desired tamping gas
(CH4, C3H8, or C5H12). This conventional scale-1 Nova
hohlraum (2700 µm long and 1600 µm diam) has 75%
LEHs (1200 µm diam) and a nominal 500-µm-diam
Dante hole, which is lined with Be to reduce the closure
of this aperture during the drive pulse. The Dante
hole is positioned 20° down from horizontal in the
hohlraum’s midplane. All of the apertures are covered

UCRL-LR-105821-96-3

THE ENERGETICS OF GAS-FILLED HOHLRAUMS
(a) Empty hohlraum
2.5

Incident laser
power

Power (W)

2.0

Absorbed laser
power

1.5

1.0

0.5

SBS

Dante hole

SRS

0

with a 3500-Å-thick polyimide membrane to provide a
gas-tight seal. The gas enters the side of the hohlraum
through two stainless-steel tubes (260 µm o.d. and
80-µm wall thickness). The total area occupied by
these tubes is insignificant to the total interior area of
the hohlraum.
Nova drives the hohlraum with five beams on each
end, and the laser pulse is shaped in time with a foot
and a peak. Figure 2 shows examples of the incident
laser pulse shape, illustrating the laser power as a
function of time and the SBS and SRS time histories,
for an empty and a C5H12-filled hohlraum.† The laser
beams are aimed at the center of the LEHs and defocused 1000 µm to give a laser spot size of 400 × 600 µm
at the hohlraum wall. The spatially averaged laser
intensity at the hohlraum wall (without subtracting the
SBS and SRS losses) is then ~3 × 1014 W/cm2 in the
foot and rises to ~1015 W/cm2 in the peak of the pulse.
The hohlraum temperature is measured with Dante,7
which is an absolutely calibrated 10-channel, timeresolved soft-x-ray spectrometer. This diagnostic is
located on the target chamber wall and views the
hohlraum midplane along a line-of-sight 72° from vertical. The Dante views a section of the hohlraum wall that
is not illuminated by the laser beams.

†The

absorbed laser power is the difference between the incident and
scattered laser power.

UCRL-LR-105821-96-3

(b) C5H12-filled hohlraum

Incident laser
power

2.0

Power (W)

FIGURE 1. Schematic of a gas-filled hohlraum, showing five laser
beams entering from each end. The fill gas is admitted through
small tubes in the top of the hohlraum. The hohlraum temperature
is monitored with an absolutely calibrated time-dependent soft x-ray
spectrometer (Dante) that monitors the x-ray emission from the
hohlraum wall through a small aperture. All of the apertures are
covered with a 3500-Å polyimide membrane to provide a gas-tight
seal. (08-00-0596-1242pb01)
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FIGURE 2. Measured incident laser pulse and the measured SRS
and SBS for (a) an empty hohlraum and (b) a C5H12-filled hohlraum.
The absorbed laser power is the difference between the incident
power and the backscattered optical signal. (20-05-0796-1549pb01)

Dante measures the hohlraum wall temperature,
which differs from the actual hohlraum temperature
by a factor of the albedo (x-ray re-emission coefficient)
to the 0.25 power. This corresponds to about a 5% correction to the hohlraum temperature, or ~10 eV at the
peak of the drive. All of the measurements shown here
correspond to the Dante (or wall) temperature.
Figure 3 shows the Dante measurements for various
gas-filled hohlraums (the temperature histories for
empty hohlraums with no windows; empty hohlraums
with windows on the LEHs but no gas fill; and
hohlraums filled with CH4, C3H8, or C5H12). Each
curve corresponds to two or three measurements with
the same configuration (windows and/or gas fill), and
the error bars correspond to the minimum and maximum measurement at each configuration. These data
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FIGURE 3. Hohlraum wall temperature as a function of time for
empty hohlraums (with and without windows) and hohlraums with
different gas fills (CH4, C3H8, and C5H12). (20-05-0796-1548pb01)

show the drive to be quite reproducible. As expected,
the addition of the gas causes an overall drop in the
hohlraum temperature. However, the magnitude of
the temperature drop cannot be attributed solely to the
heat capacity of the gas and window material.
Two features are immediately apparent. First, the
foot of the x-ray drive is significantly degraded in the
hohlraum with windows only and the gas-filled
hohlraum. This is due to the laser energy expended
burning through the windows and then propagating
through the gas. The small peak at the beginning of
the laser pulse has completely disappeared, and the
foot of the x-ray drive pulse rises more slowly. Second,
the peak temperature decreases as the plasma density
increases. Only a small part of this temperature decrease
is attributable to the heat capacity of the gas; the major
reduction in hohlraum drive can be attributed to
backscattering (SRS and SBS) in the gas (discussed in
the following section). Another interesting observation
is the drop in temperature when the hohlraum has
windows only and no gas. As can be seen from the
data, the largest single temperature drop occurs when
windows are added to the hohlraum.

Backscattered Energy Measurements
Nova’s beamline 7 (BL7) is equipped with diagnostics8 to monitor the laser energy that is reflected from
the hohlraum via SBS and SRS. The diagnostics include
calorimeters to monitor the total backscattered optical
light energy (via each of the two processes) and streaked
spectrometers to give the time-dependent optical spectra
associated with each of the scattering mechanisms.
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The full aperture backscatter station (FABS) measures
the radiation reflected back into the f/4.3 lens while
the near beam imager (NBI)9 monitors the optical light
scattered at angles up to 20°. The temporal evolution
of the backscattered radiation is inferred from normalizing the frequency- and time-integrated spectrum to
the total backscattered energy.
Figure 4 shows the total reflected energy for the
various gases and for the empty and windows-only
hohlraums. In the empty hohlraum, most of the
energy is reflected via SBS (6%) while an additional 3%
is lost via SRS. When gas is introduced, the SRS becomes
the dominant backscatter mechanism. The SRS level
increases with the electron density ne. While the
time-integrated fraction of energy that is backscattered
via stimulated processes can reach significant levels
(~25% SRS + SBS in the C5H12-filled hohlraums), the
time-dependent backscatter shows that during the laser
pulse, the levels of backscatter can be even higher (see
Fig. 2). Most of the scattered energy is associated with
the main peak of the laser pulse, which starts about 1 ns
into the pulse. This corresponds to the time at which
the SRS and SBS gains are the largest due to the higher
laser intensities (in the latter part of the pulse).
The laser beams used in these experiments are the
standard, unsmoothed Nova laser beams. These beams
include hot spots that can achieve intensities in excess
of the average intensities quoted above. These higher
intensities can exacerbate the growth of instabilities. To
mitigate the problem of energy lost through backscattering, we intend to smooth the laser beams with random

30
Average total
Fraction backscattered energy (%)

Gas-filled hohlraum drive summary

0.22

25
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15

Average SBS
Average SRS
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Windows
only

CH4

C3H8

C5H12

FIGURE 4. Fraction of backscattered laser energy (SRS, SBS, and
their sum) for various hohlraum configurations (empty or windows
only) and from hohlraums with various gas fills (CH4, C3H8, and
C5H12). (20-05-0796-1551pb01)
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phase plates (RPPs) or kinoform phase plates (KPPs).8
Figure 5 shows the effect of beam smoothing on the
backscattered laser signal. We show the total backscatter levels for CH4- and C3H8-filled hohlraums, using
the standard Nova beam and a beam (BL7) smoothed
with either a RPP or a KPP. The backscattered signal
from the smoothed beam is a factor of 4 to 6 less than
that for the unsmoothed beam.

SBS plus SRS backscatter (%)

25

20

CH4

15

10
C3H8
5

0

Unsmoothed
beam

RPP

KPP

FIGURE 5.

Fraction of backscatter laser energy (SRS plus SBS) in CH4
or C3H8 gas corresponding to an unsmoothed laser beam and a laser
beam smoothed with a random phase plate (RPP) or a kinoform
phase plate (KPP). (20-05-0796-1550pb01)

An anomaly in these data is the energetics of the
hohlraum with windows only. Note that the total
backscatter fraction is slightly less than that for the
standard, empty hohlraum. However, the temperature
drop shown in Fig. 3 indicates a significant difference in
absorbed energy. Comparing the integral over time of
the radiated power ( Tr4 ) shows a difference of approximately 30% in total radiated energy while the
backscatter energy shows virtually no difference.
Looking again at Fig. 3, we see that the largest single
energy difference is associated with attaching the windows to the hohlraum. We can speculate that the
hohlraum is somehow contaminated in the process of
installing the windows and that this contamination
carries over to the remainder of the hohlraums with
gas. On another series of measurements (less complete and with a slightly different temporal profile to
the laser pulse), we saw a much smaller temperature
drop associated with the hohlraum with windows
only and no gas fill. There was no corresponding
change in the relative levels of SRS and SBS. The
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contamination, if it is the problem, then, is associated
with the fabrication technique and can vary from one
set of hohlraums to another.

Modeling the Hohlraum Energetics
We use LASNEX10 to simulate the time-dependent
drive in the gas-tamped hohlraums. This code does
not calculate the SBS and SRS losses; these losses are
incorporated by using the net absorbed laser energy
(i.e., measured incident minus SRS and SBS losses) in
the calculation. We find that the code does not quite
predict the level of temperature reduction that is
observed in the experiment. The observed temperature drop in the CH4-filled hohlraum is 20 eV, while
the calculated temperature drop is 12 to 17 eV. This
corresponds to a measured reduction in flux of 32%
and a calculated reduction in flux of 21 to 28%.
Similarly for C3H8, the measured reduction in temperature (flux) is 26 eV (40%), while the calculated drop in
temperature (flux) is 18 to 21 eV (30 to 34%). This
range in calculated temperature drop arises from a difference in calculated vs measured temperature as a
function of time. The calculated temperature reaches a
peak later in time. Simply comparing the peak calculated vs peak measured temperature results in a
smaller difference. Looking at the calculated temperature at the time the measured temperature reaches a
peak results in the larger difference.
In the modeling, there are two reasons for the reduction in drive in the gas-filled hohlraums. First, the
radiation production is reduced because of the tamper.
In the untamped hohlraum, the axial stagnation of the
high-Z plasma is itself a source of radiation production.
In the simulation, this reduced radiation production
results in a temperature drop of 4 to 6 eV. Second, the
drive is reduced due to decreased laser absorption
(SRS and SBS). As mentioned, this part of the physics
is added through the measured input power minus the
measured SRS and SBS. In the simulation, this results
in a 10- to 15-eV temperature drop.

Summary
We measured the time-dependent drive in gastamped hohlraums and compared the measurements
with simulations. The addition of the gas tamper can
result in as much as a 25-eV reduction in peak drive
temperature. The overall drop in flux is as much as
40%, which is about 15% more than predicted by
LASNEX simulations. Future experiments will use
smoothed laser beams that will significantly reduce the
levels of backscatter losses. Since these losses are not
calculated by LASNEX, the new measurements will
lend themselves to more accurate simulation.
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FUSION REACTION-RATE MEASUREMENTS—
NOVA AND NIF
R. A. Lerche
M. D. Cable

Introduction
Thermonuclear fusion can occur when laser energy
compresses and heats a spherical capsule filled with
deuterium (DD) or a deuterium–tritium (DT) mixture. A
goal of the Inertial Confinement Fusion (ICF) Program is
to achieve a compression of 1000 times liquid density at
a temperature of ~10 keV for a plasma confined for
~100 ps.1 During confinement, fuel atoms undergo fusion
and release energy in the form of energetic charged particles, neutrons, and photons. We want to measure the
fusion reaction rate as a function of time relative to the
incident laser radiation because it is valuable information for researchers studying laser–target interactions.
These measurements characterize the coupling of the
drive energy to the target, the hydrodynamics of the capsule implosion, and the plasma conditions during peak
emission. The fusion reaction rate, often referred to as
“burn rate” or “burn history,” is a sensitive indicator of
our ability to accurately model energy transport between
the laser and target.
The burn history for a target can be measured by
monitoring the production rate of the fusion reaction
products. At Nova, most measurements are made by
recording the arrival time of 14-MeV neutrons produced
in T(d,n)4He fusion reactions using a fast (30-ps resolution) detector several centimeters from the target.2 Since
fusion products are nearly monoenergetic and the target’s
emission region is submillimeter in size, the recorded
signal is the target burn history with a time-of-flight
delay dependent on the target-to-detector distance.
At the future National Ignition Facility (NIF), it is
unlikely that the target burn history can be measured
with the direct neutron technique used at Nova. This is
because the thermal motion of the reacting plasma ions
causes a broadening of the neutron energy spectrum,
which in turn causes a temporal spread in neutron flight
time to a detector. The time spread increases with targetto-detector distance. At NIF, there will be an exclusion
zone around the target to minimize damage to blast
shields and optics caused by ablated material. At
UCRL-LR-105821-96-3

anticipated detector distances of 1 to 5 m, the resulting
spread in the neutron arrival times will mask burnhistory information. Gamma rays, however, are virtually
unaffected by plasma temperature and have negligible
temporal dispersion at a distant detector. For these reasons, we are investigating techniques that use fusion
gamma rays to measure burn history.
This article begins with a review of detector system
characteristics required for making reaction-rate
measurements. A description of the neutron-based measurement system implemented at Nova is followed with
examples of reaction-rate measurements made for a variety of Nova targets. Finally, we discuss the challenge of
measuring burn history at NIF and summarize current
experiments associated with developing a gamma-raybased technique to measure burn history.

Measurement Concept
One method for measuring the fusion reaction rate
of an ICF target is to monitor the production rate of a
fusion reaction product. Reactions available for DD- and
DT-filled targets are

(0.82 MeV) + n (2.54 MeV)

D+D→

3 He

D+D→

4T

D+T→

4 He

D+T→

5 He + γ

(1.01 MeV) + p (3.02 MeV)
(3.56 MeV) + n (14.03 MeV)
(16.7 MeV)

,

where the particle energy is indicated in parentheses.
The spectrum for each fusion product is nearly
monoenergetic. The charged particles are slowed by
Coulomb interactions with plasma ions and electrons
before leaving the target. Most neutrons and gamma
rays, however, escape from the target without collision.
Since the reaction region is submillimeter in size, both
neutron and gamma-ray temporal distributions at
points outside the target preserve burn history. For this
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reason, burn history may be measured with either a
fast neutron or gamma-ray detector placed some distance away from the target. Since confinement times
can be <100 ps, detectors with time resolutions of ~20 ps
are desirable.
Temporal resolution for a neutron-based measurement
is limited by the plasma ion temperature, the target-todetector distance, and the detector thickness. Thermal
motion of the reacting plasma ions causes a broadening
of the neutron energy spectrum.3 For neutrons leaving
a target at the same instant, the energy spread causes a
time spread in their arrival at a detector. The time spread
∆te, which is proportional to distance, is given by
∆te = 1.22 T × d for DT neutrons and ∆te = 7.88 T × d
for DD neutrons, where ∆te is in ps, ion temperature T
is in keV, and target-to-detector distance d is in cm. The
detector must be placed close to the target to keep the
time spread small. For example, to keep ∆te below 20 ps
for a 1-keV plasma requires d <16.4 cm for DT neutrons
and <2.6 cm for DD neutrons.
A neutron detector must also be thin to achieve 20-ps
response. In a detector, there is an uncertainty about
the exact point of neutron interaction, and a corresponding uncertainty in the instant of the interaction.
The uncertainty ∆tx is proportional to the detector
thickness ∆x and is given by ∆tx = ∆x / vn , where vn is
the speed of the neutron. Thus, to achieve a 20-ps
response requires ∆x <1 mm for DT neutrons and
<0.4 mm for DD neutrons.
The less restrictive requirements of DT neutrons
on target-to-detector distance and detector thickness
are advantages for selecting DT fuel over DD fuel for
making burn-history measurements. Furthermore,
the larger fusion cross section for DT reactions
results in a neutron yield nearly 100 times greater
than for a hydrodynamically equivalent DD-filled
target, an important consideration when working
with low-yield targets. The 16.7-MeV fusion gamma
rays were never seriously considered for Nova reaction-rate measurements because of the low branching
ratio (5 × 10–5) for the reaction.4,5 There simply were
not enough gamma rays to make burn-history measurements at Nova.

FIGURE 1. Detector nose cone
configuration. Scintillator must
be thin and close to the target to
control temporal dispersion.
(08-00-0896-1852pb01)

30-ps Neutron Detector
A critical step in our effort to record reaction rates with
30-ps resolution was the development of a sensitive,
high-speed neutron detector. RIC (radiation-induced
conductivity) detectors,6 the fastest available before we
developed a streak-camera-based instrument, were not
sensitive and fast enough. Coupled to a 7-GHz transient
recorder, RIC detectors had an impulse response of 125 ps
full-width half-maximum (FWHM) and required yields of
>5 × 1010 DT neutrons for a reaction-rate measurement.
Our detector is based on the fast rise time of a commercially available plastic scintillator. A thin piece of BC-4227
converts neutron kinetic energy into light. As neutrons
pass through the scintillator, some of them have elastic
collisions with hydrogen nuclei. The recoil protons
quickly transfer their kinetic energy to luminescent sites in
the scintillator. For BC-422 the light output has a rise time
<20 ps and a decay time of ~1.2 ns. The temporal distribution of the emitted light is the convolution of the neutron
temporal distribution with the scintillator response. Burnhistory information is encoded in the leading edge of the
light pulse. A fast optical streak camera (<15 ps FWHM)
records the signal.
The detector is the result of three technology advances.
First we developed a detector concept based on the fast
rise time of a plastic scintillator. At that time, the fastest
plastic scintillators had nanosecond decay times and were
believed to have rise times >100 ps, hardly fast enough for
30-ps measurements. Second, an experimental search for a
fast-rise-time scintillator using a pulsed electron beam at
the LLNL linac identified NE-111 (BC-422) as a potential
candidate.8 Later experiments at Nova with short bursts
of x rays generated by irradiating gold disk targets with
20-ps-wide laser pulses demonstrated the scintillator rise
time to be <20 ps.9 Third, we discovered that our streak
camera could be operated with a wide input slit without
losing temporal resolution.10 Wide slit operation allowed
us a tenfold increase in system sensitivity by using a 1-mmwide slit rather than the more typical 100-µm-wide slit
used with other streak cameras.
Figure 1 shows the scintillator configuration. A 6-mmdiam, 1-mm-thick piece of BC-422 is housed in a Hevimet

Pb glass
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Neutrons
X-ray shield
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Al mirror
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(90% tungsten) nose cone. The front of the nose cone,
which is 3 mm thick, shields the scintillator from target
x rays, scattered laser light, and target debris. A thin Al
layer deposited on one surface of the scintillator acts as a
mirror to double the light output directed towards the
streak camera. A piece of Pb glass shields the back side of
the scintillator from scattered x rays.
The detector system, which is called the NTD (for
neutron timing diagnostic), features a nose cone assembly that can be positioned between 2 and 50 cm from
the target. An achromatic f/2 zoom lens relays the
scintillator image along a 4-m optical path to the S-20
photocathode of the streak camera located outside the
vacuum chamber. Lens coupling produces minimal
temporal dispersion. In contrast, using 4 m of gradedindex optical fibers would produce ~80 ps of dispersion
for the 350- to 450-nm scintillator light. Baffling and a
light shield prevent scattered laser light from entering
the lens system. Scintillator light passes through a
glass window at the vacuum chamber wall. Components
inside the chamber can operate at either vacuum or
atmospheric pressure. The streak camera image is
recorded with a charge-coupled device (CCD) camera.
The relatively long distance between target and streak
camera is an advantage of this configuration. Background
caused by target x rays and neutrons interacting with
the streak camera and the CCD decreases inversely
with the square of the distance from the target.
Besides recording a neutron-induced signal, the streak
camera also records an optical fiducial signal to provide an absolute time base. The Nova facility generates
a 100-ps, 0.53-µm, optical timing pulse that is split and
distributed to various diagnostic instruments via optical fibers. We insert a 527-ps etalon into its path to form
a series of evenly spaced pulses. The first pulse provides
an absolute timing reference required to temporally
relate the neutron signal to the laser power recorded
with other streak cameras with ±10-ps precision.11 The
pulse train provides a calibration check for the streak
camera time base. The optical fiducial amplitude, timing, and pulse shape are easily controlled because they
are independent of target type, incident laser energy,
and target-to-detector distance. This is not the case
when target-generated x rays are used as the fiducial.
Excellent data have been recorded with the NTD.
Figure 2(a) shows an image recorded with the scintillator 2 cm from a low-yield target producing 6.7 × 108
DT neutrons. Figure 2(b) shows image exposure versus
time averaged across the spatial extent of the neutron
signal. Streak camera flat-field and time-base corrections
are included in the signal processing. Information
about the target burn history is encoded in the leading
edge of the pulse.
We obtain the shape of the neutron temporal distribution by deconvolving the effect of the scintillator
decay rate from the recorded neutron signal. The result,
which is approximately the derivative of the recorded
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FIGURE 2. Neutron signal. (a) Streak camera image for a target producing 6.7 × 108 DT neutrons. (b) Average neutron signal intensity vs
time. Burn history is encoded in the leading edge of the pulse. Pulse
tail shows the characteristic decay of the scintillator. The complete
burn history for this data is shown in Fig. 3(b). (08-00-0896-1853pb01)

signal, actually represents the convolution of the target
burn history with the streak camera response and the
derivative of the scintillator rise time. Since the rise
time and camera response are both <20 ps, the deconvolved signals are a good representation of the fusion
reaction rate. The quality of each deconvolution is
checked by comparing the recorded signal with the
convolution of the burn history and the exponential
decay of the scintillator.

Nova Reaction-Rate Measurements
Reaction-rate measurements with 30-ps resolution
have been made for a variety of Nova targets whose
DT yields ranged from 108 to 3.6 × 1013 neutrons.
Measurements have also been made for targets with DD
neutron yields between 109 and 1011, but with temporal
resolutions of ~50 ps. In this section, examples of burn
histories for several different target types are presented.
The intent of this section is to demonstrate the variety in
burn-history signatures, and not to present a detailed
examination of the performance of any particular target.
Direct-drive glass-microballoon targets are used for
instrument development and calibration at Nova. Burn
history is affected by target diameter, fill pressure, and
wall thickness along with laser power and beam focusing. Diameters for microballoon targets range from 360 to
1500 µm, fill pressures from 10 to 100 atm, and wall
thicknesses from 2 to 8 µm. High-yield targets (>1012 DT
neutrons) typically have diameters >900 µm and are irradiated with temporally flat laser pulses 1 or 1.5 ns long.
These targets typically have a burn duration between
175 and 250 ps (FWHM) and an emission time between
700 and 1500 ps after the leading edge of the laser pulse.
117

FUSION REACTION-RATE MEASUREMENTS—NOVA AND NIF
(a) DD neutron yield = 7.9 × 108
8

3
270 ps
FWHM

6

7

110 ps
FWHM

1

2
0

500

1000

2000

1500

0

(c) DT neutron yield = 1.2 × 1012

0

500

1000

1500

2000

(d) DT neutron yield = 2.6 × 1012
12

6

10

5

8

4
3

180 ps
FWHM

4

1

2
400

800
t (ps)

A small (360-µm) microballoon can have a burn duration
as short as ~100 ps and an emission time as early as 500 ps
after the leading edge of the laser pulse. Reaction history
for microballoons is usually smooth but often shows an
asymmetry of either a slow rise time or a slow fall time.
Generally, larger, higher-pressure targets tend to burn later.
In July 1995, burn-history measurements provided the
information needed to increase Nova’s maximum yield
from 2.1 × 1013 to 3.6 × 1013 neutrons. It was observed
that neutron emission for large diameter (>1300 µm),
thin-walled targets irradiated with 1-ns square pulses
was occurring around 1400 ps, well after the laser pulse
turned off. By changing to a 1.5-ns pulse with the same
power, yield was immediately increased nearly twofold.
Figure 3 shows the burn history for several microballoon
targets along with the power history of the laser drive.
Our program has devoted significant effort to developing, designing, characterizing, and understanding
indirect-drive targets. Fuel capsules for these targets are
typically smaller diameter (360 µm) than direct-drive capsules, and are compressed to a higher convergence ratio
at a lower temperature. Most indirect-drive capsules use
deuterium fuel in a plastic capsule and produce yields
between 107 and a few 109 DD neutrons. Reasonable
burn-history measurements can only be made when DD
yields are above 109, and signal quality for these lowyield targets depends very strongly on the background
signal induced by x-ray emission from the target.
Capsules in indirect-drive targets filled with DT fuel produce yields from 109 to over 1011. Burn duration for these
targets range from 50 to 125 ps. Two examples are shown
in Fig. 4. Figure 4(a) is for a high-convergence implosion of
a DT-filled glass capsule (from the HEP1 series of
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FIGURE 3. Reaction rates for
four glass microballoon targets
irradiated directly with 0.351-µm
light. The black curves represent the reaction-rate history;
the gray curves show the shape
of the laser-power history. The
target diameter/wall thickness,
fill pressure, and incident laser
energy for each experiment are
(a) 360 µm/6 µm, 25 atm DD
fuel, 15 kJ; (b) 360 µm/6 µm,
25 atm DT fuel, 20 kJ; (c) 800 µm/
3 µm, 50 atm DT fuel, 11 kJ; and
(d) 1000 µm/3 µm, 50 atm DT
fuel, 22 kJ. (08-00-0896-1854pb01)
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FIGURE 4.

Reaction rates for two indirectly driven targets irradiated
with 0.351-µm light. The black curves represent the reaction-rate history, the gray curves show the shape of the laser-power history. The
type of target and its inner/outer diameters, fill pressure, and incident
laser energy for each experiment are (a) glass capsule with CH layer,
180 µm/240 µm, 100 atm DT fuel, 25 kJ, and (b) plastic ball with CH layer,
430 µm/520 µm, 50 atm DD fuel, 27 kJ. (08-00-0896-1855pb02)
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experiments)12,13; Fig. 4(b) is for an implosion of a DDfilled, Br-doped plastic capsule (from the HEP4 series of
experiments)14. The reaction rate for the HEP4 capsule
approaches the 50-ps resolution limit for DD neutrons in
a 1-mm-thick detector.
Figure 5 shows the burn history for a special target
used to resolve a “bang time” calibration issue with
another detector used at Nova. The burn-history
details differ significantly from the previous examples.
The most important target characteristic is the very short
time delay between laser irradiation and the start of

0
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08-00-0896-1857pb01
ICF Quarterly 96/3
FIGURE 6. Reaction rates for three target types: a “bare” glass
microballoon, a CH-foam-coated target, and a solid-CH-covered
target. Laser power was delivered at a wavelength of 0.527-µm in
1.5-ns flat-topped pulses. Laser irradiation ends ~1.5 ns before
fusion begins. The time base is relative to the beginning of the 1.5-ns
wide laser pulse. The ”bare“ and ”solid CH“ curves have been
scaled by factors of three and ten, respectively. (08-00-0896-1857pb01)

FIGURE 5.

Reaction rate for a polystyrene target with a 400-µm-diam
hole. There is almost no delay between laser irradiation and the start
of neutron emission. (08-00-0896-1856pb01)

neutron emission. Targets were 1-mm-by-2-mm, 320-µmthick pieces of deuterated polystyrene (C8D8), each
with a 400-µm hole drilled through it. Tritium was
added to the targets by placing them in a tritium gas
where tritium atoms replaced deuterium atoms.
Targets were irradiated with 2.7 kJ of 0.351-µm laser
light delivered in simultaneous 90-ps pulses from each
of the ten Nova laser beams. Beams were set at best
focus halfway down the inner wall of the hole and
evenly spaced at five points around the circumference,
one beam from each side of the target focused to each
point. DT yields of 5 × 109 neutrons were high enough
to produce good burn-history measurements. Lowlevel neutron emission was observed when the laser
pulse reached 50% of its peak power. Significant neutron emission began 70 ps later and lasted ~300 ps. The
other detector showed neutron emission starting ~250 ps
earlier, before the start of the laser pulse.
A serious concern for direct-drive ICF implosions is
the early time “imprint” of laser-beam nonuniformity
that can seed Rayleigh–Taylor instability growth. Los
Alamos National Laboratory personnel recently conducted Nova experiments in their investigation of foam
buffering as a way to reduce the effect of imprinting.15
Figure 6 shows burn histories recorded for the three
different target configurations irradiated in this study:
UCRL-LR-105821-96-3

• A 1300-µm-diam, “bare” glass microballoon with a
4-µm-thick wall filled with 20 atm of DT fuel.
• Targets coated with a 200-µm-thick layer of 45-mg/cm3
polystyrene (CH) foam.
• Targets covered with a 10-µm-thick layer of solid
density CH.
Foam-coated targets were irradiated with 0.527-µm
light at full Nova energy (34 kJ) delivered in a 1-ns
flat-topped pulse. The bare microballoon and solidCH-covered targets were irradiated at reduced energies
of 9 kJ and 21 kJ, respectively, to better match implosion
parameters with the foam-coated targets irradiated at
34 kJ. The bare microballoon had a single burn peak
290 ps FWHM. The peak is significantly delayed (~1.5 ns)
from the peaks of bare microballoons irradiated under
standard conditions. This delay is due to the large target
diameter and low drive energy. Both the foam and
solid-CH-covered targets show a narrow first peak followed by a broader second peak. Calculations suggest
the first peak is caused by heating and compression of
the first shock reaching target center and the second peak
is from DT burn at the time of peak shell compression.

NIF Reaction-Rate Measurements
At the future NIF, fusion reaction rates cannot be
measured with 30-ps resolution using the direct neutronbased technique employed at Nova. The target-to-detector
spacing required by the NIF exclusion zone will cause
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an excessive spreading in the neutron arrival times at
the detector. Consider a very conservative example of
a detector 1 m from a 4-keV plasma. The detector will
see a temperature induced time spread of ~240 ps for
DT neutrons. Since the plasma temperature and distance will likely be larger than these nominal values,
this 240-ps time spread is a lower limit for neutronbased measurements at NIF. It is for this reason that we
are investigating the use of gamma rays for making
burn-history measurements.16,17
The increased neutron and gamma-ray yields
expected for NIF targets should make a gamma-raybased burn-history measurement possible. Measurements
with gamma-rays are attractive because the gamma
rays are virtually unaffected by the plasma temperature,
have a large interaction cross section in many materials,
and have no time dispersion at a distant detector. There
are two possible sources of useful gamma rays in ICF
experiments. The T(d,γ )5He fusion reaction produces
gamma rays with energies up to 16.7 MeV. The major
disadvantage of this reaction is its low branching ratio
of 5 × 10–5. Another possible source of gamma rays is a
small converter placed near the target, possibly built as
a part of the target, that would convert neutrons to
gamma rays through (n,γ) reactions. In this section,
one detector concept and the first experimental observation of fusion gamma rays in an ICF experiment are
described.16 Much work remains to develop the sensitive, high-speed gamma-ray detector needed for NIF
burn-history measurements.

light. An optical system collects the Cerenkov light
and relays it to a fast optical detector for recording.
Detector design will focus on providing an instrument
with good time resolution (∆ t < 30 ps) and sensitivity.
The choice of low-Z or high-Z material for the first-stage
gamma-ray converter determines whether the primary
interaction is Compton scattering or pair production.
For 16.7-MeV gamma rays, the interaction cross section
for high-Z materials is ~100 times greater than it is for
low-Z materials. Electron range, however, is much
greater in low-Z materials. We estimate that about 15%
of 16.7-MeV gamma rays incident on a high-Z converter
several millimeters thick will produce electron-positron
pairs that enter an adjacent Cerenkov converter.
The second converter stage determines the characteristics of the Cerenkov light. The threshold energy
for production of Cerenkov radiation, the cone angle
for its emission, and the number of photons emitted
per centimeter of track length all depend on the index
of refraction n of the converter material. Cerenkov
light is produced in a material only when the speed of
a charged particle exceeds the speed of light in that
media. Thus, Cerenkov light is produced only when a
particle’s velocity relative to that of light in a vacuum
β and n are such that nβ > 1. Cerenkov radiation is
emitted into a cone whose half angle θ relative to the
direction of charged particle motion is given by
cosθ = (1/nβ). The photon production rate in the visible spectrum (400 to 700 nm) is given by
dN
= 490
dx

Gamma-Ray Detector Concept
Figure 7 shows one concept for a gamma-ray-based
burn-history measurement. Burning fuel isotropically
emits fusion gamma rays, which travel radially outward from the compressed core of an ICF target. Some
of the gamma rays interact with a two-stage converter
to produce Cerenkov light. In the first converter stage,
gamma rays produce forward-directed, relativistic
electrons and positrons by Compton scattering and
pair production. The charged particles move into a second converter stage, where they produce Cerenkov


1 
 1 − 2 2  photons/cm .
n β 


In Ref. 17, the secondary converter also forms part of
the collection optics.

First Observation of Fusion
Gamma Rays
We have conducted a set of direct-drive target
experiments at Nova to assess our ability to detect
fusion gamma rays. Yields from nominally 1-mm-diam
DT-filled microballoons irradiated with 1-ns square
–
e -to-light converter

FIGURE 7.

Cerenkov detector
concept. A high-Z material
converts target gamma rays to
relativistic electrons and positrons
that pass into a second converter
stage. Since the charged particles
are traveling faster than the speed
of light in the second converter,
Cerenkov light is produced.

Target
Gamma rays

Cerenkov
light to
fast detector

e–

Gamma-to-e– converter

(08-00-0896-1858pb01)
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signal amplitudes are normalized, temporally aligned,
and overlaid. This allows us to easily observe the evolution of a small pulse to the left of the neutron peak.
Its time relative to the neutron pulse changes with target-to-aerogel distance in a manner consistent with
fusion gamma rays. Because the optic moves with the
aerogel, a 1-cm increase in target-to-aerogel distance
produces a 162-ps increase in the time separation
between gamma-ray- and neutron-induced signals.
The streak camera simultaneously recorded a fiducial signal along with the aerogel signal. This allows us
to determine the time of a gamma-ray signal relative to
the laser power incident on a target. The time of the
gamma-ray signal corresponds to the neutron emission
time that we measure with a separate bang-time detector. For these targets, the nominal neutron emission
time is at ~1 ns.
An additional experiment was performed with an
aluminum nose cone replacing the Hevimet nose cone.
In this configuration, the pair production cross section
for 16.7-MeV gamma rays is reduced by a factor of 25 and
the primary interaction mechanism changes to Compton
scattering. The result (see Figure 9) is consistent with

1.0
Amplitude (normalized)

pulses ranged from 1012 to 2 × 1013 neutrons. For these
experiments, we adapted equipment normally used for
our neutron burn-history measurements. The Hevimet
(90% tungsten) nose cone (Fig. 1) acted as the first converter stage in which gamma rays interact primarily by
pair production to produce electron-positron pairs. A
0.241-g/cm3 silica aerogel filled the interior of the nose
cone replacing the 1-mm-thick plastic scintillator and
Pb glass. The aerogel acted as the second converter
stage, converting relativistic electron energy into
Cerenkov light. The aerogel, with n = 1.06, requires an
electron energy >1.03 MeV to produce Cerenkov light.
In our experiments, the high threshold level makes the
detector relatively insensitive to target x rays and
gamma rays from (n,γ) reactions near the target. A
shallow cone angle of 19° allows some of the Cerenkov
light to be collected by the f/2 optic and relayed to the
streak camera. We estimate photon production at the
rate of 53 photons per centimeter of track length. No
modifications were made to the NTD optics to optimize collection of the Cerenkov light. Indeed, the
optics, which were designed to pass scintillator light
between 350 and 450 nm, have very poor transmission
for Cerenkov light below 350 nm.
We observed weak gamma-ray signals in a set of
target experiments with target-to-aerogel distances of
2, 3, and 4 cm (see Fig. 8). The signal for each experiment
has a low-level gamma-ray pulse followed by a large
550-ps-wide pulse produced by 14-MeV target neutrons
interacting with the 75-mm-diam f/2 optic of the telescope. The burn duration for these targets is nominally
200 ps FWHM. The neutron pulse width corresponds
to the neutron transit time across the four-element
optic ~2.5 cm behind the aerogel converter. The neutron
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FIGURE 9. Aerogel signal intensity vs time for Hevimet and Al
nose cones. The gamma-ray signal depends on high-Z converter
material. (08-00-0896-1860pb01)
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FIGURE 8. Aerogel signal intensity vs time for target-to-aerogel
distances of 2, 3, and 4 cm. Neutron-induced signals from the first
elements of the imaging optics are normalized, temporally aligned,
and overlaid. Presented in this fashion, changes in the timing of the
smaller gamma-ray signal relative to the neutron signal are easily
observed. Time base is relative to incident laser power for the 4-cm
gamma-ray data. (08-00-0896-1859pb01)
UCRL-LR-105821-96-3

the small peak being caused by pair production in the
high-Z nose cone. The gamma-ray signal observed
with the Hevimet nose cone is not observed with the
aerogel inside an aluminum nose cone. Also, with the
substantially reduced shielding of the aluminum nose
cone, there is no x-ray signal observed between the
start of target irradiation and bang time, indicating a
very low sensitivity to target x rays.
We believe these experiments are the first to detect
fusion gamma rays emitted by T(d,γ)5He reactions in
ICF targets. The experimental evidence is consistent
with this conclusion. First the change in time-of-flight
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separation between gamma-ray and neutron pulses is
consistent with the target-to-aerogel distances used.
Second, the gamma-ray signals occur at the bang time
of the target as determined with a separate neutron
detector. Finally, the gamma-ray signal depends on the
material used for the first converter stage in a manner
consistent with pair production. The reduced shielding
of the aluminum nose cone resulted in a decrease
rather than an increase in the gamma-ray signal, indicating that the aerogel is a good threshold detector and
that we are not detecting lower energy target x rays
and gamma rays.

Conclusion
A neutron-based technique and a fast, sensitive
neutron detector have been developed for measuring
the fusion reaction rate of ICF targets. An absolute timing of ±20 ps and a temporal resolution of 30 ps have
been achieved. Fusion reaction rates have been recorded
for a variety of targets irradiated at the Nova Laser
Facility. Target yields have ranged from 108 to 3.6 × 1013
DT neutrons.
Effort is now being directed towards developing a
fast, sensitive burn-history detector based on fusion
gamma rays. With a modification to our neutron detector, we have observed fusion gamma rays emitted
from Nova high-yield targets, a significant first step in
the development of a gamma-ray-based measurement.
To obtain a temporal response <30 ps, we imagine the
recording device of our final detector will remain a
streak camera. Improved optical transmission of the
second converter stage and imaging optics should
enhance the signal by about a hundredfold. Based on
the initial aerogel experiments, we predict a gammaray-based burn history can be made with a 25-cm-diam
detector at the wall of the NIF chamber (5 m) when DT
neutron yields are above ~1013.
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Introduction
Growth of modulations in an inertial confinement
fusion (ICF) capsule, whether initially due to capsule
surface finish or drive nonuniformity, may fatally disrupt an ICF implosion by causing cold shell material to
mix into the fuel.1,2 When a capsule is driven by x rays
produced inside a hohlraum, the dominant modulations are seeded by the capsule surface finish. When
laser light directly drives the capsule, the modulations
in the driver may be significant. Recent experiments3,4
have reported reductions in imprint using smoothed
laser beams, i.e., laser beams that have a reduced level of
spatial nonuniformities. Another technique for reducing
imprint has been the use of foams and gold layers.5,6
In this article, we report measurements that quantified
the equivalence between laser-imprinted modulations
and surface perturbation.

Experimental Description
In our experiment, we used laser ablation to accelerate
20-µm-thick CH2 foils with one arm of the Nova laser
at 0.53-µm wavelength. This arm was smoothed with a
random phase plate (RPP)7 and spectral dispersion8
(SSD), for three different bandwidths in separate
experiments: 0.003 THz (the intrinsic bandwidth,
introduced by the pulse-shaping system), 0.6 THz, and
0.9 THz. A diffraction grating gave 0.086-µrad/THz
dispersion and a temporal skew of 110 ps to the pulse
front (that is, one side arrived earlier than the other).
The beam was split into nine segments, each independently steered in space with a glass wedge to form a
flat-topped intensity distribution. We measured the
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time-integrated laser modulation level from an equivalent target-plane image of the beam. The drive pulse
was a linear 1-ns ramp to about 1014 W/cm2, held constant at this level for 2 ns.
The shock reached the back surface of the 20-µmthick foil at about 0.7 ns after the start of the laser
pulse. The foil then accelerated at about 50 µm/ns2,
allowing for 2 ns of constant acceleration to study
Rayleigh–Taylor (RT) growth. We measured the arealdensity modulations on the foils by conventional x-ray
backlighting. We used a gated pinhole camera with 8-µm
and 100-ps resolution,9 which provided up to 12 frames
per shot with arbitrary time spacing. The x-ray backlighter10 was a uranium disk illuminated by a second
0.53-µm-wavelength Nova beam (smoothed with an RPP)
at about 1015 W/cm2, giving a broad spectrum peaked
at ~1 keV.

Simulations
To examine the predicted evolution of imprinted
modes compared to surface modes, we used the twodimensional code LASNEX11 to separately predict the
evolution of a surface single mode and of an imprinted
single mode (produced by modulating the incident
laser intensity) under the same drive conditions. The
LASNEX results showed that the evolution of a laserimprinted single mode parallels that of a surface single
mode after the shock reaches the back surface ts (see
Fig. 1). This suggested that, for our conditions, the
laser imprint could be calibrated to an equivalent surface finish. We also used the simulations to estimate
the correspondence of a spatial amplitude η with a
measured modulation in optical depth ∆τ, finding that
η/∆τ = 10 µm/τ after ts. This allowed us to make use
of the Haan criterion12 to establish the onset of multimode nonlinear saturation. We restricted our analysis
to data that were estimated to be in the linear regime.
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FIGURE 1. LASNEX simulation of optical-depth modulation vs time
for a single surface mode and a single imprinted mode of the same
wavelength (30 µm). The growth rate between ts (0.7 ns) and the onset
of saturation at ∆τ = 0.3 is 2.2 ns–1 for the imprinted mode and 2.5 ns–1
for the surface mode. While the imprint begins at zero modulation, an
equivalent surface mode would begin at 0.02. (20-03-0796-1564pb01)

We analyzed each frame by converting the film density
to exposure; removing the long-scale-length backlighter
shape; filtering out noise with a parametric Wiener filter; converting to the natural logarithm of exposure;
and taking the two-dimensional power spectrum of
the result. A typical image of ln(exposure) is shown in
Fig. 2(a). A vertical profile, which is the horizontal
(a) Original

average of the image, is shown in Fig. 2(b). The surface
mode in this case was λ = 30 µm (mode 10, initial
amplitude η0 = 0.25 µm) with the modulation vector k
vertical in the image, and the bandwidth was 0.9 THz.
We removed the contribution of the surface mode by
using a notch filter at the point in Fourier space where
the surface mode appears. The same image with the
surface mode removed is shown in Fig. 2(c) and its
corresponding horizontal average is the dark gray line
in Fig. 2(b). Figures 3(a) and 3(b) show the radial
power spectra (azimuthal integrals of the two-dimensional power spectra) for this shot at three different
times, the noise power spectrum (measured on a separate shot with an undriven foil), and the instrument
modulation transfer function (MTF). The laser imprint
was almost indistinguishable from the noise for the
higher bandwidths at ts (not shown), but subsequent
growth gave clearly measurable modulations at later
times. Figures 4(a) and 4(b) show the time-integrated
power spectra of the laser speckle and the imprinted
spectra at t = 1.5 ns as measured for the different bandwidths. As is characteristic with SSD, while there was
smoothing at all modes, the higher modes were
smoothed preferentially.
To test the LASNEX prediction that the evolution
of a laser-imprinted mode parallels the surface mode
after ts, we examined the growth for several shots.
Figure 5 shows the results for the shot of Figs. 2 and
3. The modulation amplitudes for the surface mode
(λ = 30 µm), for the imprinted spectrum at mode 10,
and for the root-mean-square (rms) of the ln(exposure) are shown as a function of time after the start of
the laser pulse. We subtracted in quadrature the
noise component due to the instrument and backlighter from the values for the imprint modes. The
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FIGURE 2. A single image from a framing camera radiograph at t = 1.9 ns (1.2 ns after ts), shown in ln(exposure). (a) is the original image,
with a λ = 30 µm, η0 = 0.25 µm surface mode. The vertical profiles in (b) are made by horizontally averaging the images. In (b), the black
curve is from (a) and the light gray curve is a pure 30-µm mode with ∆τ = 0.2 (optical depth), while the dark gray curve corresponds to (c).
(c) has been digitally filtered to remove the λ = 30 µm mode in the vertical direction only. (20-03-0796-1565pb01)
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two λ = 30 µm modes from surface and imprint modulations grew at the same rate (0.9 ± 0.2 ns–1). The
rms grew at nearly the same rate (0.8 ± 0.2 ns–1), suggesting that the growth rates for the dominant modes
were similar.
At a given time in the linear regime, the ratio of the
rms to the surface mode times the initial surface-mode
amplitude gave the equivalent surface finish in
microns at t = 0. The inferred rms surface finish was
insensitive to the calibration wavelength we used,

(a)
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suggesting little variation in growth rate for the dominant wavelengths. We calculated the equivalent surface
finish to be 0.26 ± 0.07 µm with 0.9 THz of bandwidth
on the drive laser, 0.51 ± 0.24 µm with 0.6 THz bandwidth, and 1.24 ± 0.27 µm with minimum bandwidth.
Figure 6 shows these results vs bandwidth, along with
the time-integrated rms modulation in the laser
speckle. The imprinted-modulation rms appeared to
decrease only about half as fast as the laser modulation
as a function of bandwidth.

(b)

FIGURE 4. Power spectra of (a) the
laser spots and (b) the imprinted
modulation, converted to initial
surface amplitudes, for the three
bandwidths. (20-03-0796-1567pb01)
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Imprint rms

0.2
Modulation (optical depth)

is represented by a one-dimensional slice of the
predicted laser-modulation pattern. With minimum
bandwidth, the speckle is isotropic and the direction
of the slice is not important. When SSD was added to
the simulation, we used two directions—parallel and
perpendicular to the direction of dispersion—and
averaged the resulting predictions. The simulations
propagated the measured backlighter spectrum
through the simulated package and convolved the
result with the instrument response function. The
results are also shown on Fig. 6.

λ = 30 µm
η0 = 0.25 µm
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FIGURE 5. Modulation amplitudes for the shot shown in Figs. 2
and 3 vs t. The surface mode (shown with characteristic error bars),
the imprinted mode at the same wavelength, and the rms grow at
the same rate. (20-03-0796-1568pb01)
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FIGURE 6. Equivalent surface finish for three bandwidths, as measured and simulated. The measured time-integrated laser-rms
modulation vs bandwidth is also shown. The lines are a guide to
the eye. (20-03-0796-1569pb01)
We used LASNEX to simulate the equivalent
surface finish due to the laser imprinted modulations. The single-surface-mode simulation was done
separately from the laser-imprint simulation. Since
LASNEX is a two-dimensional code, the laser speckle
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The predictions agreed with the experimental results.
In particular, the predicted imprinted modulations did
not decrease as rapidly with bandwidth as the timeintegrated laser modulation. This effect has also been
observed in experiments using a different measurement
technique.13,14 One possible explanation is the thermal
smoothing of the drive modulations in the region
between the laser light deposition and the ablation surface. In this region, the energy is propagated by electron
thermal conduction and nonuniformities are smoothed
inversely with the spatial scale of the nonuniformity.
Thus, the minimum-bandwidth case showed more
thermal smoothing because more of the laser modulation is at smaller spatial scales. If we calculate the laser
time-integrated smoothing level including only lower
modes (spatial structure > 30 µm), the rate of decrease
of target imprint and the laser time-integrated smoothing level with increased bandwidth is the same. This
suggests that the thermal smoothing for this experiment is most effective for modes with λ < ~30 µm.
Unfortunately, the instrument response greatly affects
our ability to measure spatial structures less than 30 µm.
While the LASNEX simulations predict that such structures are not present in the imprinted modulations, we
cannot confirm this with the available data.

In summary, we have observed modulations due to
laser speckle and we have shown that for a modest
(less than a factor of three) amount of Rayleigh–Taylor
growth, the speckle-imprinted modes grow at the
same rate as a pre-imposed single-mode surface perturbation. We used this relationship to characterize the
observed imprinted-rms modulation in optical depth
as an equivalent surface finish for different bandwidths.
The imprinted-foil modulations decreased with increasing bandwidth but not as rapidly as the time-integrated
laser modulations, which is in agreement with numerical
simulations. We suggest that this decrease is due to the
additional smoothing of high spatial frequencies between
the laser deposition region and the ablation surface.
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WARP3D, A THREE-DIMENSIONAL PIC CODE
FOR HIGH-CURRENT ION-BEAM PROPAGATION
DEVELOPED FOR HEAVY-ION FUSION
D. P. Grote
A. Friedman

Introduction
Heavy-ion induction accelerators are being developed in the United States as the principal candidate
ÒdriversÓ for inertial confinement fusion (ICF) power
production. They also represent an attractive option
for a high-yield microfusion research facility. Heavyion drivers are attractive in both cases because they
promise high reliability, high repetition rate (several
pulses per second are required), greater efficiency (up
to 30%), lifetime capacity (a power plant would need
to last 30 years, or 1010 pulses), and sufficient cost savings. With indirectly driven targets, heavy-ion drivers
allow a favorable fusion chamber geometry; furthermore, the final focus is accomplished with magnetic
fields that are immune to damage by target debris, in
contrast to the final optics for a laser.1
The requirements for high-gain ignition of the
fusion targets control the design of the accelerator. A
major constraint on the beam is the requirement of a
small focal spot size on the target with a large distance
between the final focus lens and the target, putting a
tight limit on the temperature of the beam. A thorough
understanding of the beam behavior as it propagates
through the accelerator is necessary to maintain the
required low temperatures.
Since the space-chargeÐdominated beams in an
induction accelerator are effectively non-neutral plasmas, analysis of the beams can be performed with
computational modeling techniques related to those
used in both the accelerator and plasma physics fields.
Because the beam resides in the accelerator for relatively
few plasma oscillation periods, particle-in-cell (PIC)
simulation techniques are especially effective and have
proved valuable in the design and analysis of both
ongoing experiments and future machines and in the
study of basic physics issues. The three-dimensional
(3-D) electrostatic PIC simulation code WARP3d2,3 was
developed to study beam behavior from first principles
UCRL-LR-105821-96-4
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in realistic geometries. This article presents an overview
of the WARP3d code, describing in detail some of its
major features and present applications in a number of
areas, and highlighting the important results.

Overview of WARP3d
WARP3d was designed and optimized for heavy-ion
fusion (HIF) accelerator physics studies. It combines
the PIC technique commonly used for plasma modeling
with a description of the ÒlatticeÓ of accelerator elements.
In addition to its 3-D model, a simple beam envelope,
or transverse root-mean-square (rms) size, analytic
equation solver was included, primarily to obtain an
initial beam well matched to the accelerator lattice.
The code uses the BASIS development and run-time
system, which affords a flexible and powerful interpretive user interface.
The ion beam is represented by a small number
(relative to the number of beam ions in the physical
system) of interacting particles whose motion is controlled by the NewtonÐLorentz equations of motion.
The fields affecting the particles include both the selffields of the beam and the external fields from the lattice.
The self-fields are assumed to be electrostatic and are
calculated in the beam frame via PoissonÕs equation on
a Cartesian grid that moves with the beam. The electrostatic assumption is valid since, with the high mass
of the beam ions, the beam is nonrelativistic throughout
the accelerator, its velocity only reaching roughly 10%
of the speed of light at the end of the accelerator.
There are two Òfield solversÓ to calculate the self-fields:
(1) The fastest field solver, which is generally used for
long-time simulations, uses Fourier decomposition with
fast Fourier transforms (FFTs). (2) An iterative solver uses
successive overrelaxation (SOR) with even-odd ordering4 and allows inclusion of complex electrode geometry.
For the FFT field solver, the 3-D transform is sine-sineperiodic, the transverse boundary is a rectangular
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metal pipe, and the longitudinal boundary is periodic.
Capacity matrices5 can be used to include simple electrodes in the FFT field solver to handle round pipes,
structures independent of the axial coordinate, and
isolated internal structures. Another variant uses a
tridiagonal matrix solver along the axial direction. This
method is slightly faster, but at present is restricted to
conducting boundaries on the longitudinal ends of
the grid.
The SOR field solver, although significantly slower
than the FFT field solver, allows simulation of a much
broader class of problems with a more realistic model
of the conductors. This field solver was implemented
using a technique, described below, to obtain subgridscale resolution of the conductor boundaries. With both
field solvers, transverse symmetry can be exploited,
simulating only half or one quarter of the system.
The external fields are applied via a lattice, which is
a general set of finite-length accelerator elements,
including quadrupoles for focusing, dipoles for bending, induction gaps for accelerating, elements with
arbitrary transverse multipole components, and curved
accelerator sections (see Ref. 2). The transverse multipole components specify the applied fields, in one form,
as an electrostatic or magnetostatic potential represented
by an infinite sum of terms expressed in cylindrical
coordinates with the direction of beam propagation
along the longitudinal axis, z.
φ=

∑ Vn, ν (z)r n + 2 ν cos(nθ + ν)

(1)

n, ν ≥ 0

The Vn,ν(z) determine the contribution of each
term. The electric or magnetic fields are calculated by
taking the appropriate derivatives. As an example, a
quadrupole field is given by the term with n = 2, and
ν = 0. Terms with n > 2 or ν > 0 are referred to as
high-order terms.
The field from the lattice elements can be specified
at one of several levels of detailÑfrom hard-edged,
axially uniform fields at the lowest level, to self-consistent inclusion of the conducting electrodes of electric
elements in the field solution at the highest level.

Aspects of WARP
A number of features and capabilities have been
implemented in WARP3d to enable simulation of a
broader class of accelerators, both by way of inclusion
of the relevant physics and by optimization of the code to
allow simulation of larger-scale problems. This article
describes the most important and novel of these in detail.

Lattice and Fields
A hard-edged field is the lowest level of description
of lattice element fieldsÑone that is uniform axially
130

within the extent of the element and that has a sharp cutoff at the ends of the element. As the particles enter and
exit hard-edged, axially uniform elements, the force
applied on the particles is scaled by the fraction of the
timestep spent inside the element. These Òresidence correctionsÓ are used so that the particles receive the correct
impulse from the element and allow larger timesteps to
be used. Without the residence corrections, the forces
applied to the particles would depend on the number of
timesteps they spend inside the element; keeping the
resulting error small would require a small timestep.
At a higher level of detail, fields that vary axially
can be applied. This allows application of realistic
fields, including fringe fields and the higher-order
multipole moments of a magnetic quadrupole element,
for example. In both the axially uniform and nonuniform descriptions, the applied field can be an arbitrary
sum of multipole components, as given by Eq. (1).
The highest level of detail is specification of the field
via a 3-D grid to allow application of fields that are not
amenable to a multipole description, e.g., a field with
many nonlinear components. The field can be calculated
outside of WARP3d; for example, the magnetic field from
a complex magnet design can be obtained from TOSCA6
and input into WARP3d. With electric elements, the field
can be calculated self-consistently with WARP3d by
inclusion of the electrodes in the field solution, thereby
obtaining the realistic fields and image effects from the
electrode on the beam. This highest level of description
allows modeling of complex electrode geometry and electrodes with time-varying voltages.
When electrodes are included in the field solution,
to avoid the problems with the jaggedness of representing tilted or curved electrodes on a Cartesian grid,
the SOR field solver allows subgrid-scale resolution of
the conducting boundary locations as shown in Fig. 1.
For grid points just outside the surface of a conductor,
the form of PoissonÕs equation is changed to explicitly
include the location of the surface. Normally, the evaluation of PoissonÕs equation at these points would
require the potential at grid points that are just inside
the surface of the electrode. The values inside are
replaced by a value that is extrapolated from the
potential at the surface and at the grid point just outside the surface. The method is similar to the method
used in EGUN,7 extended to three dimensions and
time dependence.
Subgrid-scale resolution of the conducting boundaries
allows more accurate modeling of electrodes for a given
grid cell size, especially ones with curved surfaces, and
it does so while allowing larger grid cell sizes. As an
example, the fields from an electric quadrupole are
produced from four parallel cylinders with appropriate
voltages. Without the subgrid-scale resolution of the
cylinder surfaces, the quadrupole focusing strength is
reduced significantly since the jagged surface, produced
by representing the cylinder by grid points only within
UCRL-LR-105821-96-4
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Conductor

FIGURE 1. An example conductor on a grid. The numeric form of
PoissonÕs equation is altered for the grid points at the dark circles.
The equation would normally require the potentials at the nearby
grid points, which are inside the conductor, marked by squares. The
potential inside is replaced by a value extrapolated from the potential at the point outside and at the surface. (08-10-0896-1906pb01)

the cylinder, is effectively farther from the axis than
that of the true surface. The reduced focusing changes
the beam envelope on the order of 10%. A much finer
grid would be needed to produce the same accurate
focusing strength as that produced with the subgridscale resolution.

Beam Injection
Several models of particle beam injection are used,
all of which can model emission from planar or curved
surfaces. The first model injects particles from a surface
at a constant current with a specified energy, modeling
a beam emerging from a wire mesh or from a plane of
uniform potential. It can be used to model injection
from an emitting surface if the specified energy is low
compared with the diode energy.
Two self-consistent models use space-chargeÐlimited
injection and are intended only for injection directly
from emission surfaces. The beam current that is
injected is not predetermined, but is calculated selfconsistently from the conditions near the emitting surface
to give space-chargeÐlimited injection. The first model
uses the ChildÐLangmuir8 relation in a region in front
of the emitting surface to calculate the emitted current.
The length of the region is small compared with the
length of the diode. The ChildÐLangmuir relation gives
UCRL-LR-105821-96-4

the space-chargeÐlimited current in a 1-D diode. In the
second model, the surface charge required to produce
the desired zero-normal electric field on the surface is
calculated assuming an infinite conducting plane. The
amount of charge injected into a grid cell is then the
surface charge integrated over the grid cell minus the
charge already in the grid cell from earlier times.
With space-chargeÐlimited injection, WARP3d can
be run in an efficient iterative manner that captures
only the steady-state behavior. The algorithm is similar
to that used in the 2-D electron gun design code EGUN.7
At each iteration, a group of particles is tracked through
the diode. Along the paths of the particles, charge is
deposited on a grid to build up a representation of the
charge density of a full beam. The fields are recalculated, including the new charge density, giving the
new fields through which the next group of particles is
tracked on the next iteration. On the initial iteration,
the particles are tracked through the fields given by the
solution of LaplaceÕs equation in the diode geometry.
The process converges to the correct steady-state flow
in typically 10 to 20 iterations. This capability was
added to the code entirely through the BASIS interpreter
and required no modification of the existing code.

Large Time-Step Algorithms
Under conditions that arise commonly in WARP3d
applications, the applied focusing, bending, and accelerating fields vary rapidly with axial position, while
the beamÕs self-fields (which are comparable in strength
to the applied fields) vary smoothly. In such cases, it is
desirable to employ timesteps that advance the particles
over distances greater than the characteristic scales
over which the applied fields vary. An example technique, used in WARP3d since the codeÕs inception, is
the residence correction described earlier. Research at
Lawrence Livermore National Laboratory (LLNL) is
extending this concept to cases where the effects of
extended fringe fields and other smooth but rapid
variations must be accurately captured, necessitating
very small timesteps when a conventional ÒleapfrogÓ
advance is used.9
Several related techniques are being evaluated: subcycling of the particle advance relative to the field
solution (i.e., taking N substeps between each major
timestep on which the self-consistent field is computed
and applied, where N is a small integer); use of a higherorder time-advance algorithm; and force-averaging
over the velocity-advance step by integration along
approximate orbits (a generalization of the residence
correction technique). The most straightforward of
these techniques is particle subcycling. We are encouraged by subcycling tests that advance a particle through
the extended fieldÕs quadrupole component of a pair of
permanent-magnet quadrupole lenses, and we are in
the process of implementing this technique in WARP3d.
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Thick-Slice Model
Several simulations have identified the existence of
short longitudinal-wavelength oscillations that can
occur on a long beam. These short-length phenomena
have been found to be particularly significant when
the beam transverse temperature is somewhat greater
than the longitudinal temperature.10Ð13 In this case,
the temperature anisotropy is a source of free energy
that can drive the short wavelength modes unstable,
leading to an ÒequilibrationÓ of the temperatures.
Short longitudinal-wavelength oscillations have also
been seen (in simulations) in a recirculator with external
nonlinearities (see the section entitled ÒRecirculating
Induction AcceleratorÓ). To investigate these phenomena
numerically, therefore, it is important to examine the
physics of a space-chargeÐdominated beam with
numerical resolution in the longitudinal direction sufficiently fine to resolve phenomena that occur on the
scale of the beam diameter. This requirement can be
computationally expensive to satisfy if the beam is to be
tracked through a realistic length of accelerator structure.
A new numerical technique currently being developed
facilitates the investigation of such short longitudinalscale phenomena. This approximation, which we call
the Òthick-sliceÓ model, exploits the separation of scales
that occur because of the locality of the phenomena
being studied relative to the global beam variation
along the accelerator structure. We assume that all the
particles across a finite slice of the beam simultaneously
experience the same external forces, in a manner similar
to what is assumed in a single-slice (or 2-D transverse)
model. However, the self-consistent beam dynamics
within the slice are followed, including the longitudinal
variation of the fields. The longitudinal particle and
field boundaries at the ends of the slice are further
assumed to be periodic.

Parallel Processing
WARP3d was originally designed to run on vector
supercomputers and on workstations. With the present trend toward using massively parallel processing,
WARP3d was ported to a parallel environment.
Currently, WARP3d can run on the CRAY T3D, using
both the PVM14 message passing library and the native
shared memory library, and on multi-workstation clusters. In the conversion, the interactive nature of the
code (through the BASIS interpreter) was maintained.
The user runs the code on a local serial workstation
and interacts with it through the interpreter. That code
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then creates processes on the parallel machine to do
the computational work. Via message passing, the user
controls the progress of the simulation on the parallel
machine and inquires or sets any of the code variables
in a manner similar to that used when the code runs
on a serial machine.
Using a model problem with up to 32 processors,
timings were made by following a beam through five
hard-edged lattice periods. The speedup of the code
with an increasing number of processors was nearly
linear. Figure 2 shows timings of the field solver and
particle mover. The field solver has a slightly superlinear speedup, which is likely due to better cache
memory use with the data spread out in smaller pieces
on more processors.

32
Ideal

28
24
Speedup (2t2/tn)

Since the field solution and particle advance often use
comparable amounts of computer time, subcycling with
N = 4 will result in roughly a twofold speedup of the
code. For some problems, the field solution dominates
the run time and larger speedups can be expected.

Field solver

20
16
Particle mover
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0
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FIGURE 2. Plot showing the speedup of the code with an increasing
number of processors. The speedup is twice the ratio of the time
with two processors to the time with n processors, two being the
fewest number of processors that the parallel code will run on. The
light gray line shows the ideal linear speedup. The dark gray line
with squares shows the speedup for the field solver. The black line
with circles shows the speedup for the particle mover. Note that the
speedup for the field solver is superlinear at first due to better use of
cache memory with less data per processor. (08-10-0896-1907pb01)

Applications of WARP3d
WARP3d has been used extensively in the design
and analysis of a number of experiments within the
HIF program and in the study of the basic physics of
the creation and transport of space-chargeÐdominated
beams. In the following sections, we describe several
of its most recent applications within HIF and an
application outside of HIF.
UCRL-LR-105821-96-4

WARP3D, A THREE-DIMENSIONAL PIC CODE

Electrostatic Quadrupole Injector
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A driver-scale injector and matching section is being
built at Lawrence Berkeley Laboratory, in collaboration
with LLNL, to address beam physics and technology
issues.15 The injector uses a sequence of electrostatic
quadrupole (ESQ) lenses with a superposed voltage
gradient along the axis. The net effect is to confine the
beam transversely and to accelerate it. The beam is
emitted from a hot-plate source and accelerated through
a diode section into the quadrupole lenses. Figure 3 is
an image of the injector when it is filled with the beam.
Following the injector is a Òmatching section,Ó a series
of electric quadrupoles with decreasing aperture that
reduce the transverse size of the beam down to ÒmatchÓ
it into the following section of the accelerator.
WARP3d was used to understand a major issue in
the injector designÑthe degradation of beam quality
(brightness) by the nonlinear multipole components of
the focusing fields and the so-called Òenergy effect.Ó
The energy effect arises from the spread transversely in
the axial velocity of particles in the ESQ, which is due
to the transverse variation of the electrostatic potential.
Proper treatment of the beam dynamics requires
detailed 3-D simulation with a realistic lattice model.
For design of the injector optics, the steady-state
beam behavior was of primary interest. For efficiency,
runs were made in a quasi-steady-state mode, taking
several particle timesteps between each field solution
and continuing until the system converged to a timeindependent state. These 3-D simulations of the injector
required less than 3 min on a single processor of the
National Energy Research Scientific Computing CenterÕs
CRAY Y-MP C90 (at LLNL). This was fast enough to
allow simulation of a large number of designs to optimize the injector, minimizing the beam degradation.
Taking advantage of the ESQÕs two-plane symmetry, the
dimensions of the field grid were typically 40 × 40 × 348.
Typically, 100,000 particles and 500 timesteps were used.

Fully time-dependent simulations of the transient
behavior require several hours of C90 CPU time.
The simulations were used as a guide in the development of a scaled, proof-of-principle experiment and
then a full-scale experiment. In both cases, excellent
agreement was found between the experiment and
simulation results. Figure 4 shows the simulated
injected beam in the full-scale diode. Figure 5 shows a
comparison of the phase space representations of the
simulated and the full-scale experimental beams.
For the matching section, the envelope equation solver
in WARP3d is used to calculate the beam transverse
rms size in the presence of quadrupole and uniform
focusing multipole components extracted from the
field solution, including the full geometry of the electric quadrupole conductors. Good agreement between
the analytic envelope solution and the results of full
PIC simulation implies that the envelope solver can be
used for rapid iteration of the applied voltages to
achieve the desired beam state. The full simulations
are conducted to evaluate possible degradations in
beam quality that cannot be evaluated in the analytic
envelope model.
In a full-scale driver, multiple injectors will be used
and their beams will be channeled into a multiple beam
transport line by the matching section, resulting in a
curved matching section. This system was simulated
with WARP3d, combining three of its major capabilities:
injection, a bent accelerator lattice, and field solution
with complex conductor geometry. The simulations
found no significant degradation of beam quality,
thereby validating the design concept.

0

Ð0.1

Ð0.2

FIGURE 3. The 3-D image of the ESQ injector when filled with the
beam. The shading of the beam particles is proportional to the particle energy relative to the energy at the beam center; the energy effect
is evident in the darker shading of particles farther from the axis.
(08-10-0896-1908pb01)
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FIGURE 4. The diode of the ESQ injector filled with the beam. The
outline is of the diode geometry. The shading of the beam particles
is proportional to the time of injection of the particles, showing the
darkest area injected last. (08-10-0896-1909pb01)
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Recirculating Induction Accelerator
A recirculating induction accelerator, or Òrecirculator,Ó
offers the prospect of reduced cost relative to a conventional linear accelerator because the accelerating and
focusing elements are reused many times per shot.16 A
small recirculator is being developed at LLNL to explore
the beam dynamics of a full-sized fusion driver in a
scaled manner; the key dimensionless parameters that
characterize the beam are similar to those of a driverscale ring, but the physical scale is much smaller.17
Although a full-scale driver will use magnetic dipole
elements to bend the beam, electric dipole plates were
chosen for the prototype to minimize costs. The size of
the plates is constrained by space considerations and
voltage-holding requirements, resulting in significant
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tion after several laps (a) with
flat dipole plates and (b) with
shaped dipole plates. The triangular shape in (a) is a result
of the sextupole component
from the flat dipole plates.
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high-order fields. Using WARP3d, the plate shape was
adjusted to minimize 3-D field nonlinearities and their
influence on beam quality. Figure 6 compares the cross
section of the beam after several laps with flat dipole
plates and with shaped dipole plates.
WARP3d simulations were used to follow the beam
for all 15 laps. Typically, the 2-µs-long beam is made up
of 100,000 simulation particles. The field grid is a moving window covering four half-lattice periods. The grid
measures 32 × 16 cells transversely (exploiting vertical
symmetry) and 128 cells axially.
Figure 7 shows the time history of the normalized
emittance at the midpulse for an acceleration schedule
that does not compress the beam axially. The normalized
emittance is a measure related to the transverse beam
˜ x
temperature and is given approximately by ε x ≈ xv

2
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Ð2
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0

FIGURE 6. The beam cross sec-

(08-10-0896-1911pb01)

(b) Experiment
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experimental and simulation
transverse phase space representations at the end of the ESQ
injector. (a) and (b) compare the
results at the design parameters.
(c) and (d) compare the results
with an increased diode voltage; in this nonoptimal case, the
representations are significantly
distorted from a straight line.

(a) WARP3d
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FIGURE 5. Comparison of
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(b) Normalized εy at midpulse
0.3
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(π-mm-mrad)
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(a) Normalized εx at midpulse
0.3
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0
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FIGURE 7. The time history of
the normalized emittance and
the beam midpulse show an
acceptable increase. The initial
oscillation and increase are due
to axial thermal spread and the
change from a straight to a bent
lattice. (08-10-0896-1912pb01)

0.1

0

0

5

10

Laps

detailed examination of a space-chargeÐdominated beam
in a bent, alternating-gradient lattice.
The straight experiment consists of a series of electric
quadrupoles and then magnetic quadrupoles. The field
from the electric quadrupoles was calculated with
WARP3d using the electrode geometry, and the field
from the magnetic quadrupoles was calculated analytically. The quadrupole component was extracted from
the fields and is used in the calculation of the envelope
of the beam. Figure 8 shows a comparison of the
0.02

a,b (m)

where x is a transverse dimension and xÄ is the rms of x.
The simulations show an initial transverse heating of the
beam on the order of 50% as the beam ÒmatchesÓ itself
from the straight insertion line to the bent recirculator lattice. This heating is due to radial separation of particles
with differing axial velocities in the bends, which leads to
nonlinearities in the space-charge forces that thermalize to
produce an increase in temperature. The observed growth
agrees well with theoretical analysis.18 After the initial
heating, little further degradation in beam quality is seen
over the 15 laps. The overall degradation is acceptable.
Near the end of the simulation, the emittance begins to
rise due to the appearance of an instability that presents
itself as a sinusoidal variation of the beam axial velocity
along the beam. The variation begins to grow from the
noise during laps 11 and 12 and becomes significant
enough to affect the emittance during lap 15. The wavelength of the variation is on the order of the pipe radius.
Numerous simulations seem to indicate that the instability is not numerical in origin; the wavelength and growth
rate varied little with a wide range of numerical parameters, including timestep size and grid size. The instability
requires all of the following: high space charge, bending,
acceleration, and a uniform focusing force. The uniform
focusing force results from the electric dipole plates. It is
believed that the instability will not occur with magnetic
dipoles, which will be used in a driver; the simulations
made so far with magnetic dipoles have not shown the
instability. The authors await the experimental results
from the recirculator to see whether or not the instability
indeed does occur as predicted.

15

Laps

0.01

0

0

1

2

3

4

5

Z (m)

Straight and Bending Experiment
As a precursor to the full recirculator experiment just
described, the beam is being examined in a straight lattice
and in a lattice with an 18¡ bend (using WARP3d). The
straight experiment is being conducted to fully characterize the beam. The bent experiment will be the first
UCRL-LR-105821-96-4

FIGURE 8. Comparison of the beam envelope as calculated with
quadrupoles with hard-edged fields (gray) and with quadrupoles
with calculated field profiles (black). The horizontal and vertical
envelopes (a,b) for each case are shown in the same colors. The
envelope was matched to the quadrupoles with hard-edged fields;
this is seen in the nearly equal heights of the peaks in the gray curves.
The significant difference shows the importance of including the
correct quadrupole field profile. (08-10-0896-1913pb01)
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envelope solution with hard-edge quadrupoles and
with the calculated quadrupole data. Of course, given
the detailed solution, it would be possible to construct
a better hard-edged model.
The Òsimultaneous perturbation stochastic approximationÓ19 optimization algorithm was implemented with the
analytic envelope solver to find a matched envelope. The
algorithm varies the voltages on the electric quadrupoles
to find a matched beam in the first bent-lattice period. The
envelope solver is being used by the experimentalists for
the determination of the voltages for the experiment.
The bent beam experiment has been simulated with
WARP3d to predict the amount of emittance growth
from the bend correlated with the longitudinal thermal
spread. Figure 9 shows the emittance growth for up to
a 45¡ bend with a straight lattice afterward. Figure 10

0.16
After 45°

x

εn x, y (π-mm-mrad)

0.12

Sheet Beams
At the University of Wisconsin, WARP3d is being used
in the examination of sheet electron beams formed by
magnetic quadrupoles for use in high-power microwave
sources.20,21 The rapid axial variation of the beam
profiles limits the use of the paraxial model and makes
necessary the use of 3-D models. The 3-D envelope code
TRACE-3D22 is used for rapid iteration to design the
system, but it does not model increases in emittance
due to beam quality degradation. WARP3d simulations
are used as a check of the envelope code design, to validate the envelope, and to examine the degradation of
beam quality. An experiment is under construction
and comparisons with simulation will be made.

Conclusions and Future Work
After 18°

0.08

y

First bend at 4.5 m

0.04

0

shows the difference in the phase space before and after
18¡ using grayscales to show the relative longitudinal
velocities of the particles. The simulations show that
there should be an experimentally detectable amount
of emittance growth in an 18¡ bend, assuming a longitudinal thermal spread of 0.05% of the axial velocity.

1

3

5

7

Z (m)

FIGURE 9. The WARP3d simulations show an emittance growth after
18¡ that should be experimentally detectable.

(08-10-0896-1914pb01)

WARP3d was developed to examine high-current,
space-chargeÐdominated beams for heavy-ion fusion and
has proven its value in a broad range of applications, playing a critical role in the design and analysis of a number of
experiments. Many features and capabilities have been
implemented to allow inclusion of much of the relevant
physics and simulation of large-scale problems.
Considerable further code development is planned, taking advantage of modern programming techniques such
as object-oriented programming, and making more use of
tools such as computer-aided design systems for geometry
input, mesh generators, and massively parallel processing
machines. These developments are geared to allow quicker
and more complete analysis of ongoing experiments, leading to complete simulation of full-scale drivers.

(a) Before the bend

0

–0.02
–0.014

136

0.02

X´ (rad)

X´ (rad)

the transverse spreading of the
beam due to axial thermal spread
and a bend can be seen. The
shading of the particles is proportional to axial velocity (lighter is
faster). (08-10-0896-1915pb01)

(b) After 18°

0.02

FIGURE 10. In the phase space,

0
X (m)

0.014

0

–0.02
–0.014

0
X (m)

0.014
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( )

∂
∂
∂
∂
S + ∇ ⋅ vS j + ∇ ⋅ Q j +
P+
P +ρ
φ = 0 , (2)
∂t j
∂x j
∂x j e
∂x j

Introduction
The development of a fully nonlinear, time-dependent
hydrodynamic and heat transport code has allowed us to
pursue several very interesting problems in laser beam
self-focusing and filamentation for which the plasma
density and flow velocities are strongly perturbed. Many
treatments have used time-dependent linearized hydrodynamics in two and three dimensions (3-D) where the
plasma motion is limited to directions transverse to the
laser propagation direction.1,2 A truly nonlinear treatment
uses particle-in-cell codes.3 Other nonlinear treatments
have used a steady-state hydrodynamics response where
the electron density is determined by equating the electron thermal and ponderomotive forces transverse to the
laser propagation direction.4
These approaches ignore some important physical
processes. For example, time-dependent, nonlinear
hydrodynamics is needed to address steepening of
wave fronts, harmonic generation and decay instabilities, all of which play an important role in saturation of
filamentation, stimulated Brillouin scattering (SBS),
and stimulated Raman scattering (SRS). Filamentation
has been studied using 1-D and 2-D nonlinear hydrodynamics codes in planar or cylindrical geometry.5 To
our knowledge, the code we now describe is the only
code with fully 3-D nonlinear hydrodynamics coupled
to light wave propagation.

The Hydrodynamics Equations
The hydrodynamic, heat transport equations in conservative form are the mass conservation equation
∂
ρ + ∇ ⋅ ( vρ) = 0 ,
∂t

(1)

the momentum conservation equation for the jth component of the momentum S
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the ion energy conservation equation
3∂

P + ∇ ⋅ ( vP) + P∇ ⋅ v + Q : ∇v = 0 ,
2  ∂t


(3)

and the electron energy conservation equation
3∂

P + ∇ ⋅ ( vPe ) + Pe ∇ ⋅ v = −∇ ⋅ q e + H e
2  ∂t e


.

(4)

In these equations, P is the ion pressure, Pe is the electron
pressure, Q is the viscosity tensor (with jth component Qj), v is the flow velocity, He is a source or sink,
and qe is the heat flow. The momentum is related to
the flow velocity by
S = ρv ,

(5)

and the electron and ion temperature are related to
the corresponding pressures by a perfect gas equation
of state
Pe = neTe

(6)

P = ni Ti

(7)

with ρ = m in i. The ionization state is constant and,
at present, quasi-neutrality is assumed, namely
n e = Zn i. This last assumption will be relaxed in
the near future.
The last term in the momentum equation [Eq. (2)]
represents either a gravitation force, as used for
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RayleighÐTaylor instability calculations, 6 or a ponderomotive force, in which case
φ=

1 mi
2
v
2 Zme 0

.

(8)

Here, v0 is the jitter velocity of the electron in the laser
field E0,
eE 0
v0 =
me ω 0

.

(9)

c 2 k z2 =

4 πe 2
n − ω 02
me e

(13)

.

Here, we define
ne ( z) = ne ( x , y , z)

,

xy

(14)

δne = ne ( x , y , z) − ne ( z) ,

(15)

the light wave group velocity
In Eq. (3), we neglect the ion heat flow and real
viscosity, which are usually very small. The artificial
viscosity Q is used to handle shocks in the standard
way as will be described shortly.
In Eq. (4), He includes collisional heating (inverse
bremsstrahlung). For problems of interest to date, the
standard flux-limited heat flow
q e = −κ (Te )∇Te

(10)

where

∇Te 
κ (Te ) = min κ SH , fne veTe

Te 


(11)

is ineffective in limiting the heat flow because the gradients
in Te are small over the scales of interest to filamentation.
On the other hand, nonlocal transport7 can be quite
important. Unfortunately, a nonlinear, nonlocal 3-D treatment of electron transport is a research project in itself.
Thus, we have taken the approach of linearizing Eq. (4)
about a uniform Te0 to obtain δTe = Te Ð Te0, which is
calculated from nonlocal electron transport. The choice
for Te0 has come either from experimental data or from
LASNEX simulations. In most cases of interest, this
approximation has been satisfactory. It becomes questionable when there are large excursions in density because
of the concomitant large excursions in electronÐion and
electronÐelectron scattering mean-free-paths. Fortunately,
in most applications with such large excursions, selffocusing is ponderomotively driven rather than thermally
driven. ElectronÐion energy exchange terms have been
dropped in Eqs. (3) and (4) because they are of interest
only for nanosecond time scales; in general, filamentation
time scales are much shorter.
For completeness, we include the equation for the
light wave propagation given by the modified paraxial equation
∂

4 πe 2 i
∂
ic 2 2
 ∂t + v g ∂z − 2ω D⊥ + ν E = − 2ω m δne E


0
0 e
for the complex light-wave envelope amplitude E
oscillating at frequency ω0 and wave vector
UCRL-LR-105821-96-4

(12)

vg ( z ) =

c 2 k0 ( z)
ω0

(16)

,

the inverse bremsstrahlung absorption rate ν and the
generalized diffraction operator8
D⊥2 =

2 k0 ∇ 2⊥
k0 + k02 − ∇ 2⊥

(17)

,

which extends validity of the paraxial equation to
higher order in k⊥. The numerical solution of Eq. (12)
is described by Berger et al.2

Numerical Solution of the
Hydrodynamical Equations
We followed the procedure outlined by Bowers and
Wilson9 and implemented by Miller in 2-D for spherical
or cylindrical geometry.10 Our code, called NH3 if uncoupled to laser light, or F3D when coupled to laser light, is
3-D Cartesian to match the fast Fourier transform (FFT)
solution techniques used for the light equation solver.
The advection steps in the continuity and energy
equations [Eqs. (1) and (3)] are done similarly. The
equation is split into three 1-D equations, which are
solved successively,

(

∂ ( +1/3 )
∂ ( +0 )
ρ
=−
ρ
vx
∂t
∂x

)

(

∂ ( +2 / 3)
∂ ( +1/ 3)
ρ
ρ
vy
=−
∂t
∂y

(

∂ ( +1)
∂ ( +2/ 3)
ρ
=−
ρ
vz
∂t
∂z

(18)

)

(19)

)

(20)

where ρ(+0) and ρ(+1) denote the actual time-iterates,
and the other two quantities are intermediate results.
The advection is done by a 1-D scheme,

(

)

M
M
(t + 1)
(t )
ρi − 1/ 2 = ρi − 1/ 2 + Fi x − Fi + 1x / ∆x

(21)
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Fi

Mx

vi =

(22)

= ρ̂i vi ∆t

(

1
v
+ vi , j + 1, k + vi , j , k + 1 + vi , j + 1, k + 1
4 i, j, k

)

(23)

,

where the subscripts denote spatial position, using Van
LeerÔs second-order upwind monotonic approximation
for ρ̂ .9,11 The Van Leer method defines

(

ρmax = max ρi − 3 / 2 , ρi − 1/ 2 , ρi + 1/ 2

(

ρmin = min ρi − 3 / 2 , ρi − 1/ 2 , ρi + 1/ 2

)

)

(

∆ρ1 = 2 min ρmax − ρi − 1/ 2 , ρi − 1/ 2 − ρmin
∆ρ2 =

(

1
− ρi − 3 / 2
ρ
2 i + 1/ 2

)

(

)

δ i + 1/ 2 = sign( ∆ρ2 ) min( ∆ρ1 , ∆ρ3 ) / ∆x

(25)

(Sxt+1 )i, j, k = Sx(t) i, j, k

(30)

FiP = Pˆi vi ∆t

(33)

)

(34)

where PÃ is computed exactly the same way as ρ̂ . The
P∇áv (PdV work) and artificial viscosity at t + ∆t are
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(36)

(F )
Sx
x

i − 1/ 2 , j , k

= (vˆ x )

M
F x
i − 1/ 2 , j , k i + 1/ 2 , j − 1/ 2 , k − 1/ 2

( )

 F Sy 
= vˆ y
 x  i − 1/ 2 , j , k

(F )
Sz
x

i − 1/ 2 , j , k

= (vˆ z )

(37)

M
F x
i − 1/ 2 , j , k i + 1/ 2 , j − 1/ 2 , k − 1/ 2

M
F x
i − 1/ 2 , j , k i + 1/ 2 , j − 1/ 2 , k − 1/ 2

(38)

.

(39)

F M x denotes the average mass-flux in the x-direction
over the cell, and vÃx , vÃy , and vÃz are computed using a
slight modification of the Van Leer method defined in
Eqs. (24)Ð(30) [the slope ∆ρ3 is excluded from Eq. (29)]:

)

(40)

After the transport step is complete, the change in
momentum from thermal pressure gradients
(32)

(

( )

(

(t + 1) = P (t ) + F P − F P / ∆x
Pi
i
i +1
i

1
v
+ vi , j + 1, k + vi , j , k + 1 + vi , j + 1, k + 1
4 i, j, k

( )

δ i = sign( ∆v2 ) min ∆v1 , ∆v2 / ∆x .

Transport is done by a 1-D scheme similar to the
mass equation:

vi =

( )

where

(31)

)

( )

 S

S
+  Fx x
− Fx x
 / ∆x
i − 1/ 2 , j , k
i + 1/ 2 , j , k 

 S

S
+  Fx y 
−  Fx y 
 / ∆y
 i , j − 1/ 2 , k 
 i , j + 1/ 2 , k 


 Sz

S
− Fx z
+  Fx
 / ∆z ,
i , j , k + 1/ 2 
i
j
k
,
,
−
1
/
2


(28)

This scheme guarantees a non-negative density.
Pressure changes due to mechanical work on a cell
and artificial viscosity are handled separately. As
with mass continuity, the energy equation is split
into three 1-D equations to be solved successively,
similar to Eqs. (17)Ð(20):
, etc.

(35)

(24)

(29)

1

ρi − 1/ 2 + 2 δ i − 1/ 2 ( ∆x − vi ∆t), if vi > 0
ρˆ i = 
1
ρ
− δ
∆x + vi ∆t), otherwise .
 i + 1/ 2 2 i + 1/ 2 (

)

Artificial viscosity, pressure gradients, and ponderomotive force are each treated separately, and transport
is done by an advection scheme:

(27)

∆ρ3 = max ρmax − ρi − 1/ 2 , −ρi − 1/ 2 − ρmin , ∆ρ2

(

(

∂
∂
S +
(v S ) + ∂∂y vySx + ∂∂z (vzSx ) = 0 .
∂t x ∂x x x

(26)

)

∂ ( +1/ 3)
∂
( +0)
P
= −  Pν 
x
∂t
∂x

done given the momentum equation solution, which is
at time level t + ∆t .
2
Again, each component of momentum is advected
separately, e.g.,

∂
∂
S =−
P
∂t x
∂x

(41)

(Sx )(it, j+,1k) = (Sx )(it, )j , k − ∆∆xt (Pi +1/ 2, j , k − Pi −1/ 2, j , k )

(42)

Pi + 1/ 2 , j , k = ( Pi + 1/ 2 , j − 1/ 2 , k − 1/ 2 + Pi + 1/ 2 , j + 1/ 2 , k − 1/ 2
+ Pi + 1/ 2 , j − 1/ 2 , k + 1/ 2
+ Pi + 1/ 2 , j + 1/ 2 , k + 1/ 2 )/ 4

(43)
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and ponderomotive forces
∂
∂
S = −ρ φ
∂t x
∂x

(44)

(Sx )(it, j+,1k) = (Sx )(it, )j , k − ∆∆xt ρi , j , k (φi +1/ 2, j , k − φi −1/ 2, j , k ) (45)

E( x , y ) z = 0

φ i + 1/ 2 , j , k = ( φ i + 1/ 2 , j − 1/ 2 , k − 1/ 2 + φ i + 1/ 2 , j + 1/ 2 , k − 1/ 2
+ φ i + 1/ 2 , j − 1/ 2 , k + 1/ 2
+ φ i + 1/ 2 , j + 1/ 2 , k + 1/ 2 )/ 4

(46)

is calculated, where ρ is the average over the cell.
The artificial viscosity is handled similarly and has
the form

(Qxx )i +1/ 2

[

]

2

CQρi + 1/ 2 ( ∆vx )i + 1/ 2 , if ( ∆v x )i + 1/ 2 < 0
=
0,
(47)
otherwise


where

(∆vx )i +1/ 2 = (vx )i +1 − (vx )i

(48)

and vx is the average over the face

(v x )i = [(v x )i , j , k + (v x )i , j + 1, k + (v x )i , j , k + 1 + (v x )i , j + 1, k + 1 ] / 4 .

propagating a 1.06-µm laser beam with initial intensity
of 1016 W/cm2 through a CH plasma whose initial electron density and temperature are uniform with values
of ne = 0.1nc and Te = 1 keV and thus υ0/υe = 2. (These
conditions are similar to those reported by Young et al.15)
The laser electric field amplitude at z = 0 is taken to be

(49)

Note that we only keep the diagonal elements from
the artificial viscosity term in Eq. (2). Through numerical experimentation, we have determined that CQ = 1
is a reasonable choice, even in the presence of fairly
steep shocks.
We have also included a time-step controller to allow a
larger ∆t when possible, but to ensure that the Courant condition is satisfied. In cases where plasma velocities grow an
order of magnitude or more from their initial size, the time
step is decreased so that the numerical scheme is stable.
When coupled to F3D, the time step is never increased
beyond the limit specified by the light propagation.
We have tested this hydrodynamics scheme on several different kinds of problems ranging from deflection
of a laser beam in a flowing plasma12 to plasma expansion into a vacuum.13Ð14


 πy 
Ly
 πx 
L
E0 (t) cos 2   cos 2   , if x ≤ x , y ≤
2
2
 Lx 
=
 Ly 

0,
(50)
otherwise,

where Lx = Ly = 40 µm, Lz = 100 µm, ÐLx ² x ² Lx, ÐLy ² y ² Ly,
and 0 ² z ² L z. The amplitude E 0(t) rises from 0 to a
constant peak value over 100 ps. The field is periodic
in the transverse directions, and outgoing at z = zmax.
In Fig. 1(a), isocontours of the laser intensity at 252 ps
are shown. The contours are 2.5, 4.5, 7.5 × 1016 W/cm2,
with the darkest contour being least intense. After
propagating about 50 µm, the laser intensity reaches a
strong focus with peak intensity I = 5 × 1017 W/cm2,
after which it breaks apart into about four filaments.
The initial laser power at z = 0 is 100 times the critical
power for self-focusing.16 Pcrit = 9 × 108 W for these
conditions, so we might expect the number of filaments
N ÅP/Pcrit = 100. The evolution to this highly filamented
state requires simulation of a much longer plasma
because the distance to focus of a filament varies
inversely with power. The distance to the first focus in
steady state can be estimated from the steady-state
spatial growth rate κ as Lf = κÐ1 ≅ 23 λ0 for this case.17
The steady-state focus actually is achieved at ~50 λ0.
Isocontours of the electron density associated with
this laser intensity distribution are shown in Fig. 1(b).

(a)

(b)

Simulation of the Self-Focusing
of a High-Intensity Laser Beam
As an example of an interaction in which nonlinear
hydrodynamics is important, we show the results of
UCRL-LR-105821-96-4

FIGURE 1. (a) Energy intensity contours; (b) density contours. Darkest
contours are least intense (a) and least dense (b).

(10-00-0896-1932pb01)
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The density at the first focus, i.e. peak intensity, is
essentially zero: 5 × 10Ð8 nc. The contours in Fig. 1(b) are
10Ð2 nc, 10Ð4nc, and 10Ð5nc, lightest to darkest.
This configuration appears to be near the final state
after a very dynamic epoch. The first focus of the laser
moves backward at high velocity from z = 100 µm at
47 ps to z = 60 µm at 55 ps or a velocity of 5 × 108 cm/s.
E0(t) is still increasing during this period. The first
focus stays around 55 µm after 60 ps until the end of
the simulation at 252 ps.
A number of filamentation codes, including the
linearized hydrodynamic version of F3D, neglect the
plasma motion along the laser propagation direction
because the transverse scale length of the laser hot spot
or speckle is much smaller than the axial scale; the ratio
of lengths is 8f where f is the f-number of the focusing
optic. In this simulation the axial flow is important.
During the time the focus is moving from z = 100 µm
to z = 60 µm at supersonic velocity, it accelerates the
axial flow velocity of the fluid in front of best focus
from near 0 to about Ð3 × 108 cm/s. The ponderomotive
force also accelerates plasma supersonically in the positive axial direction at speeds up to 3 × 108 cm/s and
transversely at velocities ~6 × 107 cm/s. At the sides of
the filaments, the plasma is compressed and heated.
The energy in the supersonically moving plasma, when
dissipated, results in local ion temperatures in excess
of 10 keV. The initial ion temperature was 500 eV.

Summary
As the self-focusing example of Fig. 1 illustrates, filamentation of intense laser beams produces a very
nonlinear response in the plasma. The assumptions of
a linearized treatment quickly break down. The nonlinear hydrocode described in this article has proven to be
very robust and extends our ability to model experiments far beyond the limits of our earlier linear
hydrodynamics treatment. Yet further improvements
to the physical description are contemplated. The peak
intensity achieved at best focusÑ5 × 1017 W/cm2 at λ0
= 1.06 µmÑis weakly relativistic, v02 / c 2 Å 0.5, and
suggests that relativistically correct expressions for the
ponderomotive force be used.18 The ions are accelerated to such a high velocity, ~5 × 108 cm/s, that interpenetration19 rather than stagnation is anticipated at
the edges of the evacuated regions associated with filaments. This happens because the ionÐion mean-freepath is estimated in some cases to be larger than the
distance over which the flow decelerates. For similar
reasons, ion heat conduction should be included in
some cases. Inclusion of PoissonÔs equation might also
prove necessary to model the ionÐwave dynamics correctly.20
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THREE-DIMENSIONAL SIMULATIONS OF NATIONAL
IGNITION FACILITY CAPSULE IMPLOSIONS WITH HYDRA
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Introduction
Hydrodynamic instabilities are of critical importance
in inertial confinement fusion (ICF) since they place
fundamental limits on the design parameters required
for capsule ignition. In capsule implosions in the
National Ignition Facility (NIF), hydrodynamic instabilities are expected to evolve into the weakly nonlinear
regime, so that nonlinear saturation of instability growth
will control the amplitudes attained by perturbations
in the shell. For perturbations with the same wave
number, growth in the linear regime is the same in
two and three dimensions. However, simulations of
the RayleighÐTaylor (RT) instability on classical interfaces1Ð5Ñas well as on foils driven by laser light6,7 and
x rays8Ñpredict that symmetric three-dimensional (3-D)
perturbations should grow largest in the nonlinear
regime. An earlier potential flow model by Layzer9
showed that round 3-D bubbles achieve the largest rise
velocities. An increase in saturation amplitude with
symmetry of the mode shape was seen in an extension
of the potential flow model10 and also with third-order
perturbation theory.11 Nova experiments done with
planar foils driven by x rays exhibited this shape
dependence, in quantitative agreement with simulations
done with the HYDRA 3-D radiation hydrodynamics
code. The larger, nonlinear saturation amplitudes
attained by 3-D perturbations are a principal reason
that simulations of surfaces with realistic 3-D perturbations are important to ICF research.
This article presents results from the first direct 3-D
simulations of the NIF point-design (PT) capsule, which
were performed with HYDRA. The effect of saturated
hydrodynamic instability growth on NIF capsule
implosions had been modeled previously using
weakly nonlinear saturation analysis12 and 2-D multimode simulations with LASNEX.13Ð15 Direct 3-D
numerical simulations most accurately treat saturation
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effects and multimode coupling for capsules with realistic surface perturbations in the presence of multiple
shocks, ablation, convergence, and finite shell thickness.
In this article, we begin by describing the HYDRA
radiation hydrodynamics code, which performed these
simulations. Descriptions of the NIF PT capsule and of
the scope of these simulations follow. Finally, we discuss results from a number of multimode simulations
of hydrodynamic instabilities.

HYDRA
HYDRA is a 3-D radiation hydrodynamics code based
upon a block structured mesh, which has Arbitrary
Lagrange Eulerian (ALE) capability. An operator splitting technique is used to treat each of the physical
processes in HYDRA separately and to combine the
results. The Lagrangian phase solves the compressible
hydrodynamic equations using a monotonic form of
artificial viscosity,16 with predictor-corrector time stepping. A control volume technique is used to calculate
surface areas and volumes of the hexahedral elements.
This technique results in a consistent set of surfaces
and volumes on distorted meshes while conserving
momentum. The ALE capability allows the mesh to be
remapped according to a specified grid motion algorithm, using Van Leer advection in these simulations.17
Material interfaces are maintained with an Eulerian
interface tracker, which is based upon the volume
fraction method,18 generalized to run on arbitrary hexahedrons. ÒMixedÓ zones, which contain one or more
material interfaces, are subdivided into separate components for each material.
Radiation transport is treated in a multigroup diffusion routine using tabular opacities. A thermonuclear
burn package was installed that treats fusion reactions,
including the production and depletion of isotope concentrations, with reaction cross sections obtained from
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Point Design (PT) Capsule
The baseline capsule for the NIF, called the PT for
Òpoint design,Ó has a 160-µm-thick polystyrene ablator
doped with bromine (Fig. 1). The ablator encloses an
80-µm-thick layer of cryogenic DT ice. DT gas in equilibrium with the ice fills the capsule center at a density
of 0.3 mg/cm3. The capsule is mounted in a gold
cylindrical hohlraum 9.5 to 10.0 mm long by 5.5 mm
in diameter.
The laser pulse is staged in order to implode the
capsule on a low-entropy adiabat (Fig. 2). This pulse
delivers 1.35 MJ of laser light, 150 kJ of which is absorbed
by the capsule. This 1.35-MJ pulse, which is somewhat
less than NIFÕs maximum (1.8 MJ), was chosen to leave
an extra margin for errors in modeling. The light comes
into each laser entrance hole in two cones. The relative
power in these cones is dynamically varied to minimize
the time-varying pole-to-waist asymmetry, which is
described as a P2 Legendre polynomial. Since the NIF
144

PT capsule
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CH + Br (0.25%) ablator
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DT gas
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FIGURE 1. Schematic of the Òpoint designÓ PT capsule shell.
(50-05-0896-2031pb01)
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the Thermonuclear Data File (TDF) library.19 Energetic
charged particles are transported using an efficient
multigroup algorithm.20 It is an extension of diffusion,
which retains the straight-line motion of particles
undergoing collisions with electrons. Charged particles
deposit momentum and energy into the fluid as they
slow down, with the energy deposition divided among
separate electron and ion channels. The user can specify
independently the isotopes for which concentrations are
to be followed and the energetic particle species which
are to be transported. Since ICF capsules are thin to
neutrons, an accurate treatment of neutron energy
deposition is obtained with a model based upon an
analytic solution to the neutron transport equations in
the free-streaming limit. In the calculations presented
here, the neutrons that interact with the capsule locally
deposit the energy exchanged. Electron and ion conduction are treated, as well as electronÐion energy exchange,
using coefficients from the model of Lee and More.21
By coupling several adjacent zones together, the user
obtains greater freedom in zoning without the additional
computational overhead and increased memory requirements associated with an unstructured mesh. Coupling
the zones is essential to avoid the small Courant time
step limits that would occur, for example, in narrow
zones near the center or the pole of a mesh used in a 3-D
capsule implosion simulation. This capability can be
applied in the presence of mixed zones.
Several forms of the equations of state (EOS) are available, including the EOS4 tabular database and the inline
quotidian EOS (QEOS). HYDRA runs on workstations and
on vector supercomputers, and currently runs in parallel
on the shared memory Cray J-90 SMP using multitasking.
Besides the planar foil simulations mentioned earlier,5
HYDRA has been applied extensively to model Nova
capsule implosions.22

0

FIGURE 2. Laser power vs time to drive the PT target (gray curve,
left scale), and temperature vs time optimal for the PT capsule (solid
curve, right scale). (50-05-0896-2032pb01)

has 192 beams clustered in groups of four, there are
effectively eight spots in each of the inner cones and
16 in the outer cones. In the absence of significant pointing and power balance errors, the intrinsic azimuthal
variation in the hohlraum flux is small. With the standard cylindrical hohlraum, the drive asymmetries are
designed to be nearly 2-D. The capsule surface roughness should be the primary source of 3-D asymmetries
in the implosion.
The capsule-only simulations presented here model
the hydrodynamic instabilities seeded by surface
roughness. The average hohlraum flux obtained from
an integrated LASNEX simulation3 is imposed on the
capsule. Hydrodynamic instabilities are simulated over
a portion of the capsule solid angle, which extends equal
amounts in the polar and azimuthal angles (∆θ, ∆φ),
with one of the boundaries coincident with the capsule
equator. Multimode perturbations imposed are of the
form

G( θ , φ ) =

∑ ∑ amn cos
m

n

mπθ 
∆θ 

 nπφ 
 where amn
 ∆φ 

cos
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is the mode coefficient. Symmetry conditions exist at
the transverse boundaries. These modes are the 3-D
analog to the modes used in 2-D axisymmetric simulations performed over a portion of a quadrant.
Perturbations initialized on the outer ablator surface
are based on traces from Nova capsules, while those
on the inner DT surface are based on measurements of
cryogenic ice. The data are Fourier analyzed to obtain
a 1-D power spectrum. This spectrum may be shifted
in mode number when applying the information to the
PT capsule, which has a larger radius. The 1-D spectrum
is converted to an estimated 3-D power spectrum23 and
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20
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FIGURE 3. Surface perturbation spectra used in simulations of NIF
PT capsules. The black curve is the early spectrum for the ablator
surface obtained from measurements of a Nova capsule. The light
gray curve is the spectrum from a more recent measurement of an
optimized Nova capsule. The dark gray curve shows the spectrum of
the ice surface. (50-05-0996-2212pb01)
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the power is distributed isotropically among the 3-D
modes with equivalent wave number. Equivalent mode
amplitudes from the spectra used in the simulations
are shown in Fig. 3 as a function of the l mode number.
Random phase factors are assigned to amn so that the
topology of the surface does not have unusually large
peaks and valleys due to excessive phase coherence.

Multimode Simulation Results
We consider first a capsule with perturbation amplitudes, in the range of modes l = 10Ð1000, equal to 24 nm
rms on the outer surface and 1 µm rms on the inner
cryogenic DT surface. A domain extending 18û in each
angle is used to simulate modes in the range l = 10Ð40.
The grid used here measured 32 × 32 × 169 zones in the
polar, azimuthal, and radial directions respectively, so
that there are at least 16 transverse zones per wavelength for the least well resolved modes. As the laser
pulse rises to peak power, it generates four staged
shocks that compress the capsule shell, reducing the
shell thickness to 20 µm early in the implosion phase.
The grid motion algorithm employed follows this large
change in shell aspect ratio and ensures that perturbation growth in the shell is resolved by zones with a fine
spacing of 0.75 µm in the radial direction.
Perturbations that grow on the simulated ablator
are seeded by initial ablator surface roughness and by
the perturbed rarefaction wave that returns from the
inner ice surface after the first inward-going shock
arrives. During the implosion phase, the shell areal
density A(θ, φ) = ρ(r , θ, φ) dr strongly resembles the
initial outer surface perturbation, indicating that modes
growing in the ablator are seeded predominantly by ablator surface perturbations. Valleys initially on the ablator
surface develop into bubbles on the ablator, surrounded
by interconnecting spike sheets and larger individual
spikes, as shown by the iso-density contour plot Fig. 4(a).
Figure 4(b) shows bubble and spike ridge structures
that are growing on the pusherÐhot spot interface after

∫

(b)

FIGURE 4. Two perspectives
of the iso-density contours of
60 g/cm3 at 17.0 ns from a PT
capsule simulation having
24-nmÐ and 1-µmÐrms perturbations initially on the outer
ablator and inner ice surfaces,
respectively. Multimode perturbations with l = 10Ð40 were
initialized. (a) View of region just
inside of the DTÐablator interface.
(b) View of pusherÐhot spot
interface. (50-05-0896-2033pb01)
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the rebounding shock has reached it. The locations of
these bubbles correspond to the locations of equivalent
structures in the ablator, which have fed through the shell.
The resemblance to the imposed surface perturbation
is characteristic of weakly nonlinear behavior. Some
degree of roll-up is apparent, due to a Kelvin Helmholtz
instability,7,9,10 but it is much less than was observed
on the classical fuelÐpusher interface in Nova capsule
simulations.20,22 The structure of these perturbations
has much power in modes l <
~ 40. These growing structures remain visible until the capsule reaches peak
compression and the hot spot achieves ignition conditions, with a column density of ρr ~ 0.3 g/cm3 and ion
temperature of ~10 keV. As the capsule reaches peak
compression and begins to ignite, the inner surface
structure evolves toward lower mode numbers characterized by l = 10Ð15. This behavior appears to be strongly
influenced by ablation driven by conduction from the hot
spot and the effect of convergence, rather than by mode
coupling, as was seen in planar geometry.7,24Ð27 Since
the shell has a peak convergence ratio of 37, there is a
large decrease in the wavelength associated with a particular mode number during the implosion. At ignition
the deposition of alpha particles is mostly responsible for
ÒbootstrappingÓ the central temperature to over 60 keV.
This burn propagates into the fuel layer, which has a
peak density of > 1000 g/cm3 at this time. Simulations
are carried into the expansion phase for as long as the
capsule continues to burn at a significant rate.
Figure 5 shows yields from simulations of several
PT capsules that have different multimode surface perturbations with modes l = 10Ð40. The capsule with the
largest perturbation amplitudes failed to ignite because,
20

1.0-µm rms ice roughness

(a)

15
Yield (MJ)

at the time of stagnation, spikes had penetrated 10 µm
into the 30-µm-radius hot spot, and bubbles were
burning through the shell. Quench of ignition in the DT
capsule by 10-µm spikes is consistent with results
obtained with other modeling techniques.3 The location of the yield cliff in Fig. 5 corresponds to a roughness on the outer surface which is ~40% smaller than
that obtained with 2-D multimode simulations over
this range of modes.3,4 Higher nonlinear saturation
amplitudes and nonlinear growth rates occur for the
round, 3-D-bubble-spike features than for the 2-D bubble ridges, and these are responsible for the smaller
allowable surface roughness. Differences in instability
growth are illustrated by comparing results from one
of these 3-D multimode simulations with an axisymmetric 2-D HYDRA simulation that also has surface
perturbations consisting of modes l = 10Ð40. The initial
rms value for roughness on the capsule surfaces is identical for these 2-D and 3-D simulations. The roughnesses correspond to surfaces with overall
perturbations of 19.4 nm and 1.0 µm rms on the ablator
and ice surfaces respectively. These amplitudes were
chosen so that perturbations would evolve into the
weakly nonlinear regime. Figure 6 compares filled contour plots of density on the domain boundaries at 17.0
ns for the 2-D and 3-D simulations with equivalent
surface roughnesses. The larger saturated amplitudes
attained by the 3-D perturbations are clearly apparent.
Since the larger 3-D ablator bubbles are close to penetrating the shell, the bubble tips accelerate,22 thereby
increasing the apparent difference between the growth
of 2-D and 3-D bubbles.
The nonlinear growth of the 3-D multimode perturbations is affected by mode coupling and perturbation shape effects. Broad bubbles and narrow
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FIGURE 5. Yields for several PT capsule simulations having multimode perturbations with l = 10Ð40 at both the ablator and inner DTice surfaces. Ice surface roughness was varied while the ablator
roughness was fixed at 24 nm. (50-05-0896-2034pb01)
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FIGURE 6. Filled contour plots of density at 17.0 ns for two capsules
each having initial roughnesses equivalent to 19 nm rms and 1.0 µm
rms on the ablator and DT-ice surfaces, respectively. Contours are
shown along the planar boundaries of the domains simulated with the
radial direction extending upward. Both perturbations contain modes
with l = 10Ð40. Perturbation in (a) is 2-D axisymmetric while perturbation in (b) is 3-D, shown along two orthogonal boundary planes.
The lightest color corresponds to peak density. (50-05-0896-2035pb01)
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spike sheets begin to form early in the nonlinear
regime, and for a time it can be described by secondorder mode coupling theory.24,28 Nearby structures
strongly influence the evolution of individual bubbles and spikes in the nonlinear phase. Previous
attempts to estimate the effect of the higher 3-D saturation amplitudes within direct 2-D axisymmetric
capsule simulations involved placing a single bubble
or spike on the pole. This treatment is limited
because it cannot reproduce the complex multimode
coupling and interference effects that occur on a
realistic 3-D surface.
The simulations we have discussed so far contain
initial perturbations with modes l = 10Ð40. Modes 40
< l < 120, which are also RT unstable on the ablator,
are much less capable of feeding through the shell
and producing spikes during deceleration. The
shorter length scales of their mode structures reduce
their ability to feed through. But the shorter-wavelength modes can threaten the shell integrity during
implosion, when the shell is thinnest. We now consider a simulation that includes modes spanning
both of these ranges. Perturbations with modes
l = 15Ð120 were simulated on both the inner ice and
outer ablator surfaces on a 12û wedge. The grid measured 64 × 64 × 169 zones in the polar, azimuthal,
and radial directions respectively. The outer surface
perturbation corresponded to the best surface finish
measured on a Nova capsule. Similar traces from
Russian capsule shells, which have larger radii than
Nova capsules, suggest that the long-wavelength
surface roughness will not scale strongly to our disadvantage as we go to larger capsules.29 Figure 7
shows contour plots of the initial perturbations simulated, which have amplitudes of 21 nm and 1.3 µm
peak-to-valley on the outer ablator and inner DT ice
surfaces, respectively.

(b) Inner ice surface; 1.3 µm peak-to-valley

(a) Outer capsule surface; 21 nm peak-to-valley

FIGURE 7. Contour plots of
multimode perturbations initialized in simulation containing
modes l = 15Ð120. (a) Ablator
surface perturbation with peakto-valley amplitude 21 nm.
(b) Inner ice surface perturbation
with peak-to-valley amplitude
1.3 µm. (50-05-0896-2036pb01)
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Late in the implosion phase, the structure of the
growing multimode perturbation has its peak amplitude at the classical interface between the polystyrene
ablator and the DT fuel. Centered at this location, the
perturbation will penetrate the shell when the amplitude is only a fraction of the shell thickness. The higher
modes, which grow fastest on the classical ablatorÐDT
interface, are of concern for the period before the peak
implosion velocity is reached. After the implosion
velocity peaks, convergence causes the capsule shell to
thicken and the classical interface becomes RT stable.
Although these perturbations continue to grow inertially, the rapid thickening of the shell separates the
classical interface from the shellÕs inner surface fast
enough that further growth of short wavelength
modes is unimportant. The longer wavelength modes
that feed through the shell, combined with perturbations on the inner capsule surface, assume principal
importance once the rebounding shock begins to traverse the shell.
In the present simulation, the shell integrity was never
threatened. Figure 8 shows the iso-density contours at
17.1 ns, when the capsule is close to igniting. The contour surface shown in Fig. 8(a) is located in the DT-fuel
region of the shell, somewhat inside the polystyreneÐDT
interface, while the contour surface in Fig. 8(b) corresponds to the pusherÐhot spot interface. The high modes
apparent near the classical interface, typically near l = 90,
have not fed through appreciably to the inner interface,
which has features typically in the range l = 15Ð20. The
yield (15.5 MJ) approaches that for an unperturbed
capsule. Thus a PT capsule, with a surface finish equal
to the best measured on a Nova capsule, easily ignites
in the simulation. The margin of ignition in this simulation implies that substantially larger perturbation
amplitudes can be tolerated on the outer surface, even
with high-l modes present.
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(a)

(b)

FIGURE 8. Iso-density contour
surfaces near ignition time for a
PT capsule simulation containing
modes l = 15Ð120. (a) 130 g/cm3
surface just inside the DTÐablator interface. (b) 650 g/cm3
surface at pusherÐhot spot
interface. (50-05-0896-2037pb01)

Conclusions
We presented results from the first 3-D simulations
of the NIF PT capsule design. Realistic multimode perturbations seeded hydrodynamic instabilities that
evolved into the weakly nonlinear regime. These perturbations were characterized by broad round bubbles
surrounded by interconnecting spike sheets and larger
individual spikes. Simulations showed that modes
with l < 40 could threaten ignition by feeding through
the shell and developing into spikes when the shell
decelerates. Higher modes are much less capable of generating spikes that quench ignition, but they can
threaten shell integrity during the implosion phase.
The simulations showed that the PT capsule can tolerate spikes with amplitudes up to 10 µm before ignition
is quenched.
Three-dimensional multimode perturbations attained
larger nonlinear amplitudes than 2-D multimode perturbations having the same initial rms roughness. This
results in a constraint on the roughness of the ablator
surface that is ~40% smaller than was obtained from 2-D
multimode simulations over a similar range of modes.
Even when modes spanning the range l = 15Ð120 were
included, however, a PT capsule with surface finishes
equal to the best currently attainable easily ignited in
the simulation. Future simulations of the PT will quantify the sensitivity of the capsule to surface roughnesses
contained in different ranges of modes.
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Introduction
The LASNEX computer code was developed to
study inertial confinement fusion (ICF), to design
ICF experiments, and to analyze the results. The
code has evolved over time and been greatly
enhanced with improved physics and modern computer science tools. LASNEX was first referred to in
the literature in 19721 and first documented in 1975.2
This article presents an overview of the code,
describing the physics models, the code structure,
the methods used to solve the equations, and the
user interface, providing supplemental information
and updates to the previous review article published
in 1980.3 Although the general structure of the
physics in the code is very much the same, many
improvements have been added since 1980. For
instance, the user interface has been greatly
enhanced by the addition of the Basis code development system.4 In addition, the code has been
improved in response to requests, suggestions, and
feedback from its users, who often challenge its
capabilities to a far greater degree than the code
developers do. The success of LASNEX as an important scientific tool is due to the team effort of the
code developers and its users.
LASNEX models in two dimensions by assuming
axial symmetry. It represents the spatial variation of its
many physical quantities, such as temperature, density or
pressure, on a two-dimensional (2-D), axially symmetric
mesh composed of arbitrarily shaped quadrilaterals.
LASNEX evolves the hydrodynamics and follows the
electron, ion, and radiation heat conduction, and the
coupling among these energy fields. There are many
possible sources and boundary conditions that can be
imposed on a LASNEX simulation, which can vary
both in time and space. The possible sources include
fully three-dimensional (3-D) lasers or ion beams
150

using a ray tracing algorithm, temperature sources,
frequency-dependent radiation sources, velocity
sources, external electric circuits, and pressure sources.
Thermonuclear reactions can be modeled by LASNEX,
including the energy produced as well as the reaction
products and their transport through the problem. We
have several different atomic physics packages available
which supply the coupling and transport coefficients and
self-consistent thermodynamic quantities. LASNEX combines all these physical processes and evolves the system
forward in time, rather than just solving for an equilibrium or steady-state configuration. This complexity and
the large number of physical processes modeled present
a challenge to us (as we try to describe the code) and to
those using the code and interpreting the results. A
computer simulation of an experiment calculates all
the independent physical quantities at each time step
to enable the system to evolve forward. Any quantity
can be ÒmeasuredÓ or monitored. Huge amounts of data
are often the problem for computational physicists,
rather than a lack of data (which can be a problem
for experimentalists).
With LASNEX, a ÒtypicalÓ problem does not
existÑits calculations can take many different forms.
Because of this, in this paper we describe the code by
presenting all its different parts and how they fit
together, organized around the Òcircles and arrowsÓ
diagram shown in Fig. 1. Following the descriptions of
the physics packages, we outline the computer science
enhancements that have been added to increase
LASNEXÕs power, versatility, and convenience. Finally,
we present several LASNEX calculations that accurately model laboratory experiments. Ultimately, it is
the agreement between the code calculation and
experimental data that validates the code and gives
us confidence that LASNEX can be used to predict
and design future experiments (the National
Ignition Facility, for example).
UCRL-LR-105821-96-4
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Circles and Arrows Diagram
Figure 1 is a Òcircles and arrowsÓ diagram that
represents the LASNEX computer code: circles represent the fields in which energy resides and arrows
represent the interactions among the various fields.
There is also a circle labeled atomic physics that is connected to the arrows. This process supplies the physical
data necessary for many of the other packages.
LASNEX solves a large set of coupled, nonlinear,
partial differential equations that determine the temporal evolution of the many spatially dependent
quantities as they are influenced by different physical
processes. The solution of the equations for the different physical processes is Òsplit,Ó so that the code
evolves one process after another forward in time by
one timestep until they have all been done, feeding the
results from one into the next. For each package, a
maximum allowable or reasonable timestep is calculated for the next cycle. When all the processes have
been solved for one step, the next step is taken using a
value for the timestep that is the smallest of all the possible time steps.
One of the basic design philosophies of LASNEX is
to allow the different physics packages to be turned on
or off by the users based on their particular application. The actual processes that are used in any calculation are determined by the user, usually when the

calculation is initialized. Also, in a circle there can be
several models for a given physical process. Once
again, the physicists will choose which models to use
based upon the problem parameters and the computer
resources available. This choice of models can also
affect the interactions among the different parts of the
calculation represented by the arrows. The ability to
choose at execute time between alternative modules
for the same physical process has allowed us to
develop and debug new physics packages while simultaneously maintaining a stable code for production
use. Redundant physics models also allow a user to
validate the correctness of each model and to trade
computer time and problem size for accuracy, according to the needs of the particular situation.

Hydrodynamics
The spatial variation of the physical quantities are
described on a 2-D, axially symmetric mesh composed
of arbitrarily shaped quadrilaterals. Typically, the
hydrodynamics is Lagrangian5 in which the mesh
moves along with the material. LASNEX uses a staggered grid hydro algorithm adapted from the HEMP
code of Wilkins.6 On a regular mesh, it is second-order
accurate in time and space. Several artificial viscosities
are provided to treat shock waves of arbitrary strength,
one of which approximates the dissipation given by a

Magnetic fields
Burn products (n, γ, CP):
•TN reaction source
•Multigroup diffusion

Laser light:
•3-D ray tracing
•1-D EM wave

Ion beams

FIGURE 1. A schematic
overview of LASNEX. The circles represent the fields in which
energy resides; the arrows represent interactions among the different fields.
(02-08-1292-3795pb02)

Electrons:
•Thermal conduction (FD & FE)
•Nonlocal conduction
•Multigroup diffusion
•1-D BGK
•HET

Radiation:
•Single-group flux-limited diffusion
•Multigroup flux-limited diffusion (FD&FE)
•1-D spherical harmonic transport
•1-D discrete-ray transport

Ions:
•Thermal conduction

Hydrodynamics (2-D):
•Langrangian (quads)
•Eulerian (ALE)
•Slide lines
•Continuous rezoner
•Material strength

Atomic physics (LTE & NLTE):
•Average atom (XSN)
•SCA
•DCA
•Tabulated opacity (LTE)
•Tabulated EOS (LTE)
•Inline LTE EOS
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Riemann solution of the flow. There are also velocity filters used to damp spurious mesh oscillations, including
anti-hourglass filters and artificial shear viscosities.
A material strength capability is available that generalizes the scalar pressure to a stress tensor appropriate
for isotropic materials. It includes elastic and plastic
flow regimes and a Von Mises yield criterion for the
transition to plastic flow. There are provisions for user
specification of the elastic constants and yield stress
limits to allow very general constitutive models. There
is a history-dependent fracture model that includes
both compression and tensile failure modes, based on
computing a strain damage integral from the plastic
flow and using this damage to lower the yield strength
in a prescribed way. The model allows effects such as
spallation of brittle material to be treated. Its parameters are designed for great flexibility in treating
material failure.
The hydrodynamics calculation usually takes a
small fraction of the computer time required for a complete physics cycle, and often the Courant timestep (set
by the requirement that a signal can travel only one
zone width in one timestep) can be much smaller
than all the other timesteps. In this case, LASNEX
can ÒsubcycleÓ the hydrodynamics, taking many

FIGURE 2. This mesh models a
small, dense impurity in an
otherwise homogeneous, lower
density region. It is composed
of two simply connected parts
that are joined by slide lines.
The slide lines allow part of the
mesh to be much more finely
resolved than the rest of the
problem. Without slide lines, the
fine zones would have extended
all the way in both directions,
increasing the problem size by
over 50% and creating many
small low-density zones with a
much more restrictive Courant
condition. (40-00-1196-2729pb01)

hydrodynamics cycles per major physics cycle to
speed up the calculation.
When the LASNEX hydrodynamics method leads
to severe mesh distortions or suboptimal resolution of
the important physics, the user can request that the
mesh be moved. There are two rezoners used in
LASNEXÑone for rezones at discrete times and
another which operates continuously. The discrete
time rezoner takes explicit user input to generate the
new mesh coordinates. Discrete rezoning can be done
interactively with graphical feedback or can be preprogrammed using Basis4 interpreted user-defined functions
to determine when and how to rezone the problem. (See
the ÒUser InterfaceÓ section for an example.) The continuous rezoner accepts user commands to define the
desired mesh configuration and tries to satisfy these
requirements through a relaxation process (one of
which tends toward a mesh of equipotential lines).
Rezoning every timestep can be equivalent to performing Eulerian or Arbitrary Lagrange Eulerian
(ALE)7 hydrodynamics. It requires that the remapping of all variables to the new mesh be done with
high accuracy.
Both of the rezoners use a Van Leer slope limiting
method in which spatial quantities are represented as
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linear functions within each zone. This allows for second-order remap accuracy in smooth regions, while
not generating extraneous maxima/minima at discontinuities. This is adequate for most quantities, but the
material composition suffers some numerical diffusion. The addition of a material interface tracking
algorithm would substantially reduce these errors.
The discrete rezoner allows an arbitrary overlap
between the old and new mesh, but the continuous
rezoner demands local overlap of the two meshes. The
locality assumption permits an accurate momentum
remap that also conserves kinetic energy,8 while the
more general case is treated by a less accurate interpolation method.
Ordinarily, the LASNEX mesh has a simple logical
structure in which each interior quadrilateral zone has
four nearest neighbors, a relationship that remains
constant throughout the calculation. Optionally, one
can specify slide lines,9 logical line segments along
which zones on one side are free to slide relative to the
other side. This allows simulations with discontinuous velocities and also provides a means of zoning
complicated initial geometries, such as shine shields
or connecting regions of differing resolution. Figure 2
shows a LASNEX mesh with slide lines to connect
regions of differing resolution. Every physics model
that involves neighbor zones (hydrodynamics, diffusion,
transport, laser ray trace, etc.) has had to be modified
to include the special (time-dependent) slide line
connectivities. These slide line modifications which
connect logically disjoint zones have also been used to
establish the periodic boundary conditions needed for
multimode z-pinch calculations.

Electrons
To model the electrons, the user can choose thermal
conduction, multigroup diffusion, one-dimensional
(1-D) or 2-D nonlocal conduction, 1-D Bhatnagar,
Gross, Krook (BGK) conduction, or a hybrid electron
transport (HET) model that is currently under development. All the 1-D models allow either planar or
spherical configurations.
Thermal electrons are assumed to be in a
Maxwellian distribution. The electron thermal energy is
transported using tensorial plasma conductivities in a
magnetic field modified by applying a flux limiter
(described later). The electrical conductivities in LASNEX
go beyond the low-density, high-temperature formulae
of Spitzer/Braginskii10 by including dense plasma
effects.11 They include the effects of electron degeneracy, DebyeÐHŸckel screening, ionÐion coupling, and
electron-neutral scattering (see refs. in Ref. 11). The
treatment is based on a relaxation time (Krook12)
model of the Boltzmann equation ignoring eÐe collisions. LASNEX approximately includes eÐe collisional
effects by making BraginskiiÕs correction to the
UCRL-LR-105821-96-4

Lee/More coefficients. The cross sections used are analytic fits of a Coulomb cross-section form to numerical
partial-wave expansions, with cut-off parameters to
avoid unphysical answers. The effects of ion correlations in the liquid/solid regimes are treated by a
modified BlochÐGrŸneisen13 formula. Finally, the various magnetic coefficients (which do satisfy the
Onsager symmetry relations) are fits to the numerical
integrals in the weak-field case and tabulated for the
intermediate and strong-field case. Overall, the conductivities are believed accurate to a factor of 2 over
a very wide range of densities (to 100× solid) and
temperatures (eVs to 100 keV) and expressed in a
computationally simple form.
Thermal electron conduction involves the solution
of the diffusion equation on the arbitrary quadrilateral
mesh. Since the mesh lines are not necessarily orthogonal, this requires a nine-point diffusion operator. The
resulting matrix is solved by the Incomplete
CholeskyÐConjugate Gradient (ICCG) method.14 Both
a finite difference and a finite element scheme are
available to calculate the electron conduction. Finite
difference schemes15 are employed throughout the
code to diffuse the zonal quantities, which are the basic
unknowns. The finite element method16 gives better
solutions on nonorthogonal meshes. However, the
finite element energy densities are point centered and
must be integrated into the LASNEX architecture of
zonally averaged quantities.
The diffusion equation is derived in the limit of
near isotropy. Thus the mean free path should be considerably shorter than the characteristic length scale of
the problem. Nevertheless, the diffusion equation can
give meaningful results in other regimes if modified to
insure that physical expectations will not be violated.
The flux of energy should be bounded by the limit of
all the energy flowing in one direction at the average
velocity of the Maxwellian distribution. This is
referred to as Òflux limitingÓ and is achieved by
modifying the diffusion coefficient so that when the
gradients are very large the energy flux will be
bounded by this criterion.
The thermal electron energy is coupled with the
other fields in LASNEX as indicated by the arrows in
Fig. 1. The energy of the electrons is shared with the
ions through Coulomb collisions.17 The electrons affect
the material hydrodynamic motion by contributing to
the plasma pressure.
Nonthermal, actually suprathermal, electron distributions can also be treated in LASNEX. This method
was developed to study the hot electrons that are
found in ICF applications.18 In the code hot electrons
are created by either a laser source or an ad hoc source
defined by the user. They are transported and thermalized by a multigroup, flux limited diffusion method
that is relativistically correct and allows for arbitrary
isotropic distributions.19 When suprathermal electrons
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are being modeled, the thermal electrons are also
present. Suprathermal electron transport is iterated,
along with the determination of a self-consistent
electrostatic potential, in a way that assures zero net
current. Suprathermal electrons lose energy to the
thermal electrons by Coulomb collisions, including the
effect of the degree of ionization20 and by doing Ohmic
work through the electric field. The suprathermal
electron bins can have arbitrary bin structure.21
Suprathermal electron bremsstrahlung is modeled by a
parametrized fit to the bremsstrahlung spectrum,22
which accounts for partial ionization. The suprathermal
electrons produce frequency-dependent bremsstrahlung
photons that are transported in LASNEXÕs radiation
package. The suprathermals also contribute to the
plasma pressure.
The nonlocal electron conduction package in
LASNEX solves the electron conduction equation with
a nonlocal heat flux that vanishes at the boundaries.
This nonlocal package models the features of fully
kinetic FokkerÐPlanck calculations. These features are
a reduced heat flux in the hotter region of the heat
front, a preheat foot, and nonisothermal, low-density
corona.23 The nonlocal electron transport option is
available in both one and two dimensions. The 1-D
model solves finite difference equations. (For all 1-D
models, LASNEX allows either spherical or planar
configurations.) The 2-D nonlocal conduction uses the
finite element machinery.
Often in laser-produced plasmas, the range of the
hot electrons is much larger than the temperature or
density scale lengths, which give rise to free streaming
and nonlinearities in the heat conduction. The 1-D
BGK24 electron thermal conduction model accounts
for free streaming effects in steep temperature gradients by evaluating the electron distribution within
the plasma via the BGK approximation to the
FokkerÐPlanck equation. The resulting distribution is
then used to evaluate the heat flux in the plasma.25 A
distribution function approach was developed because
other models were unable to account reliably for the
nonlocal electron heat transport.26 The BGK approximation is used to improve the speed of the algorithm
over a direct solve of the FokkerÐPlanck equation.
Nevertheless, iteration of the algorithm is necessary to
calculate the electric field, insuring charge neutrality
and particle and energy conservation, neither of which
is explicitly guaranteed by a blind application of the
BGK approximation.
A package for hybrid electron transport (HET) is
being developed to incorporate 2-D electromagnetic
effects into electron transport. The model draws heavily on the ideas of Rodney Mason, associated with 2-D
implicit plasma simulations.27 The algorithm is
designed to incorporate particle and/or fluid electronsÑthe particles would represent hot electrons
generated by plasma processes, and the fluid electrons
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would represent the background thermal electrons.
Currently, only the field solver and the thermal electron parts of the package are implemented. The
package accounts for electron transport via a generalized OhmÕs law28 which includes all of the Braginskii
coefficients,29 including the Hall and Nernst terms. For
heat transport, the package also includes all of the
Braginskii coefficients, including the RighiÐLeduc
term. Because the electric field is also important in
transport, a field solver for MaxwellÕs equations,
including the displacement current, was written that
goes beyond the MHD approximation used in the present magnetic field package in LASNEX.30 The MHD
approximation assumes charge neutrality in the
plasma which results in the displacement current
being ignored. The HET package does not ignore the
displacement current and therefore is not charge
neutral. HET also does not ignore ¶j/¶t. The fields are
represented by continuous finite elements; the electric
current is represented by discontinuous finite elements.
The effects on transport using this model are already
dramatic. In some situations the spontaneously generated magnetic field magnetizes the electrons with
the result that thermal transport is inhibited.
Improved results for laser-heated foil experiments
have been noted.31

Ions
Thermal ions are assumed to be in a Maxwellian
distribution. Flux limited diffusion methods are used
to mix spatially different types of ions and to transport
the ion thermal energy. Ion conduction uses the same
ICCG method to solve the diffusion matrix as the
electron conduction package. Real ion viscosity
(momentum diffusion) is optionally included in the
hydrodynamics equations, although it is typically
small by comparison with the usual artificial viscosity.
The ions affect the material hydrodynamic motion
by contributing to the pressure. Hydrodynamic work,
including that done by the artificial viscosity, and the
thermonuclear reactions heat the ions. The heat
exchange with the electrons limits the ion temperature.
The ion temperature is important for three practical
reasons: (1) the thermonuclear fusion reaction rate is
very sensitive to Ti; (2) Ti controls the Coulomb logarithm used to calculate laser absorption by inverse
bremsstrahlung and electron thermal and electrical
conduction; and (3) Ti determines the Doppler contributions to the width of spectral lines, which can be
important for x-ray laser designs.

Radiation
Radiative energy flow is one of the principal
means of coupling laser energy into a target. Because
of its importance in ICF, LASNEX has several methods
UCRL-LR-105821-96-4
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for calculating radiation transport: single group flux
limited diffusion, multigroup flux limited diffusion
using either finite difference or finite element solution
scheme, 1-D spherical harmonic expansion of the
transport equation, 1-D discrete-ray transport, and
detailed radiation transport.
Single group flux limited diffusion assumes that
the photons are in a Planck distribution characterized
by a local radiation temperature. This method uses
only Rosseland mean opacities and is valid if the system is thick to radiation.
Multigroup flux limited radiation diffusion assumes
nearly isotropic photon distributions and allows for arbitrary frequency dependence. Frequency-dependent opacity data is required. The diffusion algorithm to model
multigroup radiation diffusion can be treated by either
the finite difference approximation or the finite element method,32 similar to the electron diffusion. The
ICCG linear system solver is employed in both
schemes. By default, the finite difference and finite element models use an iterative scheme to couple the
radiation energy to the matter.33 A Òpartial temperatureÓ coupling scheme which is often much faster (see
Ref. 42) is also available for use, but it can give large
swings of the intermediate values of the electron temperature during a single timestep, decreasing accuracy.
Accuracy is controlled by reducing the timestep until
the swings in the partial temperature are acceptable.
However, this can result in very small timesteps. The recommended radiation electron coupling scheme is differenced implicitly in time; in steady state, it will relax to
the correct answer in one step. This method, related to
a scheme of Axelrod and Dubois,34 may be thought of
as a form of alternating-direction implicit iteration, in
which one direction corresponds to photon energy and
the other to spatial location. In certain circumstances, particularly when the timestep is large and the rates associated with transport and radiation-matter coupling are
similar, the convergence can be quite slow. We have a
convergence-acceleration scheme for use in these
unusually stiff cases.35 Shestakov et al.36 describe
test problems in radiative transfer and compare
finite difference and finite element solutions to the
radiation diffusion equations, illustrating the use of
analytic solutions to validate the results of computer
simulations.
Photon Compton scattering and its resulting energy
exchange with electrons is also treated in LASNEX. To
model relativistic Compton scattering, we evaluate
the Compton scattering kernel by averaging the
KleinÐNishina cross section over a relativistic
Maxwellian distribution.37 This scattering kernel is
then integrated over all directions to obtain the transfer matrix used to solve the Boltzmann equation for
isotropic photon distributions.38 Finally, one can make
the FokkerÐPlanck approximation which assumes that
the photon frequency shift is small compared with the
UCRL-LR-105821-96-4

photon frequency.39 LASNEX can do Compton energy
exchange by either the Boltzmann or FokkerÐPlanck
methods. The FokkerÐPlanck method is finite differenced in a way that obtains exact steady-state results.40
Since x-ray mean free paths are often comparable to
the size of ICF targets, the diffusion approximation
is not appropiate and we must solve the transport
equation.
LASNEX has a 1-D (either spherical or slab) Pn
radiation transport package in which the photon angular distribution is expanded in spherical harmonics
where Pl is the coefficient of the lth Legendre polynomial.41 The radiation transport equation is written as
an infinite set of coupled equations for the PlÕs. Rather
than terminating this infinite set at the lth moment by
zeroing out Pl + 1, Kershaw improved the results of the
Pn calculation by setting Pl + 1 to a value within its
bounds. Probability theory is used to calculate the
upper and lower bounds. The 1-D Pn package uses the
same relativistic Compton methods described earlier
to evolve the 0th (isotropic) moment. Other moments
only undergo Thompson scattering with no frequency
shift. The Pn package couples the photon energy to
matter using the Òpartial temperature scheme.Ó42 The
1-D Pn radiation transport has been useful both in
actual design calculations and in testing the accuracy
of various extensions to the diffusion theory.
Radiation transport in LASNEX is also modeled by
a 1-D discrete-ray method.43 It consists of solving the
finite difference equations for the radiation intensity
for a few selected directions. The total intensity at any
point in space is the sum over the intensities of each of
the discrete directions weighted in some consistent
way, for example, by the fraction of the solid angle that
each ray represents. We difference the radiation transport equation using upstream, implicit differencing,
and we couple the radiation energy with matter by
iteration using the multifrequency gray approximation.44 A persistent problem with the LundÐWilson
scheme has been the accuracy in the thermal wave
limit, when the zones are many mean free paths thick.
LASNEX also has a 1-D, discontinuous finite element
radiation transport package, bilinear in space and photon direction, which behaves correctly in the thermal
wave limit.45 The radiation transport equation has
upwinded, discontinuous elements; the electron temperature equation has continuous elements. The resulting linear equations are solved by a modified splitting
of the intensity and temperature parts. There is an
optional Newton iteration for problems where the nonlinearity of the Planckian function is significant over a
single timestep. In this, the Compton scattering is
treated nonrelativistically, including scattering only in
angle (Thomson scattering).
All radiation transport models deposit momentum
when a photon is absorbed or scattered. In the Atomic
Physics section, we describe the derivation of the
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frequency-dependent radiative opacities used in the
photon transport packages. Basically, we include
bound-bound, bound-free, and free-free processes
in either local thermodynamic equilibrium (LTE) or
non-LTE. The frequency-dependent radiation intensity
that escapes from a LASNEX mesh is often a very
valuable problem diagnostic to compare with corresponding experimental spectra.

Lasers, Ion Beams, and Other Sources
A LASNEX calculation can be driven by several different types of sources and/or boundary conditions.
Some sources, such as temperature, pressure, frequencydependent radiation intensity, and velocity are imposed
arbitrarily, while the beam deposition sources interact
with the plasma in a more complete and physically consistent manner. Lasers and ion beams are calculated by
tracking a number of rays through the spatial mesh.
Power on the ray is decremented as deposition occurs.
The temporal and spatial variations of all the possible
sources can be specified by the users.
In 1983, a 3-D laser ray tracing package was added
to LASNEX.46 Prior to this, all light rays were forced to
travel in the (r,z) plane, which often created anomalously high intensities near the symmetry axis. The 3-D
laser package computes the trajectories of an arbitrary
set of laser rays through the mesh. The rays are bent
according to the laws of refraction. Ray trajectories are
computed using the gradient-index geometricaloptics equations. On the basis of computed ray path
lengths, energy is deposited in each zone by inverse
bremsstrahlung, including nonlinear corrections.47 The
laser energy is also absorbed by a photoionization
model based on the Saha equation.48
Noncollisional processesÑplasma instabilities and
resonance absorptionÑare modeled by angle-dependent absorption49 or more simply by absorbing a given
fraction of the energy that is left in each ray at its turning
point. The ray intensity is correspondingly attenuated.
When suprathermal electrons are present, absorption
by the noncollisional process creates an electron distribution with a ÒhotÓ temperature derived from fits to
plasma simulations.50
Typically, the LASNEX computational mesh is too
course to resolve steep, inhomogeneous plasma-density structures that might arise from uneven illumination
or hydrodynamic instabilities. Therefore, the code has
a statistical model of the refractive scattering of laser
light by random density fluctuations in the subcritical
plasma.51 The scattering can occur along the entire ray
path or only at the turning point. The hydrodynamic
effect of the laser light is included with a ponderomotive force algorithm which has both scalar and
tensor terms.52
Since LASNEX tracks a finite number of rays
through the mesh, we often see Òray effects,Ó causing
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the laser intensity to vary unphysically. A ÒfatrayÓ
package smoothes the laser energy deposition, using
a finite element diffusion equation.53 This will not
cause energy to be deposited past the critical surface
because the smoothing takes place only for regions
where the electron density is less than or equal to
the critical electron density. Another option to
decrease the ray effects (which we call ÒsmearingÓ)
is to average the deposition over two zones each
time it is applied, and it can be applied any number
of times. The user has some directional control by
choosing to apply the smearing along particular logical mesh lines.
Charged-particle beam deposition is calculated from
stopping-power formulas that account for straggling and
partial ionization.54 We have made calculations from
first principles of the dynamic charge state of a fast,
heavy ion as it experiences various ionization and
recombination processes while slowing down in a
heated target material.55 The important processes are
collisional ionization balanced at equilibrium by radiative recombination.
Ion beams do not refract as light does. Therefore,
we have a separate, simpler and faster ray trace package for ions. It assumes only straight ray paths in 3-D,
which become hyperbolae when projected onto the
(r, z) plane.56 Momentum deposition from ion beams
is implemented consistently.
For moderately intense, ultrashort pulse lasers, we
have a subroutine which actually solves MaxwellÕs
equations in 1-D, rather than using a ray trace approximation.57 The algorithm takes advantage of the rapid
oscillation and propagation of light waves compared
with hydrodynamic motion. Thus, the steady-state
1-D solution to MaxwellÕs equations results in the
Helmholtz equations. Both s- and p-polarized cases are
accounted for by the package. Plasma waves are generated at the critical surface in the case of p-polarized
light. To account for losses due to plasma waves without explicitly following the waves in the plasma, the
total collision rate is modified in the resonance region
to be the sum of: the electronÐion collision rate + the
Landau damping rate at the critical point + the rate at
which plasma waves leave the resonance region + the
loss rate due to the wavebreaking of the plasma
waves.57 To maintain consistency, the algorithm automatically incorporates a WKB approximation in the
low-density blow-off region when the low-density
zone sizes approach the laser wavelength. The frequency-dependent conductivity has been improved to
go beyond the Drude approximation and results in
improved modeling of absorption in solids.

Burn Products
LASNEX calculates all significant thermonuclear
reactions among isotopes of H, He, Li, Be, and B.58
UCRL-LR-105821-96-4
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Charged particles and neutrons produced are transported by multigroup diffusion methods that take into
account nuclear scattering, in-flight reactions, and
momentum deposition.59 Gamma rays produced by
inelastic nuclear interactions are also transported by
multigroup diffusion, accounting for Compton scattering, photoionization, and pair production.60 The
neutron and gamma diffusion both use a multigroup
extension of LevermoreÕs diffusion method.61 The
charged particle transport is an extension of diffusion that retains particle inertia as it undergoes
straight-line energy loss to electrons.62 Charged particle
energy loss rates include the effects of an arbitrary
ratio of particle to electron thermal velocity, Fermi
degenerate electrons, and bound electrons.63 All
burn products either escape from the problem, providing numerous diagnostic opportunities, or
deposit their energy back into the thermal electron
and ion fields.

Magnetic Fields
Magnetic fields are generated automatically in 2-D
problems or can be imposed by user-specified sources.
The magnetic field package64 in LASNEX includes J × B
forces and the full Braginskii cross-field transport
model. The Braginskii model has been extended with
the Lee and More conductivities and includes the magnetic diffusion, Nernst, grad P, grad T, and Hall terms
in OhmÕs law, as well as the perpendicular and
RighiÐLeduc heat flows, j¥E, and other terms in the
heat equation. The user may optionally specify source
terms that self-consistently couple the plasma to an
external LRC circuit.
If requested, the magnetic package modifies the
electrical conductivity to account for the anomalous
resistivity due to lower-hybrid waves. Periodic boundary
conditions are available for the study of multimode
RayleighÐTaylor (RT) perturbations. The energy conservation has been improved (order-of-magnitude
improvement for 1-D, purely-Lagrangian calculations) and the magnetic flux is conserved during
mesh rezoning. These enhancements, together with
new, high-resolution rezoning schemes, programmed by
the users with the Basis interface, have allowed the successful modeling of high-energy, radiating z-pinches.
Features typically exhibited in these simulations are the
strong nonlinear growth of magnetic RT modes,65 and
the formation of hot spots66 near the axis due to unstable
(m = 0) sausage modes.
Also, magnetic fields can be spontaneously generated in the presence of nonparallel temperature and
density gradients which may occur in laser-produced
plasmas. The resulting changes in the magneticfield-dependent transport coefficients for all charged
particles may significantly alter the plasma temperature and pressure profiles. This may be an important
UCRL-LR-105821-96-4

effect in the design of some hohlraums or direct-drive
targets which require a high degree of symmetry
and efficient utilization of laser power.

Atomic Physics
The atomic physics models in LASNEX supply the
equation-of-state (EOS) variables (e.g., pressure and
energy as a function of temperature and density) used
in the hydrodynamics, the degree of ionization used to
establish various electron collisional rates, and the frequency-dependent opacities used by the radiation
transport routines. In LTE, these quantities are functions only of the density and electron temperature and
can be conveniently tabulated or evaluated by analytic
expressions. LASNEX can access the internal Lawrence
Livermore National Laboratory (LLNL) EOS data and
the Los Alamos National Laboratory (LANL) Sesame
data,67 and it can use its own quotidian EOS (QEOS)
package.
The QEOS68 is an in-line EOS routine that is based
on the ThomasÐFermi electron-gas approximation. The
QEOS total energy is split up into three parts:
Etot (ρ, T ) = Ee (ρ, T ) + Eb (ρ) + En (ρ, T )

(1)

where Ee is the ThomasÐFermi (TF) energy, Eb is an
analytic (Cowan) bonding correction used to fit the
experimentally known solid density and bulk modulus
at standard temperature and pressure, and En is the
nuclear motion energy. It provides separate EOSs for
electrons and ions. Since QEOS is based on a free
energy, thermodynamic consistency is guaranteed,
and the smooth TF term together with the analytic
ion part generate continuous results from cold solid
conditions through the liquid, vapor, and plasma states.
The Z-scaling property of the TF model allows a single
table to generate data for any element as well as provide the speed necessary for an in-line calculation.
LASNEX can also access LTE frequency-dependent
opacity data in three different formats: it reads Cray
binary files of opacity information in a format unique to
LASNEX designed 20 years ago; it reads the LANL
Paradise69 opacity files; and it reads the LLNL machine
independent opacity files,70 using the portable data file
(PDB) library of Stewart Brown.71
In non-LTE, the EOS, degree of ionization, and the
opacity must be determined from the atomic populations which are found by solving rate equations and, in
general, depend on the photon and suprathermal electron distribution functions. LASNEX has incorporated
three major atomic physics packages, XSN, SCA, and
DCA, which can be run in either LTE or non-LTE modes.
All three provide LASNEX with pressure, energy, and
frequency-dependent opacity and emissivity due to
bound-bound, bound-free, and free-free processes.
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XSN72 is an average atom, atomic physics code
that uses a simple Z-scaled, screened hydrogenic
model to perform in-line calculations of arbitrary mixtures at all temperatures and densities. It is used to
obtain material opacities for LTE and non-LTE, as well
as EOS values under non-LTE conditions. It includes
the effects of Fermi degeneracy, continuum lowering,
and pressure ionization,73 which are required to correctly model cold solids at high densities and is
designed to closely match the ThomasÐFermi ionization values along the cold curve. The lack of l-splitting
and the simple line-width formulae limit the accuracy
of the opacities to average values. However, XSNÕs
simplicity does provide the required speed and allows
any mixture to be treated. Since the EOS is based on a
free energy, it is automatically thermodynamically consistent. The lack of a bonding correction means that
XSNÕs pressures at low temperature are too high, but
in most cases, non-LTE effects are small under those
conditions, and this package would rarely be run.
The average-atom atomic physics package
Statistical Configuration Accounting (SCA)74 produces
more accurate opacity information than the default
XSN package because its underlying atomic physics
data is evaluated off line by a self-consistent, relativistic, HartreeÐSlater program, called LIMBO.75 Because
the database which LIMBO produces is based on relativistic physics, the resulting opacity which SCA
produces shows fine-structure splitting. Whereas,
fine-structure splitting can be included into an XSN
opacity only in an ad hoc fashion. As in XSN, the
atomic physics is simplified by using the hydrogenic
approximation, where the states of an ion are
described by the quantum numbers of a single electron
which is immersed in a spherically symmetric
screened Coulomb potential.
The Detailed Configuration Accounting (DCA)
atomic physics package76 solves rate equations for the
number of ions in each important excited state in each
ionization state. This package is more expensive than
XSN or SCA. It is used when accurate atomic physics
is needed for line diagnostics or x-ray laser modeling.
DCA can handle any number of states connected by
radiative and collisional bound-bound, bound-free,
and auto-ionization and dielectronic recombination
processes. The states and transition rates are specified
in data files generated by other codes. Optionally, a
simple screened hydrogenic model can be produced at
problem initialization. In addition, the DCA package
calculates Voigt line shapes due to Doppler, Lorentz,
and Stark broadening and, if requested, handles line
transfer by a general purpose escape probability
method that reduces to 1-D, static or Sobolev limits in
planar or cylindrical geometry.77 It includes effects of
Fermi degeneracy and handles pressure ionization and
continuum lowering in the Stuart/Pyatt approximation78 by reducing the statistical weight smoothly to
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zero as continuum lowering ionizes the weakest bound
electron. To save computer time, the levels which are
eliminated by continuum lowering or which are ionization states of low probability are removed from rate
calculations and from the system of rate equations. The
resulting reduced linearized system is then solved by
banded or iterative matrix methods.
Another relatively new feature of the LASNEX
atomic physics package is a multiphoton, dielectric
breakdown package which models multiphotonÐ
ionization seeding of avalanche breakdown. The
model is based on the work of Feit et al.79 in which a
simple seeded exponential model was inferred from
their FokkerÐPlanck studies. The seed rate is proportional to an integral power of the energy density of the
laser light in the material. In this process, the electron
density will build until a threshold level is reached.
Above the threshold, the material breaks down by
electron avalanche, which is modeled by an electron
distribution that exponentially increases in time. The
avalanche is quenched when a maximum of one electron per ion is reached, justified by assuming that the
ionization potential for the next electron to be removed
increases substantially.

User Interface
LASNEX has been a pioneer in interactive and
steered computations. Even in its early days (more
than twenty years ago), the users were able to investigate and modify their simulations while they were
running. Graphical displays and numerical edits of the
problem could be produced at any time, allowing the
users to ascertain quickly whether the problem was
running correctly and efficiently. With the inclusion of
the Basis code development system,80 a huge leap in
interactivity was achieved at once. The programmable
interface provided by Basis transformed LASNEX into
Òa whole new generation of design code.Ó81 It gives
LASNEX a complete, up-to-date, well maintained, and
well documented computer science interface, allowing
users to innovate without the intervention of the code
developers. The code developers no longer have to get
involved with specific user requests for diagnostics or
special purpose models, freeing them from straightforward but time-consuming tasks.
Basis has a fully featured, FORTRAN-like interactive programming language interpreter which can
access the variables and functions in the LASNEX
compiled code. Basis supplies an interface to a complete graphics package that includes curves, markers,
contours, text, frame control, and viewport control, as
well as LASNEX-specific plotting commands, such as
mesh plots and mesh-based contour commands. Basis
also offers many mathematical packages, such as
Bessel functions, fast-Fourier transforms, randomnumber generators, and polynomial fitting.
UCRL-LR-105821-96-4
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One of the most important components of Basis is
a history package that allows the user periodically to
execute specified commands and/or to collect any
number of sets of values of arbitrary expressions. A
variety of mechanisms can be used to select the frequency at which these generations are collected. Users
may also specify logical conditions under which
actions will occur, such as the occurrence of bowties, a
zone reaching a certain temperature, etc. The history
package employs the portable database system
(PDB)71 to store the collected data. The Portable-Filesfrom-Basis (PFB) package of Basis gives the users a
convenient interface to the data files.
LASNEX users now accomplish many tasks using
the tools of the Basis system. They have automated the
tedious chore of generating sets of similar problems by
writing Basis functions to do the work. Instead of a user
issuing instructions from the terminal for a discrete problem rezone, they now can use the Basis interpreter and
history functionality to sense when the mesh is in trouble, decide what should be done, and execute the
rezone. In this way, LASNEX provides user-controlled,
automatic mesh refinement facilities.
In many processes the users can add their own
models to work with or to replace those of LASNEX.
To accommodate the usersÕ new programming power,
we have introduced many Òuser defined arrays,Ó in
which they calculate their own values for various

LASNEX quantities. For example, a user can supply
the material EOS by calculating, at each timestep, the
electron pressure and its derivatives with respect to
density and temperature, the electron energy and its
derivatives, and the corresponding ion components.
Similarly, a user can define the thermal conductivities,
zonal energy sources, zonal energy leak rates, or zonal
electron thermal flux limit multipliers. We continue to
add more user-defined variables to the code to take
advantage of this capability.
Another application of the Basis interpreter is to
create self-tuning simulations or a self-optimizing
series of simulations. As a calculation is running, the
Basis interpreter can decide how well the design is
working based on certain criteria. Then, for example,
the laser pulse shape or spatial profile can be changed
to satisfy the criteria better.
Table 1 provides an automatic rezoning example to
illustrate how Basis works within LASNEX to save the
designersÕ time and to allow many jobs to run to completion without user intervention.

TABLE 1. Example of automatic rezoning.

Planar Hydrodynamic Instability
Experiment

Problem Description:
Whenever any zone becomes folded over on itself (“bowtied”), return
the mesh to a given “good” configuration, perform the rezone (mesh
overlay and remapping of all the LASNEX variables), and proceed.
The user must define the function that tests the LASNEX mesh for
troubles (here bowties) and corrects it, if necessary. In this example
the mesh is simply set back to the original configuration defined when
r_good and z_good were declared. The “h” card tells when (i.e., at
every cycle from 1 to 10000) the function, “test_n_rezone,” should be
invoked.
Note: the “#” symbol indicates that the following text is a comment.
The Basis Coding:
real8 r_good = rt, z_good = zt # Declare “good” coordinates and
# equate to LASNEX’s rt and zt.
h 1:10000:1 test_n_rezone
# At every cycle call the function
# test_n_rezone.
function test_n_rezone
# Function definition.
if(nbowt(rt,zt,ireg).ne.0) then # Test for bowties.
prezone
# Execute LASNEX command to
# prepare for rezoning.
rt=r_good
# Reset the LASNEX mesh to the
zt=z_good
#“good” ones.
rezone
# Mesh overlay and remap physical
# quantities.
endif
endf
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Example Calculations
This section describes three ICF experiments simulated with LASNEX: a planar hydrodynamic instability
experiment, a spherical hydrodynamic instability
experiment, and a capsule implosion mix experiment.
These examples illustrate that LASNEX can accurately
model actual laboratory experiments.

A series of experiments was conducted with the
Nova laser to measure hydrodynamic instabilities in
planar foils accelerated by x-ray ablation.82 We show
results of a single-mode experiment and the corresponding LASNEX calculation. A low-density fluid
pushing on a high-density fluid is RT83 unstable, and
perturbations on the surface between the fluids grow
and take on a characteristic bubble and spike
appearance. In these experiments, surface perturbations were imposed on one side of a foil that was
mounted across a diagnostic hole in the wall of a
cylindrical Au hohlraum. The foil was accelerated
by the indirect x-ray drive generated by focusing
eight pulse-shaped Nova beams into the hohlraum and
was backlit with a large area spot of x-rays created by
shining another Nova beam on discs of Mo, Rh, Sc, or
Fe. Figure 3(a) shows the experimental image of a foil
with 100-µm sinusoidal perturbations viewed side-on
with a 2-D grated x-ray imager at 4.4 ns into the pulse.
The foil has evolved into the classic bubble and spike
shape characteristic of nonlinear RT instability. The
LASNEX calculation Fig. 3(b) at 4.4 ns agrees with the
experimental image. In fact, they are almost identical.
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(a) Experimental image

(b) Simulation

FIGURE 3. (a) Results of pertur-

Density
Position

bation growth experiment
viewed side-on at a time of 4.4 ns.
(b) Shaded density plot of the
transmitted backlighter x-rays at
4.4 ns in the corresponding 2-D
LASNEX simulation.
(20-03-1293-4393pb02)

λ = 100 µm
Side-on image λ = 100 µm
Position

The 2-D LASNEX simulation used the time-dependent
laser power that was measured in the experiment, tabular opacities created by a Òfirst principles opacityÓ
code, and tabular EOS data. The transmitted backlighter x-rays included the instrumental response.

Spherical Hydrodynamic Instability
Experiment
The next experiment was designed to study the
physics of implosions with high RT growth factors.
Using indirect drive, we imploded capsules with
Germanium-doped ablators to minimize x-ray preheat
and shell decompression and hence increased the inflight aspect ratios. X-ray backlit images of the capsule
implosion were recorded at 4.7 keV with 55 ps and
15-µm resolution. Three parallel 3-µm-deep grooves
were machined in the ablator to seed the instability.
One groove encircled the center of the target; the other
two were parallel and on opposite sides. Figure 4
shows the backlit image of the capsule from the experiment and the LASNEX calculation at 2.22 ns to be virtually identical.84 The grooves machined into the
ablator for this experiment were not uniformly

spacedÑthe one on the right was closer to the center;
the effect of this is seen in both the experiment and
code results. The groove on the left being farther from
the center allowed a double ridge to be created as the
perturbation amplitude grew from each groove. This
did not occur on the right side, where the grooves
were closer and the RT growth from the central and
right-hand grooves merged into just one modulation.
The LASNEX simulation was a standard 2-D calculation. It was able to accommodate many zones while
still properly modeling the radiation by using a special
method of weighting opacities that allows a faster convergence with a much smaller number (typically 5 or 6
compared with 50 to 100) of photon groups compared
with the standard Rosseland weighted mean.85

Capsule Implosion Mix Experiment
This experiment addressed the issue of the hydrodynamic stability of the imploding fuel capsule.
Experiments on Nova were performed to study how
imperfections on the capsule surface grow by RT
instability into large perturbations that cause pusherÐfuel
mix and degrade the capsule performance.86 To diagnose

(a) Experiment

(a) Simulation

FIGURE 4. Backlit image of
grooved Ge-doped imploded
capsule at 2.2 ns into the pulse.
Both the experimental data on the
left and the LASNEX results on
the right show the growth of the
modulation.
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FIGURE 5. Spectra at peak xray emission in units of 1010
J/s/sterad/keV from the
implosion of a smooth surface
capsule. (a) The experimental
streaked crystal spectrometer
data. (b) The 1-D DCA LASNEX
simulation result. Relevant
emission lines of Cl (the pusher
dopant) and Ar (the fuel
dopant) are labeled.
(20-03-0795-1850pb02)

0
3.4

(b)

Cl He –α

Intensity [1010 J/(s·sterad·keV)]

Ar He –α
Cl Ly –α

Cl He –α

Intensity (arb. units)
2.6

Ar Ly –α

1.6

(a)

3.0
Energy (keV)

2.6

the enhanced mix, x-ray emission spectra of trace elements in the pusher (Cl) and fuel (Ar) were measured
as the surface roughness increased. (Figure 5 shows
example spectra.) The emission of the pusher dopant
relative to the fuel dopant did increase with surface
roughness as the cold pusher mixed more thoroughly
with the hot fuel, due presumably to RT instabilities
(see Fig. 6). Simulating the implosion of these capsules
was a multistep process, employing both 1- and 2-D
LASNEX calculations. The 2-D calculations were
used to estimate linear growth for single-perturbation modes. The surface roughness and the linear

3.4

perturbation growth factors combined with HaanÕs87
nonlinear saturation prescription were used to calculate the time-dependent width of the mix region.
In 1-D implosion simulations with LASNEX, material
was atomically mixed and thermal transport enhanced
over a distance about the fuelÐpusher interface,
according to the width of the mix region.
Emission spectra were generated with the DCA
atomic physics package. As seen in Fig. 6, the LASNEX
results for the ratio of time-integrated Cl to Ar LymanÐ
alpha emission agrees well with the experimental
results. The trend of increased mix for rougher surfaces is very apparent. The experimental spectra and
the spectra calculated by LASNEX also match as
seen in Fig. 5.
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Acknowledgments
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FIGURE 6. The ratio of the time-integrated Cl and Ar LymanÐalpha
emission lines is plotted vs the initial surface roughness. An X (O)
marks each experimental (simulation) point. The black (gray) lines
connect the average values of the experimental (simulated) data at
each distinct initial surface rms. (08-00-0996-2154pb01)
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Introduction
ICF3D is a three-dimensional radiation hydrodynamics simulation computer code being developed
for ICF applications. It has a number of distinguishing features:
¥ Portable; works on uniprocessors and massively
parallel processors (MPP).
¥ Written in the object-oriented programming (OOP)
language C++.
¥ Based on unstructured grids.
¥ Discretized using finite elements; the hydrodynamics is modeled using discontinuous functions.
We believe these features are important for a variety
of reasons.
These design codes must be portable, if they are to
run on future computers. Computers are evolving at
such a rapid pace that todayÕs supercomputer will be
obsolete in two to three years. However, software
development is a painfully slow and labor-intensive
task.1 Thus, it is important that codes developed now can
run efficiently on tomorrowÕs computers. TodayÕs
supercomputer is a parallel machine, a collection of
individual ÒboxesÓ each with its own memory and
with one or more processing elements (PEs). ICF3D is
written to take advantage of this architecture. It parallelizes by decomposing physical space into nearly disjoint subdomains and relies on explicit calls to system
message-passing routines. This approach allows us to
scale the computation. If more boxes are available, bigger problems can be run.
In order to have reusable code, software should be
robust and modular. This is facilitated by an OOP
approach. In a modular code, if something needs to be
rewritten or modified, one can retain the trusted components. Functions or modules often need to protect
their internal variables from inadvertent corruption by
other routines; such protection leads to Òdata hiding.Ó
For better organization, one may wish to use Òclasses,Ó
UCRL-LR-105821-96-4

or to define new entities, each with their individual
methods, e.g., a cell and a means of calculating its volume. These requirements are easily accommodated by
OOP languages such as C++. Traditionally, scientific
software has used FORTRAN. ICF3D is embracing
C++. This approach is not without risks. Although
OOP in general, and C++ in particular, is now widely
used, it rarely appears in computational physics. In the
past, C++ compilers were notoriously slow in optimizing code, and for scientists, speed is nearly as
important as accuracy. This state of affairs is changing, and the pessimistic results previously reported
by Haney2 are no longer true.3
Codes based on unstructured grids can easily model
real experiments with complicated geometries. For example, in an indirectly driven ICF experiment, a spherical
capsule is embedded in a nearly vacuous cylindrical
hohlraum with partially opened ends. Some experiments
may have additional shields inside the hohlraum to protect the capsule. During the experiment, the walls and
capsule undergo significant displacement. In modeling, a
traditional, fully structured mesh will have difficulty
simulating and resolving the initial configuration and its
subsequent motion. An unstructured grid is useful as it
allows different cell types to be connected. The extra
overhead in allowing complicated cells is offset by
the flexibility afforded when the original domain is
discretized and/or the problem regridded.
Simulation codes of this type benefit by being discretized using finite elements. Unstructured grids and
complicated geometries naturally lead to finite element
(FE) methods. ICF3DÕs grid consists of a collection of hexahedra, prisms, pyramids, and/or tetrahedra. Processes
such as diffusion are modeled by nodal FE methods in
which the variables are given a continuous representation
throughout the domain. The hydrodynamics is simulated
by a novel scheme4 based on the discontinuous FE
method. This allows a natural representation of inherently discontinuous phenomena, such as shocks.
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In this article, the first section provides an overview
of ICF3DÕs modules, discusses how the physics packages
are coupled, and describes the individual packages in
more detail. The next section presents some results. In
the conclusion, we describe our future plans.
We have a couple of clarifications to make about our
word usage. In internal discussions, the name ÒICF3DÓ
sometimes denotes both the Òstand-aloneÓ physics
code as well as the environment used to initialize problems, execute them, control the execution, and analyze
the results. To avoid confusion, in this article ICF3D
refers only to the stand-alone code. In addition,
throughout the article, we use ÒmoduleÓ and ÒpackageÓ interchangeably to denote a set of routines that
perform a specific task.

ICF3D Modules
ICF3D runs on a variety of machines. Its I/O is in a
special format, which is described in this article in
ÒICF3D InitializationÓ(see p. 168). Once the input files
are prepared, ICF3D may be run like any other C++
program. ICF3D also has an interactive controlling
environment. The interpretive language Python5 controls the execution.
In the following subsections, we discuss the ICF3D
modules. The modules consist of one or more C++
functions. When properly designed, modules should
be easy to check, and if the need arises, easy to replace
with better modules. The modulesÕ execution is controlled by user-set parameters. Most modules can be
run separately. This code has separate modules for
Initialization, Hydrodynamics, Heat Conduction,
Radiation Diffusion, Equation of State (EOS), and
Parallel Processing.
One important issue is how to couple the physics
packages. The problem is complicated since the packages may have different representations of the variables, e.g., cell or node centered. This difference is
exemplified by the hydro and radiation diffusion
packages. The former evolves equations for the density ρ, the momentum density ρv, and the total
energy density ρE. The radiation diffusion package
couples the temperature T to the spectral radiation
energy density uν where ν is the photon frequency.
The coupling difficulty arises because hydro variables have a discontinuous FE representation,
whereas any quantity undergoing diffusion (a second-order differential operator) must have a continuous representation, if the diffusion is modeled by FE.
A straightforward coupling of a nodal uν to a zonal
T may create anomalous diffusion.6 Hence, the
radiation-to-matter coupling should be done with
functions having similar (nodal and continuous)
representations.
The equations of interest are the conservation laws for
mass, momentum, and total matter energy, respectively:
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∂ t ρ + ∇ ⋅ Fρ = 0 ,

(1)

∂ t (ρv) + ∇ ⋅ Fρv = ρg ,

(2)

and
∂ t (ρE) + ∇ ⋅ FρE = ρg ⋅ v + H ε + Sε + K νε dν .

∫

(3)

Equation (3) is coupled to the transport (diffusion)
equation of the radiation field
duν / dt = ∇ ⋅ (Dν∇uν ) − K νε

.

(4)

In Eqs. (1) to (3), Fi denotes the flux of i, i.e., Fρvx =
ρvxv + p, and FρE = (ρE + p)v, where vx is the x velocity
component and p is the pressure. In Eqs. (2) to (4), ρg is
an external force density, ε is the internal energy, Hε is
the heat conduction term, Sε is a source of energy (e.g.,
due to laser deposition), Kνε describes the radiation-tomatter coupling, d/dt is the Lagrangian derivative, and
Dν is the diffusion coefficient of the radiation field. In
the future, when ε is split into separate electron and
ion components, Kνε will denote the radiation-to-electron
coupling, and Sε, if due to a laser, will be an electron
source.
Equation (3) is solved by operator splitting. At the
start of the time cycle, we compute all the coefficients
we need, such as conductivity. Then, we do a hydro
step; Eqs. (1) to (3) are advanced together except that
in Eq. (3) the H, S, and K terms are ignored.
The hydro module allows for the passive advection of an arbitrary number of other variables.
Presently, this feature is only used for the Òmass
fractions.Ó In the future, Eq. (4) would also be solved
by operator splitting. The convective part would be
done by the hydro, while the transport and radiation-to-matter coupling would be done at the end of
the cycle.
The hydro module produces an intermediate total
energy E(1). We now introduce the subscript d to
denote variables whose numerical representation is
discontinuous. If the grid consists of only regular hexahedra, there are eight cells adjacent to each node.
Hence, fd denotes a function with eight values per
node. At the conclusion of the hydro step, we compute
an intermediate internal energy

(1)
(1)
ε d = Ed − υ 2d / 2 .

(5)

This step is potentially dangerous since Eq. (5) implicitly assumes that υ 2d / 2 is a valid representation for
the kinetic energy ek. Unfortunately, ek is not computed
directly but is only derived by squaring the velocity.
The difficulty is illustrated by considering an ideal gas
for which we require ε ³ 0. Since the code evolves ρ,
ρv, and ρE, there are no explicit assurances that
E ³ υ 2d / 2 .
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(1)
The variables ρd and ε d , and the EOS yield the
pressure pd(1) and the temperature Td(1) . The other
physics packages compute changes to the internal
energy ∆εd. The cycle concludes by computing the final
energies
(1)
(1)
ε d = ε d + ∆ε d and Ed = Ed + ∆ε d .

(6)

The change ∆εd consists of the H, S, and K terms that
were ignored by the hydro step. At the end of the
time cycle, we have both a continuous nodal T and a
discontinuous εd. The two variables may not be
consistent. If necessary, we use the EOS to get a selfconsistent pressure pd and a temperature Td from ρd
and εd. Since Td has a discontinuous FE representation, it may not agree with the continuous FE
(nodal) value obtained by coupling to the radiation.
To be more precise, after multiplying through by the
time step, we write

∫

ρ∆ε = H ε + Sε + K νε dν .

(

)

(

ρj =

,

(8)

ρ( 0 ) , T ( 0 )

∫Ω

(9)

dV φ j ρd cv , d Td(1)

∫Ω

dV φ j ρd cv , d

,

(10)

where ½ denotes the entire domain and φj is the FE
basis function centered at the jth grid point. The integrals in Eq. (10) are sums over all the cells that support
φj. Furthermore, the integrals are lumped, i.e., for any
dV φ j ff =
function
Ω





∑  ∫Ω∩ cellj dV φ j  fd, j

,

(11)

cell

where cellj is a cell with xj as one of its vertices and fd,j
is the discontinuous value in cellj at x = xj. In the FE
discretization of the heat conduction and radiation-tomatter coupling equations, we lump all but the transport
term. Each equation is discretized by multiplying by
∆t φj and integrating over ½.
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)

.

(12)

,

(13)

where the integral in the numerator is lumped, as in
Eq. (11). Using the nodal values, ∇ ρ is easily obtained
from the analytic, continuous representation

is the specific heat computed at the start of the time
cycle.
We now specify how the variables of Eqs. (7) to (9)
are defined. The continuous FE representation of the
temperature at the end of the hydro at the jth grid
point is

∫

∫Ω dV φ j ρd
∫Ω dV φ j

ρ( x , y , z) =

∑ φ ( x , y , z) ρ
j

j

.

j

∂ε
∂T

(1)
Tj =

(

In Eq. (12), the heat transport is implicit in ∆T(2), but
the conductivity is computed using values at the
start of the cycle. The source S is explicit. If it is due
to a laser, and its deposition depends on both ρ and
T, we use the latest values, the ones obtained after
the hydro step. For laser deposition, we need continuous representations of ρ and T in order to compute
their gradients. A continuous (nodal) density is
given by its nodal values

where
cv =

)

ρcv T ( 2) − T (1) = ∇ ⋅ κ (0)∇T ( 2) + S ρ, T (1)

(7)

The energy difference is expressed as a temperature
difference
∆ε = cv T − T (1)

Once T(1) is known, we use operator splitting and
FE to first do the heat conduction and the energy
deposition

(14)

The gradient is continuous within cells and discontinuous across cell faces.
Equation (12) is followed by the radiation-to-matter
coupling. Equation (4) is coupled to

(

) ∫ K ( ) dν

ρcv T ( 3) − T ( 2) =

3
νε

,

(15)

where K is implicit in the final, continuous temperature. Equations (4) and (15) are solved by standard FE
techniques; everything except the transport term in Eq.
(4) is lumped. The result is a continuous representation
for both the final radiation energy density uν and matter temperature T(3).
To summarize, T is a derived quantity and ε is
fundamental. During the heat conduction and
radiation-to-matter coupling, we keep track of the
energy changes in each cell. If the changes are small,
then the ε after the hydro is not modified much.
Hence, any sharp features are not smeared out. In
particular, if there are no matter energy sources,
very small heat-transport coefficients, and insignificant radiation-to-matter coupling, then the hydro
should work as if it is the only package running.
Similarly, if we have only hydro and a zonal matter
energy source running, and the source is distributed
according to Eq. (11), then the results should still
stay sharp.
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ICF3D Initialization
The grid consists of three types of objects: cells,
faces, and nodes. A node is characterized by its
sequence number and its coordinates. Cells and faces
use the object-oriented concept of inheritance. Faces
may be quadrilateral or triangular, whereas four types
of cells are allowed: tetrahedra, pyramids, prisms,
and/or hexahedra. The cell, face, and node objects are
related. For example, a hexahedron has 6 faces and 8
nodes. Each interior face has two cells on either side.
The cells need not be regular; the quadrilateral faces
need not be coplanar. However, the cells cannot be so
distorted to preclude an isoparametric mapping to regular elements, e.g., quadrilaterals to a unit cube. For
Lagrangian node motion, this implies that if the grid
becomes sufficiently distorted, the problem must be
regridded. We do not yet have a means of regridding.
We have not yet written a general, unstructured
mesh generator. In order to run test problems, we have
instead written a simple, separate mesh generator that
outputs mesh description files for subsequent reading
by ICF3D. However, we stress that ICF3D is written to
run on completely unstructured meshes. Our generator is described in ÒProblem GenerationÓ (see p. 172); it
writes ICF3D input files that describe the mesh in the
Advanced Visual Systems (AVS) Unstructured Cell
Data (UCD) format. (AVS is a commercial software
visualization product.) This format, which consists of
two lists, is a terse description of the grid. The first is a
node list; each node is described by its unique
sequence number (an integer) and by the values of its
coordinates (three real numbers). The second is a cell
list; each cell is described by its typeÑe.g., a pyramidÑand by a list of integer sequence numbers that
comprise the cellÕs vertices. The cellÕs vertices must be
given in a prescribed way, e.g., a pyramidÕs apex is
listed first.
We have used the UCD because it is commercially
available, but it is not adequate for use in generating
an unstructured mesh. For example, the format does
not explicitly list which cells share given a node. Also
the format never mentions faces. To define the mesh,
ICF3D requires that the different objects (cells, faces,
and nodes) have a set of interconnecting pointers to
describe which cells lie on either side of a face, which
nodes make up the face, etc.
The discontinuous hydrodynamic scheme imposes
even more requirements on the mesh description. The
dependent variables are cellÐnode based. For example,
each cellÕs density is described by its value on the vertices. Since the hydrodynamic variables are allowed to
be discontinuous, a neighboring cell has different
nodal values. Thus, such variables are considered
Òdoubly indexedÓ: once over cells, then again over the
cellÕs nodes. When the hydrodynamic face fluxes are
computed, the routine loops over each face, follows the
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pointer to each of the adjoining cells, and goes to the
appropriate node to pick up the value. This requires
the mesh to provide an additional set of pointers:
face→cell→node.
Some physics packages are more efficient if additional connectivity information is supplied. For the
hydrodynamics, the limiting routine, which deletes
unphysical extrema, requires that each cell point to
all other cells that share its nodes. The continuous,
piecewise-linear, nodal FE scheme that discretizes the
second-order elliptic operator imposes a similar
requirement. Each node, which by construction is a
vertex of one or more cells, needs a list of the other
vertices. On a regular hexahedral grid, the nodal
neighbor list gives rise to a 27-point stencil.
All this information is computed at the start of the
run and saved. Presently, since we do not have a
regridding routine, the topological description of the
grid does not change during the course of a runÑeven
in a Lagrangian calculation.

EOS Package
In the discontinuous finite element method, density,
pressure, and velocity are linear functions. These variables are used to calculate the hydrodynamic fluxes.
The Roe solver (which computes the fluxes) needs various derivatives of thermodynamic quantities. This
requires that the EOS module compute some variables
as functions of different combinations of other quantities. In particular, we need
ε(ρ, p), p(ρ, ε ),

∂ε(ρ, p)
∂p

,

∂ε(ρ, p)
∂ρ

, and

∂ε(ρ, T )
.
∂T

Such functions are part of our C++ EOS class.
Compartmentalizing these functions into a class allows
for better management of data common to all functions
for a specific material. For example, in the case of tabulated equations of state, the functions are calculated
from the same database. The ICF3D EOS class uses the
C++ concepts of inheritance and virtual function overloading to allow new equations of state to be easily
implemented.
Currently, three different types of equations of
state are supported by the EOS class: ideal gases,
ASCII versions of EOS tables for various materials,
and a version of the SESAME equation-of-state tables
from the Los Alamos National Laboratory.7 Tabular
data are fitted by bicubic splines. The EOS class Òconstructor,Ó called after the problem initializes, computes
spline coefficients. The coefficients are saved and used
to evaluate the functions. This makes for faster calls, at
the cost of storing a larger amount of data. We intend
to add a class that uses the TABLib library.8 This will
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allow ICF3D to use tabular equations of state stored as
PDB files.
If a cell has more than one material, ICF3D
calculates and advects mass fractions. In this case,
the cellÕs thermodynamic quantities are specified by
a total ρ, total energy density (or total p, or total T),
and a set of mass fractions for the different
materials.

Hydrodynamics
The ICF3D hydrodynamic scheme is described in
Ref. 4. The algorithm advances two scalar hyperbolic
equations for the density ρ and the total energy density ρE, and the vector equation for the momentum
density ρv. The scheme is compact and is easily parallelized since it gets all of its accuracy locally; it
does not reach out to more than one neighboring cell
to approximate the dependent variables.
The two essential features of the hydro scheme are
its ability to do fully Arbitrary Lagrangian Eulerian
(ALE) calculations and its ability to run in different
coordinate systems. ALE combines the best features of
Eulerian and Lagrangian codes. The ÒarbitraryÓ aspect
allows the user to specify the meshÕs motion to resolve
a feature that would not be possible to resolve with
either a purely Eulerian or a purely Lagrangian code.
The hydro module is implemented in 3-D Cartesian,
cylindrical, and spherical geometries. We are continuing to develop the ALE features to ensure code robustness. In particular, we have focused attention on two
areas. The first involves the Lagrangian limit of the
ALE code where the mesh follows the fluid motion.
This is a nontrivial problem since discontinuous functions represent the velocity fields, whereas the mesh is
required to be continuous. We have developed a
scheme to move the grid points that ensures a vanishing average mass flux across a face.
Secondly, the shock stabilization algorithm has been
adapted to combine the pure Runge-Kutta solution,
the 3-D generalized Van Leer stabilized solution (the
limiting procedure), and the first-order Godunov limit
solution. This ÒadaptiveÓ combination assures the
greatest possible accuracy as we go from very smooth
regions to extremely strong shocks. However, in 2- and
3-D problems, this stabilization is insufficient to stabilize extremely strong shocks. We have implemented a
Lapidus-type artificial viscosity9 to stabilize the
remaining ÒtransverseÓ oscillations near such shocks.
We have successfully run the code on two test
problems of particular interest to ICF: the 3-D
RayleighÐTaylor (RT) instability growth problem
and the 2-D RichtmyerÐMeshkov (RM) shocked
perturbation problem. The ressults are described in
the ÒHydrodynamic ProblemsÓ section of this article
(see p. 175).
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Heat Conduction
Currently, ICF3D uses only a single matter temperature T. The change of the internal energy ε due
to temperature is expressed as
ρc ν ∂ t T = ∇ ⋅ κ ∇T + Sε

,

(16)

where Sε is an external source term, κ is the conductivity, and cv = ¶ε/¶T is the specific heat. In the future,
sources such as laser energy deposition will be incorporated into Sε .10
Equation (16) is discretized by a standard nodal FE
scheme in which T is given a continuous Òpiecewise
linearÓ representation. The dependent variable is the
nodal temperature value. For testing purposes, we provide three conductivity models: κ = constant, a power
law, and one given by the SpitzerÐHŠrm formula.11
The heat conduction package gathers the various
coefficients (cv, κ, etc.) of Eq. (16) and calls the mathematical diffusion solver package described in ÒFE
Diffusion PackageÓ (see p. 170).

Radiation Transport
Radiation transport is modeled with the diffusion
approximation. The coupling to matter is governed by
the opacity κν. The relevant equations are

[

∂ t uν = ∇ ⋅ Dν∇uν + cρκ ν Bν (T ) − uν

]

(17)

and

∫

[

ρc ν ∂ t T = – dvcρκ ν Bν (T ) − uν

]

,

(18)

where Bν(T) is the Planck function. In the above equations the unknowns are the radiation energy densities
uν and the matter temperature T.
The same FE scheme used for heat conduction discretizes Eq. (17). In addition, uν is discretized with
respect to frequency: for each range, or frequency
Ògroup,Ó uν is its average radiation energy density.
To solve the two equations, we use the Òfully
implicitÓ scheme described in Ref. 12. First, the source
term is linearized about the temperature at the start of
the time cycle
Bν (T ) = Bν

To

+ dBν / dT T (T − To ) .
o

(19)

The discretization leads to a large system of linear
equations, which is solved by a matrix-splitting iteration. We write the system as Ax = S, where x = (uν, T)
denotes the vector of unknown energy densities and
temperature. As described below, we split A in two
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ways: first, as A = Ad + Ac, then, as A = Al + Anl. For
the first splitting, we solve
Ad x 1 = S − Ac x 0

f=

.

For the second, we solve
A1x 2 = S − Anl x 1 .
The two splittings constitute one iteration. The iterations are repeated until uν and T converge.
In the first splitting, Ad is the part of the matrix that
arises from the diffusion operator in Eq. (17). Ac is the
remaining part of A and includes the radiationÐmatter
coupling. The first splitting is equivalent to solving for
uν while keeping T fixed. Since the groups are only
coupled through T, the individual group densities may
be solved independently of each other. This results in
repeated calls to the diffusion solver.
In the second splitting, Al is the ÒlocalÓ part of the
matrix, formed from A by ignoring all spatial coupling.
Al is a block diagonal matrix, with each block corresponding to a single mesh point. The blocks are of
order Nν + 1. By ordering uν first, it follows that each
block consists of an order Nν diagonal matrix in the
upper left corner and completely filled last row and
column. Hence, the blocks are quickly solved with
Gaussian elimination.
We plan to experiment with other linear solution
methods and to choose the ones that offer the best
combinations of speed and accuracy. One such method
is the Òpartial temperatureÓ scheme.6 This method has
the advantage of not requiring any iterations. For the
price of advancing a single diffusion equation once,
one gets uν and T implicitly coupled.
We also plan to add the advection of uν. The above
method is physically correct only when the code runs
in the Lagrangian mode. For Eulerian or other modes
in which the mesh does not move with the fluid, we
need to consider that the radiation is also carried by
the fluid.
Lastly, we need to incorporate a routine to calculate
realistic opacities κν. Presently, ICF3D has only three
types of opacities: a user-specified constant, a simple
formula κν = (T/ν3)(1 Ð αeÐν/T), and tabulated ÒcoldÓ
opacities.

FE Diffusion Package
The heat conduction and radiation diffusion modules both call the diffusion package, a routine that
solves the generic equation
g∂ t f = ∇ ⋅ D∇f + S − αf

.

(20)

The diffusion package transforms Eq. (20) into a linear
system and calls the solver. Equation (20) is discretized
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by FE methods. The unknown function f is represented
in terms of basis functions

∑ φ ( x) f
j

j

,

where φj is the usual piecewise linear function φj
(xi) = δij. The main difference between the diffusion
basis functions and those used for the hydrodynamic
module is that for diffusion, support (φj) extends over
all cells with xj as a vertex.
The time derivative in Eq. (20) is discretized
using fully implicit differencing. With one exception,
all coefficients are assumed to be known and constant within a cell. The exception is the radiative
source, Eq. (19), in which T and T0 have nodal
representations.
After discretizing the temporal derivative, Eq. (20) is
multiplied by φi ∆t and integrated over the entire
domain. This leads to a sparse linear system for the
coefficients fj,

( g + α − ∇ ⋅ D∇) f = g

f0 + S .

(21)

Integration by parts turns the transport term into a
surface integral and a volume integral of the type

∫Ω dV

D ∇φ i ⋅ ∇φ j

(22)

.

If xi is not a boundary node, or if one prescribes a boundary symmetry condition for the flux (ÐD¶f/¶n = 0), then
the surface integral does not appear. All terms except
the transport term are lumped. This implies that only
the flux contributes to the off-diagonal coefficients of
the matrix. Because of the symmetry in Eq. (22), the
matrix is symmetric. It is easy to show that the matrix
is also positive definite.
Unfortunately, we may not get an M matrix since
some off-diagonal coefficients may be positive. The
M-matrix propertyÑonly non-negative coefficients for
the matrix inverseÑis desirable since the diffusion
module advances positive quantities such as T. The
right-hand side of Eq. (21) is itself positive since it is a
sum of the source and the old energy. To show the loss
of the M-matrix property, recall that the transport term
is discretized by Eq. (22). The diagonal contribution
with i = j is clearly positive. For the off-diagonal terms,
consider the contribution to Eq. (22) from just one element, K. By construction, D is constant and positive
over the element. Hence, let D = 1. In 2-D triangles, it is
easy to show that ∇φi ⋅ ∇φj ² 0, if none of the interior
angles are obtuse. In 2-D quadrilaterals, the result is
more restrictive, since the sign depends on the aspect
ratio of the sides. The issue is exacerbated in 3-D.
Consider the hexagon
K=

{(x, y, z) : x ≤ 1,

}

y ≤ Y, z ≤ Z
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and the functions
φ± = (1 ± x)(Y + y )(Z + z) / 8YZ .
A direct integration yields

∫κ dV ∇φ + ⋅ ∇φ − = (Y 2 + Z 2 − 2Y 2 Z 2 ) / 9YZ

.

(23)

Again, the sign depends on the aspect ratio. If Y = Z
and Y < 1, we get the undesired positive sign.
It remains to be seen whether the lack of the
M-matrix property proves harmful. It does make the
system harder to solve (see the section below,
ÒSolution of Linear Systems.Ó) We are aware that for
the case: S = α = 0 and g = 1, the linear system of
Eq. (21) has the form

( M + ∆tS) f = Mf0

,

(24)

where M is the lumped (diagonal) mass matrix and S,
the stress matrix, is the discretization of the diffusion
operator. For negligibly small ∆t, (M + ∆t S)Ð1 ≈ M Ð ∆tS.
Hence, if S has positive off-diagonal terms, then for a
properly chosen and still positive f0, we may obtain an
f with some components negative.
Once the diffusion module has initialized the linear
system, it calls the linear solver.

Solution of Linear Systems
ICF3D generates two types of linear systems. One
kind arises when the hydrodynamic module inverts
mass matrices to compute the fundamental variables.
The order of those systems equals the number of
degrees of freedom in a cell, e.g., eight in a hexahedron. To solve these systems, we have written a set of
general routines that perform Gaussian elimination
with partial pivoting.13
The second type of systems is created by the diffusion module. For such problems, the matrix A is large,
sparse, symmetric, and positive definite (SPD).
Because of the unstructured grid, the matrix sparsity
pattern is random. SPD systems are best solved by the
preconditioned conjugate gradient (PCG) method.
Three preconditioners are available: Incomplete
Cholesky (IC), one-step Jacobi (diagonal scaling), and
multistep Jacobi. In this section, we only discuss the
uniprocessor version of the solver. ÒParallel Solution
of Linear SystemsÓ (see p. 175) describes the MPP
modifications.
The PCG algorithm is well documented in the literature.13 We shall not rederive it here, but instead
describe our implementation. Unless the grid topology
is changed, the sparsity pattern remains the same.
Hence, if the discretization couples node xi to node xj,
then the ith row of the matrix has a nonzero entry in
UCRL-LR-105821-96-4

the jth column. Since the matrix is symmetric, row j has
the same entry in the ith column. Thus, the following
data structure suffices to describe the sparsity pattern.
For each row i, we define an integer array Ci of dimension Ci, dim where the integer Ci, dim is the number of
nonzero entries in row i to the left of the diagonal. For
some rows, for example the first, Ci, dim = 0. The array
Ci contains the column numbers of the nonzero
matrix entries. For example, if the seventh unknown
is only coupled to the third and fifth, C7, dim = 2 and
C7 = (3, 5).
This description is computed only once, at the start
of the run. The pattern is computed from the nodal
neighbor construct described in ÒICF3D InitializationÓ
(see p. 168). Of course, if the problem were to be
regridded (and the mesh topology changed), the sparsity pattern would be recomputed. Although the above
discussion focuses on a sparsity pattern due to an FE
discretization of a nodal quantity, the procedure can be
generalized. For example, if we need to discretize a
zonal quantity, we first determine the zoneÕs neighbors
for this application and then follow the same procedure. The linear solver need not distinguish how the
linear system was derived. All we supply is a description of the system, i.e., the matrix order and sparsity
pattern, the matrix elements, the maximum number of
iterations allowed, the preconditioner desired, etc.
To use the IC preconditioner, we do more preliminary work. For uniprocessors, the IC variant factors
the matrix into the product
A = LDLT

,

where D is diagonal, L is lower triangular with unit
diagonal and a sparsity pattern that matches that of A,
i.e., no fill-in. It can be shown14 that computing an
entry in the lower triangle of L, e.g., row i and column
j, involves a dot product of the previously computed
entries of row i and row j. For efficiency, we do not
compute products of a nonzero entry in one row by
a zero entry in another. Avoiding such unnecessary
multiplications requires extra preliminary work and
additional storage in order to describe which entries
contribute to the product. As a result, the evaluation of
L proceeds faster, but with the penalty of indirect
addressing of the necessary elements.
We have only tested our solver on small problems.
First of all, we have confirmed that for sparsity patterns
in which all nonzero matrix entries are bunched about
the diagonal, IC returns the exact decomposition and
PCG converges in one step. Secondly, we obtain the
results in Table 1 for LaplaceÕs equation on the unit
cube with Dirichlet boundary conditions. Using a uniform grid with L = 1/(n + 1) and n = 15, we obtain a
system of order n3.
Note that even though two-step Jacobi took nearly
50% more iterations than IC, the time spent was almost
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TABLE 1. Results for LaplaceÕs equation on the unit cube with
Dirichlet boundary conditions L = 1/(n+1) and n = 15. Time is in
arbitrary units.
Preconditioner
One-step Jacobi
Two-step Jacobi
Incomplete Cholesky

Iterations

Time

30
18
13

Ñ
56.15
56.13

identical. The nearly twofold decrease in the iteration
count between one- and two-step Jacobi agrees with
the results of Ref. 15. However, this problem is characterized by uniform and equal ∆x, ∆y, and ∆z, which
implies that we obtain an M matrix. Hence, the firstorder Jacobi iterative method converges,16 and one can
apply the results of Ref. 15 to make the two-step Jacobi
method an efficient preconditioner.
However, for nonuniform meshes, Eq. (23) implies
a loss of the M-matrix property. Furthermore, it is
easily shown that the matrix need not be strictly
diagonally dominant. Hence, the Jacobi method
need not converge and the two-step preconditioner
may even delay convergence. To illustrate, we consider the same problem as above except we set Xmax
= 1 and Ymax = Zmax = 0.1. We again use n + 1 uniformly spaced points in each direction. The results
appear in Table 2.

TABLE 2. Same problem as for Table 1, with Xmax = 1, and Ymax =
Zmax = 0.1.
n

Preconditioner

Iterations

11
11
11
11
21
21
21

None
One-step Jacobi
Two-step Jacobi
Incomplete Cholesky
None
One-step Jacobi
Two-step Jacobi

40
37
40
10
58
56
441

For n = 11, two-step Jacobi is slightly worse than
one-step and no better than the conjugate gradient
method without a preconditioner, while IC took four
times fewer iterations. However, for n = 21, two-step
Jacobi actually did considerably more harm than good.
Lastly, in the above problem, we confirmed that
the numerical solution equals the exact solution,
(1 Ð x)(1 Ð y)(1 Ð z). On a hexagonal mesh, the exact
solution belongs to the domain spanned by the test
functions.
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Problem Generation
The task of generating truly unstructured meshes,
even those limited to hexagonal, prismatic, pyramidal,
and/or tetrahedral cells, is a formidable job and is, in
itself, the subject of ongoing research of other groups
and companies. For our test problems, we improvised
by writing a separate code, the generator, that creates
only logically hexagonal grids.
To each point, the generator assigns an integer
three-tuple (k, l, m), where the indices are positive and
bounded by (kmax, lmax, mmax). The generator also
specifies the initial and (currently, time independent)
boundary conditions, the material(s) of choice via EOS
tables, and discretizes the frequency spectrum. To facilitate the generation, we have enveloped this process
under a controller or script language parser. The system was originally developed under Basis,17 but we
have adopted Python,5 a new, portable language that
is easily extended. Using a technique similar to that for
LASNEX, a set of generator functions describe the
problem in an ASCII file written in Python. After the
generator reads the file, it writes the ICF3D input files
in the UCD format.
The generator has been extended to specify meshes
that are not logically hexagonal. We allow for voids
within the domain, e.g., to represent solid bodies. The
generator also allows the user to describe the grid in
one coordinate system and write the input file in
another. Thus, we may discretize the sphere in (r, θ, φ)
and compute in Cartesian coordinates. This presents a
special challenge, because the individual elements are
not symmetric in the expected directions. The generator also decomposes the domain for MPPs. The user
chooses along which of the k, l, and/or m directions to
parallelize. For example, one could divide a kmax, lmax,
mmax = (31, 51, 81) domain amongst 2 × 2 × 4 = 16 PEs,
where each PE owns 15 × 25 × 20 cells.
Python can interact with and ÒsteerÓ the execution.
Steering permits the user to directly interact with the
various code modules, thereby allowing real-time
analysis of the computed results. Unfortunately, this
mode of operation requires that the controller/interpreter be portable to the machine of choice. This
requirement may not be simple to fulfill, particularly
on MPPs. Consequently, we provide two modes of
operation. In one, which is still under development,
the computing core (ICF3D) and the controller
(Python) are tightly coupled. We use this mode on
uniprocessors. The second mode gives us the flexibility
of running ICF3D on a variety of platforms with no concern of the steering engineÕs portability. This mode
evokes the distributed computing model; the stand-alone
ICF3D is controlled by a Python session executing at a
local workstation.
ICF3D is run in this second, distributed mode, on a
variety of computers, uniprocessors and MPPs. This

UCRL-LR-105821-96-4

THE ICF3D CODE
allows us to use the parallel machines exclusively for
computations and relegates the generation and postprocessing chores to the desktop. The user directs
where to execute ICF3D, and the generator takes care
of the details: reading the userÔs deck, preparing the
input files, shipping them to the computer of choice,
initializing the run, etc. While this is not as flexible as a
truly steerable code where parser and code are intimately connected in a single executable, it has given us
an invaluable means to develop and debug ICF3D and
has provided an easy interface to the MPP of choice.
The system supports continuation runs via restart files
as well as a link to the debugger on the remote
machine. Our only requirements on the remote
machine are a correct C++ environment with standard
remote-shell execution capabilities. Since the interface
is the same regardless of the computing engineÑMPP
or uniprocessorÑthe parallelization is completely
transparent to the user. The decomposition of the
domain and subsequent recombination of the results
from the individual PEs are done by the generator. In a
typical run, after ICF3D finishes, the data is automatically transmitted to the workstation to be saved for
later postprocessing or examined immediately. For
subsequent processing with the AVS visualization
software, ICF3D also writes files in the AVS UCD
data format.

Parallel Processing
We target distributed memory processors (DMPs)
and rely on explicit calls to message passing functions.
This is the optimal strategy for computers such as the
CRAY T3D and the IBM SP2, as well as networks of
workstations (if the network is provided with the
appropriate message-passing library). The strategy also
works on shared memory computers (SMPs). ICF3D
has successfully run on uniprocessor workstations and
DMPs such as the T3D, as well as on SMPs like the 12node SGI Power Challenge.
We divide the physical domain into nearly disjoint
subdomains, one per PE, and ÒleaveÓ the subdomains
distributed on the PEs. Each PE receives a description of
only its subdomain plus a layer of adjacent ghost cells.
In Fig. 1, we display the entire subdomain (including
ghost cells) sent to one PE. The subdomain consists of 96
owned cells and 236 ghosts. (This example has a bad
surface-to-volume ratio.) There are 108 hexahedra, 96
prisms, 96 pyramids, and 32 tetrahedra. Only 48 hexahedra, 16 prisms, 24 pyramids, and 8 tetrahedra are
owned cells. The peculiar cones and innermost sphere
primarily consist of ghost cells. They appear since the
domain decomposition requires that each owned cell
know about all cells that share one of its vertices.
The subdomains are described in the input files,
which are written in the modified AVS UCD format.
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The modification consists of assigning global as well as
local sequence numbers to both cells and nodes, and
tagging the cells with the number of the PE that owns
it. The input files are written by the generator; and
only it has access to the entire domain. The generator
initializes the problem, decomposes the domain, and
determines which PE owns which cell. The assignment
of nodes to specific PEs is done by ICF3D itself. Thus,
since cells do not migrate across the PEs, the task of
load balancing the PEs is assigned to the generator.
We use a Òcoarse grainedÓ parallelization strategy;
the code is not replete with parallelization commands.
Crucial code segments have been identified as requiring information that resides on another PE. At such
segments we insert statements of the type
if (Number PEs >1) call fooMPP();
Such branching statements appear at a high level in
the code.
For parallelization purposes, the physics modules
may be roughly divided into three kinds: embarrassingly
parallel, clearly parallelizable, and hard to parallelize
efficiently. The first type consists of modules such as
the EOS; nothing special is done since each PE works
only on the cells it owns. Explicit time-differencing
methods such as the hydrodynamic step are clearly
parallelizable. Such methods have an easily identifiable, compact domain of dependence. For example, a
cellÔs hydro variables at one time step depend on only

Y

Z

X

FIGURE 1. Entire subdomain given to a PE when decomposing a
sphere and running in Cartesian coordinates. Figure includes both
owned and ghost cells. (50-06-1296-2785pb01)
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old values of that cell and its neighbors. If the neighbor
cells are owned by the same PE, no extra work is
required. If some of the surrounding cells belong to
another PE, a copy of that cell is a ghost cell of this PE.
It is the responsibility of the message-passing routines
to get the required information. The third, hard-to-parallelize-efficiently are those modules that require
global communication, e.g., the initialization and solution of linear systems. That subject is discussed in
ÒParallel Solution of Linear SystemsÓ (see p. 175).
When running in parallel, we use one of two
libraries in one of two modes. In one mode, for portability, we call routines from the industry standard MPI
message-passing library. On the Cray T3D, we also
provide the option of using the native SHMEM library,
since efficient implementation of MPI is site-dependent. In the early stages of our parallelization work,
the LLNL MPI library was extremely slow. Now, the
SHMEM and MPI performances are nearly equivalent.
Nevertheless, having a choice of libraries has proved
invaluable; when one breaks, we switch to the other. In
the other mode, we have an additional object-oriented
layer, C4,18 which is itself written in C++ and thus
allows better use of that language. For example, MPI
routines require that we explicitly state the data type of
the arguments. In C++, such type-description is unnecessary since, unlike in FORTRAN, the argument carries
information about its type. C4 has also been generalized so that it either calls SHMEM or MPI.
The interface to the MPI, SHMEM, or C4 functions
is through special message-passing objects (MPOs),
which are constructed at the start of the run. These
objects store the information required to effect the message passing. For example, assume that at each time
step, PE0 sends to PE9 nodal data corresponding to
nodes with global sequence numbers 500 and
1,000,001. These nodes will have different local
sequence numbers, e.g., 10, 11 on PE0, and 50, 70 on
PE9. The MPO stores the number of the other PE, the
length of the message, and the local sequence numbers
on this PE. Thus, on PE9 the MPO knows it is to
receive two numbers from PE0 which are to be stored
in locations 50, 70.
Whenever we enter a module that requires communication, such as the hydro package, we allocate
buffers of the proper size to store the messages. The
buffers are deallocated when that module is exited. In
the future, to avoid repeated calls to memory allocation routines, we will allocate a permanent block of
memory during the initialization step and have the
MPO reuse this block.

Parallel Hydrodynamics
The hydrodynamic module is fully parallelized. We
use three kinds of MPOs. (Only two are needed for
Eulerian calculations.) One communicates facial infor174

mation, the other nodal. The former is used to compute fluxes (on cell faces) on inter-PE boundaries. The
latter is used in the limiting process, which deletes
unphysical extrema in the solution. For Lagrangian
runs, additional MPOs pass the required information
to compute the velocity of nodes lying on inter-PE
boundaries. We have verified that, to round-off precision, the results are independent of the partitioning of
the domain amongst the PEs.
The hydro scheme, being explicit, lends itself nicely
to parallelization, with results scaling with the number
of PEs used. In Table 3, we display timings from a test
problem. The problem is run in Cartesian coordinates,
but the mesh is generated with cylindrical coordinates.
In the results, we fix the number of cells and increase
the number of PEs. Let NPE denote the total number of
PEs, PEconfig the PE configuration in the (R, θ, Z) directions, cellconfig the number of owned cells in (R, θ, Z),
cellratio the ratio of owned to ghost cells, Time the execution time, Speedup the ratio of Time to Time for the
32-PE run, and E = Speedup/(NPE/32) the efficiency.
The efficiency results reflect the fact that as NPE
increases, cellratio degrades, which creates a greater
message passing overhead.

TABLE 3.

Timing results (in s) obtained from a test problem run in
Cartesian coordinates and with mesh generated with cylindrical
coordinates.
NPE

PEconfig

32
64
128
256

(8, 1, 4)
(8, 1, 8)
(16, 1, 8)
(16, 1, 16)

Cellconfig
(8, 16, 8)
(8, 16, 4)
(4, 16, 4)
(4, 16, 2)

Cellratio

Time

1.32
0.90
0.74
0.42

959.7
501.0
264.6
149.9

Speedup
Ñ
1.92
3.63
6.40

E
Ñ
0.96
0.91
0.80

Parallel Solution of Linear Systems
At the time of writing this article, we are still
developing parallel solutions to linear systems. What
follows here is a general discussion of the topic; timings and scalings will be presented at a later date.
The linear systems generated by ICF3D are large,
sparse, symmetric, and positive definite, and therefore
ideally suited for PCG. For uniprocessors, we offer three
kinds of preconditioners: IC, one-step, and multistep
Jacobi. Their parallel implementation is described below.
The CG iterations consist of vector sums, inner products, matrix vector multiplications, and the solution of
the preconditioning system. These operations are easy
to implement if the nodes are assigned to the PEs. This
is done in parallel at the start of the run. Nodes on or
inside inter-PE boundaries are assigned without any
UCRL-LR-105821-96-4
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need for message passing. Ownership of nodes on the
ÒoutsideÓ of the ghost cells requires point-to-point communication. After this initialization, every node on
every PE has been tagged with the PE that Òowns it.Ó
Once the nodes have been assigned, the vector sums
are trivial to implement. Each PE only updates the nodes
it owns. For the inner products, each PE computes a preliminary accumulation of its owned nodes and then calls
a global ÒreductionÓ routine provided by the messagepassing library. These calls are potential bottlenecks since
they require an all-to-all PE communication.
The matrix is distributed amongst the PEs as follows. We use a row-wise assignment of the matrix
coefficients. Each PE eventually gets all the matrix
coefficients for the rows corresponding to nodes that it
owns. The coefficients come from integrations over
cells, e.g., Eq. (22). If xi is owned by the PE but lies on
an inter-PE boundary, the contribution from a particular cell is done by the PE that owns the cell. With the
FE scheme, each PE computes the matrix coefficients
just as in the uniprocessor case, i.e., it integrates only
over owned cells. Then, special MPOs determine
which contributions need to be exchanged with other
PEs. As for the hydro MPOs, the matrix MPOs are constructed during the initialization phase.
Once the matrix is distributed, the matrix vector
multiplications are relatively straightforward. If
yi =

∑

Ai , j x j

(25)

j

is one of the owned elements of the PE, the product is
easily done if the PE has the latest xj values. For some
yi, the requisite xj are owned by other PEs. Those values are delivered to the PE by other MPOs.
Lastly, we discuss the preconditioners. For one-step
Jacobi, message passing is not required. Multistep
Jacobi, which is one example of a polynomial preconditioner,13 requires a matrix vector multiplication. Each
step is preceded by a send/receive. For IC, our plan is
to perform the usual ICCG(0) algorithm but ignore coupling across the PEs. In this way, we avoid the
fundamental bottleneck of ICCG, namely, how to parallelize the solutions of the triangular systems. If the
domain decomposition has a low surface-to-volume
ratio, this approach is efficient. Effectively, the decomposition is even more incomplete than on a uniprocessor. At the very least, this parallelizes, does not require
any message passing, and should outperform one-step
Jacobi because the latter is the limiting case of a decomposition so incomplete that it ignores all coupling.

parts. ÒHydrodynamic ProblemsÓ (see below) discusses
two hydrodynamic problemsÑthe RayleighÐTaylor and
RichtmyerÐMeshkov instabilitiesÑwhich use only the
hydro physics module and ideal gases, i.e.,

(γ − 1)cvT = (γ − 1)ε = p / ρ

,

where γ and cv are user-specified constants. In
ÒNon-linear Diffusion ProblemÓ (see p. 177), we turn
our attention to the heat conduction module and simulate nonlinear diffusion. The calculation is done in 3-D
Cartesian coordinates, but by construction, the problem
should be spherically symmetric. Finally, in ÒCoupled
Physics ProblemÓ (see p. 178), we discuss a contrived
test problem that exercises all of the available physics
modules, a realistic material, hydro, heat conduction,
and radiation, and compare our results to LASNEX.

Hydrodynamic Problems
We consider a class of instabilities where two fluids
of different densities are subjected to an acceleration g.
Theoretical work on the growth of a perturbed interface in which a light fluid supports a heavy fluid was
originally presented by Taylor19 who studied perturbations of the type
δz = a cos kx ,

(26)

where z0 = const., ka << 1, and the wave number k =
2 π/λ. Taylor showed that the amplitude a satisfies
d2a
= kg(t)a(t)A ,
dt 2

(27)

where A = (ρ2 Ð ρ1) /(ρ2 +ρ1) is the Atwood number,
defined in terms of the densities on either side of z0,
and where g = Ðg ẑ .
We simulate two cases: (1) the RayleighÐTaylor instability in which g = const. and (2) the RichtmyerÐMeshkov
instability in the acceleration is impulsive, e.g., caused by
a shock.

RayleighÐTaylor Instability
We consider the nearly incompressible case suggested
by Tabak;20 we set γ = 10 in both gases. The computational domain consists of a box with axial extent, 0 ² z ²
2λ. The initial equilibrium density distribution is

Numerical Results

10( z l)1 9 0 ≤ z ≤ λ

ρ=
100( z l)1 9 λ ≤ z ≤ 2λ


In this section we present results of test problems in
order to display some of ICF3DÕs capabilities and
check the algorithms. The section is divided into three

where l = 1.1λ. We run this problem in the Lagrangian
mode. At t = 0, we initialize the grid with a sinusoidal
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perturbation at z = λ with amplitude a = 2.25 × 10Ð4 ∆z
where ∆z = 2λ/Nz is the unperturbed grid spacing. The
perturbation is feathered into the z direction three
zones deep on either side of the interface. We consider
three problems. In each one, we initialize one-half
wavelength in the transverse direction. In all cases we
use 40 cells in the z direction. The problems are
¥ A 2-D case with 20 cells in the x direction. The perturbation is given by Eq. (26) with z0 = λ.
¥ A 3-D case with 20 cells in both x and y directions.
The perturbation is given by

( )

δz = zo = a cos( k x x) cos k y y

, and kx = ky.

¥ A 3-D case with 20 cells in both x and y directions.
The perturbation is as above except kx = 3ky.
The wavelengths are chosen so that all cases have the
same total wave number k = kx2 + k y2 .
For constant g, Eq. (27) implies that the perturbation
grows exponentially with growth rate Γ = Agk .
Hence, all three cases should grow at the same rate.
With k = 2π/0.001 and g = 0.33671717, we obtain Γ = 41.6.
Figure 2 displays log10(a ) vs t for t ² 0.25 and t ³ 0.05,
after the system has settled into an eigenmode. After
0.25, the mode reaches an amplitude of approximately
0.1 λ and saturates. The numerical Γ is within 1% of
the theoretical value. This test problem shows the ability of ICF3D to model the linear regime thereby
demonstrating the accuracy of the method. In Fig. 3,
we display the interface at t = 0.14 for the kx = ky case.

Ð4.0

RichtmyerÐMeshkov Instability

In this problem, analyzed by Richtmyer,21 a perturbed interface interacts with an incident planar
shock. Before the shockÕs arrival, the interface is in
equilibrium since the two gases have equal pressures.
From 1-D theory (no perturbation), a shock-on-contact
interaction results in a displacement of the interface
and two waves, one transmitted, another reflected. The
transmitted wave is always a shock. The type of
reflected wave depends on the unshocked density of
the gas on the side from which the shock is traveling. If
this side is of higher (lower) density than the other gas,
the transmitted wave is a rarefaction (shock). If the
Òshock-incidentÓ side is of higher density, the amplitude of the perturbation changes sign. In either case,
after the interaction, the amplitude is abruptly diminished, but later grows linearly in time.
For the simulation, we run in the Eulerian mode to
avoid tangling the mesh and to follow the growth into
the nonlinear regime. In the results, z is the horizontal
direction and x the vertical. We use the specifications
relayed by Dimonte.22 The domain consists of (0, 0) ²
(z, x) ² (0.04, 0.005). We simulate only half a wavelength along x and apply symmetry conditions at
transverse boundaries. For z, we apply symmetry at
z = 0, and inflow at z = 0.04. The initial perturbation is
given by Eq. (26) with a = 10Ð3, k = 200 π, and z0 = 0.03.
The initial conditions are characterized by three
regions: the left z < z0, the right unshocked z0 ² z < zs,
and the right shocked zs ² z, where zs = 0.32 is the position of the incident, planar shock. The conditions are
described in cgs units in Table 4.

A
B
C

A

Ð5.0
Log 10 a

B
C

A

Ð6.0
B
C

Ð7.0

A

0.05

0.10

0.15
t

0.20

0.25

FIGURE 2. RayleighÐTaylor problem showing common logarithm of
mode amplitude vs time. Labels A, B, and C correspond to 2-D, 3-D
square, and 3-D asymmetric cases, respectively. (50-06-1296-2786pb01)
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FIGURE 3. RayleighÐTaylor problem showing perturbed interface at
t = 0.14 ns.

(50-06-1296-2787pb01)
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TABLE 4. Conditions (cgs units) used in the RichtmyerÐMeshkov
instability problem.
Region

Density

Velocity

Pressure

z < z0
z0 ² z <zs
z < z0

0.12
1.7
3.6617120

0
0
Ð2.453647 105

4.92048 1010
4.92048 1010
2.4 1011

∂T
a ∂  2 n ∂T 
= 2

r T
∂t r ∂r 
∂r 

γ
1.45
1.8
1.8

where a and n are constants. If the initial condition is a
delta function and the domain extends to infinity, the
analytic solution is given in Ref. 24. By conservation of
energy (heat), the solution satisfies
∞

With these conditions, we expect a reversal of the
interface, followed by a growth of the amplitude and
an eventual nonlinear stage setting in. In Fig. 4, we
present a time sequence of ρ. Fig. 4(a) shows the initial condition. In Fig. 4(b), t = 7 ns, the shock has
already hit the interface, producing a transmitted
shock and a reflected rarefaction. Note the reversal
of the interface. The results in Figs. 4(c) and 4(d), at
t = 22 ns and 37 ns respectively, show the onset of
the nonlinear stage. In Fig. 4(e), t = 53 ns, the interface is beginning to form spikes. By this time, the
shock has reflected off the left boundary but has not
yet interacted with the interface. By the end of the
simulation, t = 77.5 ns Fig. 4(f), the reflected shock
has passed through the interface. The interface is
now severely deformed. At this time the shock is at
z = 0.014 and has itself developed a slight deformation. These results are in qualitative agreement with
the ones published by Cloutman et al.23

Nonlinear Diffusion Problem
We now consider the spherically symmetric, nonlinear diffusion equation

0.010

(a)

0.010

∫o 4πr 2Tdr = Q

(

T = Tc 1 − r 2 / rf2

(

rf = ξ aQ nt

(b)

0.010

0.004

0.004

0.002

0.002

0.002

0

0

0

0.010

0.01 0.02 0.03 0.04
z

(e)

0.010

1/ n

 Q2 


3
 ( at) 

1( 3n + 2 )

.

(32)

FIGURE 4. RichtmyerÐMeshkov
problem showing density
(g/cm3) at various times. (a) is at
t = 0 ns; (b) at t = 7.0 ns, (c) at t =
22.2 ns, (d) at t = 36.8 ns, (e) at
t = 53.3 ns, and (f) at t = 77.5 ns.
(50-06-1296-2788pb01)
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x

x

x
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0
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For the numerical test, we set a = Q = 1 and discretize 1/8 of a sphere: 0 ² r ² 1 and 0 ² θ, φ ² π/2,

0.006

0.01 0.02 0.03 0.04
z

,

ξ n= 3 = 0.8979 .

0.006

0

1/( 3n + 2 )

, r ≤ rf

The constant ξ depends only on the conductivity exponent n. For our test, we use n = 3 and obtain

0.006

0

1/ n

)

 nξ 2 
Tc = 

 2(3n + 2) 

0.008

(d)

)

and

0.008

0.010

.

The analytic solution is given in terms of the radial position of the front rf and the temperature at the center Tc in

0.008
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where θ denotes the polar angle. We impose symmetry conditions along φ = 0 and θ = φ = π/2. Along r =
1 we also impose symmetry, but this condition is
unnecessary since we halt the calculation when rf Å 0.8.
We generate the grid in spherical coordinates by
constructing a logical (k, l, m) grid, where (1, 1, 1) ²
(k, l, m) ² (kmax, lmax ,mmax}, set (kmax, lmax,mmax) =
(21, 9, 9), and use uniform grid spacing. There are
(kmax Ð1) (lmax Ð1) (mmax Ð1) = 1280 cells. Before running, we convert the grid into Cartesian coordinates.
This creates cells of all admissible types since the
spherical to Cartesian coordinate transformation
results in degenerate nodes. There are (mmax Ð1)
(kmax Ð2) prisms along the z axis. At the origin there
are mmax Ð1 tetrahedra and (mmax Ð1) (lmax Ð1) pyramids. The remaining cells are hexahedra.
In Fig. 5 we present the numerical solution at t =
0.2821 ns along each Cartesian coordinate axis. The
analytic solution given by Eqs. (30) through (32) is
also displayed as curve D. The numerical solutions
on the three axes are nearly indistinguishable.
Examination of the data shows that the central temperature, 0.0671, is within 1% of the analytic value,
0.0676.

A

D

C

Coupled Physics Problem
The final test problem was constructed to test the
interaction of all the physics packages presently
available in ICF3D: a real gas EOS, hydro motion,
Spitzer-HŠrm heat conduction, and radiation diffusion.
The problem models a shock tube filled with beryllium
(SESAME table no. 2020); the numbers used in the simulation are not meant to model any experiment.
We run this in a 1-D mode, i.e., only one cell in
each of the x and y directions. The initial conditions
vary only with z. The initial density ρ is 1.0 gm/cc
everywhere. We initialize with a higher (1 keV) temperature on the left, and on the right, we set T =
0.1 keV. The initial velocity is set to zero. For the
radiation, we use only one group and set the opacity
to a constant 1 cm2/gm. We impose symmetry conditions on the left and right boundaries and run in
the Lagrangian mode, using 203 zones in the calculation. Initially, the grid is uniform.
In Fig. 6 we display the pressure at t = 0.1 ns when
ICF3D computes the joint effect of hydrodynamics, radiation transport, and heat conduction. Since there are no
analytic solutions for this problem, we compare the
ICF3D calculation to one done with LASNEX. The

B
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D
C

0.5

B
A
p (× 1013)

T (keV)

0.4

4.0

D
0.3
C
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3.5

3.0

B
A

0.1

2.5

D
C

0
0

0.2

0.4
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r

FIGURE 5. Diffusion problem showing temperature profile vs
radius along coordinate axes x, y, and z (curves A, B, and C) at t =
0.2821 ns. Curve D is the analytic solution. (50-06-1296-2789pb01)
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FIGURE 6. Shock tube problem results from ICF3D showing p vs z.
All physics running. (50-06-1296-2790pb01)
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LASNEX result (Fig. 7) agrees with ours: similarly
shaped curves with the same pressures at the boundaries, the same shock location, and so forth. The main
differences are that ICF3D gives a slightly sharper shock
front and a sharper pressure peak behind the shock.

Conclusion
At the moment, ICF3D is an experimental code. We
have made many advances, but much more needs to
be done before ICF3D may be called a real design tool.
Nevertheless, it is useful to list our accomplishments
to date and our plans for the future.
After running numerous test problems, we are convinced of the viability of the hydrodynamic scheme. It
may require some revision and modification, but it is
fundamentally sound and is well suited for ICF design
calculations. As opposed to higher order schemes like
PPM,25 ICF3DÕs scheme is very compact. Hence, it parallelizes easily.
The other physics modules are straightforward 3-D
extensions of standard FE methods. Our previous
experience with FE in LASNEX (see accompanying
article on p. 150) shows that piecewise linear functions
suffice for diffusive transport. Our other primary

5.0

Notes and References

4.6
4.2

p (× 1013)

3.8
3.4
3.0
2.6
2.2
1.8

concern is whether or not the inherently nodal representation of diffusion type problems clashes with the
fundamentally cellular representation of the hydro
variables. Again, experience in LASNEX as well as
the encouraging results from the ÒCoupled Physics
ProblemÓ section (see p. 178) alleviates this concern.
Hence, we should be able to reap all of the benefits
from FE methods.
So far, the parallelization efforts are a resounding
success. In the past year, most of the hydro development effort has been done on the LLNL CRAY T3D
because we obtain results that much faster when running on 32 PEs. We are now finishing parallelizing the
linear solver and look forward to running coupled
problems in parallel.
We have found the C++ programming language
to be a helpful tool in organizing a physics code of
the complexity of ICF3D. Our experience has given
us new ideas on how to organize even larger codes
for ease of maintenance and how to program them
for maximum speed. We plan to implement these
ideas so that ICF3D can grow into the best possible
full-scale production code. The full-scale code will
also benefit from our research in such areas as
numerical hydrodynamics and the use of parallel
processors to solve linear equations for diffusion
problems.
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FIGURE 7. Shock tube problem results from LASNEX showing p vs z.
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Introduction
There are many potential designs for the proposed
National Ignition Facility (NIF) that would be expected
to meet the machineÕs functional requirements, but at
widely varying costs. Given the size of this project, an
effort has been made to assure that we are, indeed,
designing the least expensive option possible.
During the previous three years of NIF design, we
have considerably refined computer codes used for
such optimization analysis. During the conceptual
design phase of NIF, we used a simplified code, culminating in the configuration presented in the Conceptual
Design Report (CDR)1 published in May 1994. For the
NIF Advanced Conceptual Design (ACD), we used a
grouping of several codes that allowed design optimization coupled with more sophisticated propagation
models. In this article, we review some of the assumptions and modeling procedures used in both sets of
computer codes. We also summarize our results from
the ACD optimization activity that resulted in the current (Title I) NIF design.

Computer Codes Used in NIF
Optimization
Two computer codes were primarily used in NIF
optimization: CHAINOP and PROPSUITE. The multiplatform code CHAINOP is the original optimization
tool used during the CDR design process for NIF.
CHAINOPÕs goal is to combine models of laser chain layout, cost, and performance in a way amenable to speedy
analysis of several thousand potential system designs,
identifying those least expensive configurations that fulfill functional requirements. (A laser ÒchainÓ refers to the
sequence and spacing of optical components in one beam
of a large laser system; there are 192 laser chains in NIF.)
CHAINOP permits certain kinds of constraints, such as
UCRL-LR-105821-96-4
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damage fluence limits, B-integral limits, and irradiance
modulation limits, that guide the optimization into safe
laser designs via simple, often heuristic models. With a
ray-trace model for tracking beam size changes and
single-value loss and saturating gain models for energetics, CHAINOP reveals little specific detail of spatial and
temporal characteristics of pulse propagation. These
apparent simplifications are somewhat deceptive, however. Many of the heuristic models contained in
CHAINOP are the result of detailed studies of physical
processes, and allow the code to predict reliably laser
designs that are consistent with the more robust modeling tools that were subsequently developed.
As our confidence grew in the modeling efforts
for individual processes like diffraction propagation,
frequency conversion, amplifier pumping, and
optics damage, we were able to assemble individual
computer codes into a more sophisticated optimization package called PROPSUITE. The backbone of
PROPSUITE is a beam propagation code called
PROP92 that uses Fourier methods to follow temporal
and spatial details of a laser pulse as it traverses an
optical chain. Among other things, this code includes
effects of paraxial, nonlinear beam diffraction, beam
movement for vignetting purposes, energy clipping at
pinholes, and clipping of the beam on a hard aperture.
It also allows for inclusion of detailed phase representations of optics surfaces. For a detailed discussion of
PROP92, see p. 207 of this Quarterly. During optimizations, the laser was modeled along the direction
of beam propagation, and in one transverse dimensionÑin this case, along the horizontal axis. The spatial resolution considered was up to ~32,000 points
over a 50-cm aperture, sufficient to resolve the fine
spatial features of the optics surfaces. Simulations
involving both transverse dimensions are too slow to
put in an optimization loop; however, designs from the
one-dimensionsal (1-D) optimizations have been further analyzed and confirmed in two-dimensional (2-D)
simulations.
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The PROPSUITE collection also includes frequencyconversion computer codes with either plane-wave
models or a 1-D spatio-temporal model of conversion
(THGFT02 and THGXTZ002). Specifics of amplifier
flashlamp pumping are modeled by a 2-D optical raytrace computer code. The thermo-mechanical effects
that cause pump-induced distortions are handled with
public-domain software TOPAZ and NIKE3D.
PROPSUITE also used the SUPERCODE shell, exercised extensively for tokamak systems studies, to perform multivariable optimizations. Additional codes
were developed to do system layout calculations,
based on rules in CHAINOP, and to tie the codes
together. For optimizations, calculations of several
thousand possible designs were done on a cluster of 28
workstations using parallel processing with the public
domain software PVM.
In the following sections we discuss some of the
basic modeling concepts contained in both CHAINOP
and PROPSUITE.

Chain Layout
Both CHAINOP and PROPSUITE were designed
around the NIF multipass architecture of a relayed,
mirrored cavity containing one or two amplifiers, a
spatial filter, and a Pockels cell switch/polarizer. The
cavity is followed by a booster amplifier, transport
spatial filter, transport mirrors, frequency converter,
final focusing lens, kinoform diffractive optic plate,
and debris shield. A schematic of the layout is
shown in Fig. 1. Other architectures were considered
for NIF over the years, including Nova-like Master
OscillatorÐPower Amplifiers (MOPAs), two-pass systems, and others. CHAINOP and PROPSUITE have

also been employed to look at the French Reverser/Uturn architecture.
For most NIF optimizations, this basic architecture
was fixed, with the thickness of laser slabs and the
number of slabs in each amplifier being the only layout
parameters varied.

Laser Beam Size
CHAINOP and PROPSUITE use the same approach
for determining the size of the laser beam that can be fit
within a chain, starting with the hard (metal) aperture of
the laser. This aperture can be square or rectangular, the
current NIF design being 40 cm square. Determination
of the size of beam that can fit within this aperture is
dependent on the component spacings in the layout
and necessary alignment tolerances. Component spacings determine the slight angle of the beam with
respect to the chain axis necessary to pass through different pinholes on each pass in the spatial filters. As
this angle increases, the size of beam that can fit within
the hard aperture is reduced. This reduction in fill factor is known as vignetting. Separate pinholes for each
pass are necessary primarily because ablated plasma
on the edge of a pinhole can potentially block that pinhole to any subsequent passes of the beam. Pinhole
separations are set by the more restrictive of either
machining constraints in pinhole fabrication or sizes of
optics that sit near the pinhole plane. These pinholeplane optics include a mirror to inject the beam on the
first pass in the transport spatial filter and a beam
dump to catch that small fraction of the beam in the
cavity not ejected by the Pockels switch on switch-out.
The cavity filter pinhole spacings in NIF are set by
machining constraints.

Switch amp
five slabs Transport spatial filter

Mirror 3
Main amp
11 slabs

Cavity spatial filter
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Inject
Mirror 2
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Schematic of NIF layout (not to scale).
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An alignment tolerance of ~0.5 cm is included
around the injected beam inside the hard aperture.
This allows for beam or optics misalignment in
the chain.
The beam intensity is nominally flat-topped, spatially, and tapers to zero at the edges. This taper is
modeled with an error function, a shape somewhat
more robust against diffraction ripples than some
other shapes. Steeper edges increase the beam fill factor but simultaneously cause intensity spikes from
edge diffraction and beam clipping at the pinholes.
The taper distance of ~3 cm in the baseline design was
determined as part of our optimization process.
The variables studied during NIF optimization
affecting the beam size were hard aperture, number of
laser slabs (which affects vignetting loss), and apodization tolerance.

Amplifier Gain and Pump-Induced
Distortions
Gain of an amplifier slab depends on the stored
energy density in the slab. This in turn depends on the
pumping from flashlamps, Nd3+ concentration, slab
thickness, and depumping due to Amplified
Spontaneous Emission (ASE). The pumping term from
flashlamps depends on the number of lamps per slab,
their diameter, and electrical power pumped into the
lamps. Both CHAINOP and PROPSUITE used a representation of the emission spectrum of flashlamps as a
function of pumping power, absorption spectrum of
laser glass, ASE depumping rate, and lamp-to-slab
coupling efficiency. Coupling efficiency was based on
2-D ray-trace calculations, validated by measurements
on Beamlet (a prototype of one NIF beamline in operation at LLNL), and is a function of reflector geometries,
component spacings, slab thicknesses, and other
parameters. Ray tracing was not included in the optimization directly. Rather, both codes used information
from previous runs that covered the parameter space
of interest.
Because PROPSUITE considers propagation effects
on the beam spatial profile, we included pump-induced
distortions in modeling. This distortion is the local steering imposed on the beam caused by the nonuniform
heating of laser slabs and their subsequent deformation.
Predicting this distortion requires three-dimensional
(3-D) thermo-mechanical modeling of laser slabs under
pumping conditions, giving time-dependent slab
motion. These are lengthy computations, so prior to
doing optimizations, a large number of cases were run
covering ranges of the variables of interest. These
results were stored in a database in which the code
could interpolate to find distortions for any given combination of variable values.
Laser slab gain in both CHAINOP and PROPSUITE
was modeled using the FrantzÐNodvick equations,
UCRL-LR-105821-96-4

which describe both the exponential growth of the
beam fluence and the decay of the population inversion.2 These equations are based on assumptions that
(1) pumping to the upper laser level is negligible during the time the laser pulse extracts energy; (2) gain
reduction due to spontaneous emission is negligible
compared to stimulated emission during extraction;
and (3) the cavity geometry is such that the laser pulse
does not overlap on itself in space at any given time.
With these approximations, extraction is only a function of fluence, and information regarding the detailed
temporal shape of the pulse is not necessary. This
allows us to reduce calculation time significantly by
approximating a temporally shaped pulse with a temporally square pulse, while still accurately calculating
the energetics of extraction and saturation. This is
described in more detail below in the section entitled
Temporal Pulse Shape.
The variables studied during NIF optimization
affecting the gain and pump-induced distortion were
thickness of the laser slabs, Nd3+ concentration in the
laser glass, duration of the flashlamp pumping pulse,
and number-per-slab and diameter of flashlamps.

Optics Losses and Aberrations
Optics losses in CHAINOP are simply subunity
multipliers on beam energy and power. They include
representations of laser glass surface scatter and bulk
transmission, transmission of antireflection (AR)
coated optics at 1ω and 3ω, bulk absorption of
KDP/KD*P at 1ω and 3ω, and reflectivity of highreflectivity (HR) coated mirrors. Bulk absorption of the
fused silica is negligible for thicknesses of optics considered in NIF. Transmissivity and reflectivity of the
polarizer were used to represent several effects, including coating reflectivity, BK7 substrate absorption,
switching efficiency of the Pockels cell, and depolarization fraction of the beam due to stressed optics.
Losses were not temporally dependent.
Losses were similarly included in PROPSUITE. In
addition, by using a propagation code, it became possible to include spatially dependent representations of
the surface finishes and bulk homogeneity properties
of optics in the chain. This information was taken from
a variety of measured parts chosen to reflect projected
NIF manufacturing and finishing techniques. Because
considerably fewer parts had been measured than
were needed to represent an entire laser chain, it
became necessary to synthesize the 100-plus necessary
files. We did this by assuming that, for example, amplifier slabs will have the same finish as the measured
parts, as quantified by the Power Spectral Density
(PSD) curve.3 We assumed, however, that phases of
the Fourier components of the surface representations
are randomized from one slab to another, resulting in
less constructive addition of phase noise from slab to
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slab. These aberration files are the dominant source for
beam intensity and phase modulation in simulations.
During NIF optimization, losses and aberration files
were not varied from a baseline set of assumptions.

Temporal Pulse Shape

Power on target (GW)

NIF will use temporally shaped pulses for many
experiments, including ICF ignition. To reduce calculational requirements, these pulses were represented
in CHAINOP by an equivalent square pulse, having
a power the same as the required peak power for a
shaped pulse, and having the same total energy.
This is a reasonable approximation because the
FrantzÐNodvick equations depend only on beam
energy (fluence), not the time history of power over
the nanosecond durations of interest for NIF.
Consequently, temporally square pulses of a given
energy see the same overall gain as temporally
shaped pulses of the same energy.
In CHAINOP, a square pulse is divided into two
pieces: the main body and the tail end. Because gain in
a laser slab is dependent on fluence history through
the slab previous to that point in time, as the amplifier
saturates, the tail end of the pulse sees a significantly
lower gain than the front. A pulse that will be temporally flat at the end of the chain must, therefore, be
temporally increasing at injection. Beam filamentation
Ñcatastrophic self-focusing due to the effects of a
nonlinear refractive indexÑdepends on the instantaneous beam irradiance. Consequently, monitoring the
power of the pulseÕs tail in CHAINOP allows us to
track and limit the tendency of the beam to filament.
In contrast, PROPSUITE is capable of tracking the
beam shape at an arbitrary number of times. We used
eight time steps to represent the temporally shaped
indirect-drive ICF ignition pulse (See Fig. 2). For this
pulse, the maximum effect from the nonlinear index of
refraction of the optics occurs somewhat before the
end of the pulse and at a time that varies with position
in the chain, justifying this more detailed modeling.
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FIGURE 2. Temporally shaped pulse used for optimizations. The
gray line is the actual pulse shape needed on target. The black line
is the eight-step approximation to this shape used in modeling.
(70-00-1296-2748pb01)
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The frequency conversion efficiency (3ω irradiance/1ω irradiance) can be a function of space and
time given temporal or spatial variations of the
beam. Since neither temporal nor spatial modulation
is calculated in CHAINOP, both peak-power conversion efficiency (averaged across the beam aperture)
and energy conversion efficiency for temporally
shaped pulses needed for NIF are code inputs.
Power conversion efficiency is used to determine the
filamentation threat to the 3ω optics and peak power on
target. Energy conversion efficiency is used to determine
energy on target and damage threat calculations.
In PROPSUITE both temporal and spatial intensity
information are available. Consequently, we use three
codes to calculate conversion efficiency directly. A planewave/temporally varying field code is used to predict
the 1ω temporal shape that would give the required 3ω
pulse on target for any given converter design. The spatially and temporally resolved 1ω pulse at the converter
with this temporal shape is then generated with PROP92.
The conversion of this beam is then calculated with a full
spatio-temporal code that includes the capability of having converter-crystal surface-finish noise added to the
beam phase. See the article ÒFrequency-Conversion
ModelingÓ on p. 199 of this Quarterly for a discussion of
these frequency conversion codes.
For NIF optimizations, thicknesses of the type I
doubler (KDP) and type II tripler (KD*P) and the
detuning angle of the doubler crystal were varied
independently. To allow for difficulties in aligning
crystals with respect to the beam, and for other problems, conversion calculations for the 1ω beam were
actually done at three detuning angles of the doubler, a
variable center angle and ±30 µrad around that. A
weighted average of the three was then used to determine energy on target.

Since CHAINOP is zero-dimensional, the spatial
intensity/fluence modulation of the beam cannot be
directly calculated. This information, however, is
necessary for evaluating damage to optics from high
fluences. Accordingly, a semi-empirical rule was
implemented that the peak-to-mean modulation in fluence (φ) is given by

500

0

Frequency Conversion

.
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∆B is the B integral accumulated by the beam between
pinhole passes (using approximately the mean spatial
intensity). The B integral, in general, is defined as
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and is the nonlinear phase retardation (in radians)
experienced by a beam of intensity I (W/m2) and
wavelength λ (m) in traversing a medium of thickness
z (m) with refractive index n0 and nonlinear index n2
(from n = n0 + n2E2). (The nonlinear index may also
be a function of z in nonisotropic materials.)
BespalovÐTalanov theory predicts4 that small-scale
spatial ripples in the beam will grow nonlinearly, with
the most unstable perturbations growing as e∆B. This,
combined with the fact that beam modulation past a
scatterer in the absence of nonlinear effects is no more
than 1.4:1, and that in large laser systems it has been
experimentally observed that beam modulation is ~2:1
after a ∆B of 2 radians, leads to Eq. (1).
In PROPSUITE, beam modulation is calculated
directly, including diffraction and nonlinear effects.

Optics Damage Thresholds from
High Fluence
High laser fluences on optics over nanosecond-pulse
durations of interest for NIF can cause surface or bulk
damage sites. This damage is seen as pits in the surface
or coating of an optic, or damage spots in bulk. The
fluence threshold when this damage occurs is experimentally found to be a function of the pulse duration.
For temporally Gaussian pulses, the experimental
database is well matched by the functional form fluence
damage threshold (J/cm2) = aτb , where a and b are experimentally determined and material-dependent constants
and τ (ns) is the full-width-half-maximum of the pulse.
NIF pulses will typically range in temporal shape,
and may be significantly non-Gaussian. To account for
the effect of arbitrarily shaped pulses on damage
threshold, we used a damage diffusion model5 to
determine the damage thresholds. Because the ICF
indirect-drive ignition pulse shape used for optimizations is more square than Gaussian, the result is a 5 to
20% reduction in damage thresholds from those for a
Gaussian pulse for various materials and coatings.
This diffusion model adjustment of damage threshold
has not yet been experimentally tested.
The 3ω optics (tripler, final focus lens, kinoform phase
plate, and debris shield) are exposed to 1, 2, and 3ω light
simultaneously. In general, damage fluence limits at the
longer wavelengths are significantly higher than at
shorter wavelengths, but we have found no additional
information regarding multiwavelength interactions.
Accordingly, we have based our damage limits on the 3ω
fluence only, with a damage threshold decreased by 10%
from its value under monochromatic illumination. This
assumption remains an area of uncertainty in our modeling, since we predict system performance to be limited by
3ω damage in the tripler.
Both CHAINOP and PROPSUITE used the same
damage thresholds.
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Filamentation Risk
Filamentation damage (or Òangel hairÓ damage) is
seen when the nonlinear index of refraction of an optical material causes self-focusing of small sections of a
high-intensity beam. These sections may start out as
small-intensity (a few percent above average) ripples
or bumps of a few millimeters in size on the beam. As
they self-focus, they decrease in size to hundreds of
micrometers in diameter or smaller, and increase to
very high irradiances (>100 GW/cm2). At some point
the irradiance is high enough to damage the material
and leave a visible track.
This filamentation growth is a complex function of
the beam irradiance, nonlinear index of the material,
and size and shape of the irradiance perturbation that
self-focuses. It is also an inherently three-dimensional
problem, making modeling calculationally intensive,
although possible with present tools.6 However, it is
in fact not necessary to model growth of a filamenting bump to the point of damage in order to design
NIF because we desire to be far from this limit.
Consequently, a more heuristic approach was used in
the optimizations, based on the experimental observation that if small-scale beam noise is present, large lasers
tend to begin to break up into filaments after the beam
has experienced a B integral of ~2 radians. This
deserves a little more explanation.
The presence of small-scale beam noise is important
because bumps of small size (a few millimeters) grow
significantly faster than large-scale modulations. This
difference in growth rate has been understood for
many years.4
Elimination of these small-scale noise ripples is one of
the purposes of spatial filters in large laser systems. Each
laser chain in NIF will have two such spatial filters, one
in the cavity, and one for transport to the target, as
shown in Fig. 1. At the focal plane of each filter there
is a pinhole through which the beam passes. The pinhole size, however, is such that only spatial frequencies
present in the beam (in either phase or intensity) of
less than a certain value can pass through the pinhole.
Power at frequencies higher than this cut-off value is
dumped on the surface around the hole. For NIF this
cut-off half-angle is 100 µrad, corresponding to spatial ripple wavelengths of 1 cm. The net effect of this
spatial filtering is that perturbations with transverse
wavelengths less than 1 cm are clipped off at the pinholes. Consequently they cannot grow for more than
the B integral they experience between pinhole passes.
In the chain design, then, we can limit B integral seen
by the laser between pinholes to a certain value as a surrogate for calculating the beginnings of filament growth.
For NIF optimizations, the between-pinhole B integral
limit (also known as ∆B) was set to 2.2 rad. This constraint was used in both CHAINOP and PROPSUITE.
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Optimization Variables and
Constraints
Techniques used in laser system optimizations are
discussed in the article ÒLaser Optimization
TechniquesÓ on p. 192 of this Quarterly. Our codes
were implemented with simplex, parabolic interpolation, and gradient-search routines. The figure of merit
that the optimizer attempted to minimize by changing variables, and, at the same time, honoring several
constraints, was system cost divided by energy on target. These variables included hard aperture, injection
fluence, number of laser slabs in each amplifier, laser
slab thickness, Nd3+ concentration in laser slabs, flashlamp packing fraction, and apodization edge width. In
using a gradient-search optimization technique, we
took care in code development that there were no discontinuities in value or 1st derivative of figure of merit
or constraints, as a function of these variables.
Constraints that the optimizer used included energy
on target, fluence damage to components, and ∆B limits.

Cost Algorithms
We have used different levels of cost modeling during development of the NIF design. Those used in later
calculations included cost scaling rules, as a function
of the optimization variables, for ~30 nonoptical subsystems of NIF, and ~140 optical cost categories. These
rules were built on a cost database in the NIF
Conceptual Design Report, and were provided by the
NIF engineering team.

NIF Optimizations
Optimization studies with CHAINOP resulted in
the CDR design. Similar studies with PROPSUITE
resulted in the Advanced Conceptual Design (ACD)
layout. The current NIF design (Title I, or preliminary
design) has changed little overall since the ACD, so,
for purposes of this discussion, the two will be considered equivalent. In this section, we describe the ACD
optimization process and compare those results to the
conceptual design.
During the ACD, we used three optimization
approaches. In two approaches, optimization routines
were used to find the least expensive design that meets
functional requirements. These methods yielded a
high-quality answer, but gave limited insight into
tradeoffs in design options. The third method was to
evaluate a large number of separate configurations
manually, covering some range of parameter space on
a uniform grid, and to graphically sort data according
to design criteria. This approach enables greater
understanding of the design space, but does not offer
assurance that the best possible design has been
included on the grid. The combination of this and the
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optimization approaches gives confidence that available design space has been explored thoroughly.
Results from these methods are discussed below.

Studies Using Optimizing Software
By decision of the NIF project, some parameters
were not varied during the final ACD optimization.
Specifically, after some preliminary results, the optical
clear aperture of the laser was fixed at 40 cm, laser slab
thickness at 4.1 cm, and transport spatial filter length
at ³60 m. The optical clear aperture and slab thickness
values were both larger than those found by the unbiased application of our optimization process. They
were chosen to increase the 1ω performance margin
(larger stored energy) and to decrease the risk of beam
filamentation (lower between-pinhole B integral). The
minimum transport spatial filter length was set primarily from concerns about pinhole blowoff in the last
beam pass through the filter. (A shorter filter would
proportionately decrease the pinhole size necessary
to filter features of given scale. This would both
increase the irradiance on the pinhole edge and
decrease the closure distance.) The detailed physics
of pinhole closure is currently poorly understood,
making a more conservative choice advisable. Other
values for these parameters would have saved additional money, but at the cost of decreased experimental
flexibility and increased technical risk.
Given these constraints, we performed an optimization to determine the least expensive design overall, and
also the least expensive design with no amplifier adjacent
to the Pockels cell switch (the current design). These
results are shown in Table 1. They are compared to the
design arrived at during the CDR using CHAINOP (with
small changes to allow better comparison between cases).
The expected reduction in NIF cost by moving from the
CDR design to the other two designs, as determined from
the cost algorithms, is also included.
It can be seen in this table that the least expensive
design (with the above constraints) is a 9/5/3 layout
(the layouts are referred to by the number of slabs in
each of the three amplifiers); the 9/5/3 layout is
approximately $10M less expensive than the CDR
design, but has a somewhat higher peak ∆B. The optimal design without a switch amp is the 11/0/7 design,
with a cost approximately $4M less than that in the
CDR. The $4M difference between the CDR and Title I
designs is a small fraction of the total cost (~0.5%). The
fact that CHAINOP, used for the CDR optimization,
would suggest a design so close in cost (fractionally) to
the Title I design, developed by PROPSUITE, gives
confidence that CHAINOP provides accurate answers
in spite of its relative simplicity.
Although we predict that both the 9/5/3 and
11/0/7 designs will meet the performance criteria that
were set, there are a number of operational reasons to
UCRL-LR-105821-96-4
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TABLE 1. Comparison of the CDR design (9/5/5) and ACD optimized cases (9/5/3 and 11/0/7).
Modified* CDR
with new converter

Least expensive,
constrained,** optimized

11/0/7,
constrained,** optimized

Hard aperture (cm)
Main amp # slabs
Switch amp # slabs
Boost amp # slabs
Slab thickness (cm)
Injection energy (J) ***
Doubler thickness (cm)
Tripler thickness (cm)
Doubler detuning angle (µrad)
Flashlamp pump pulse length (µsec)
Nd3+ concentration (1020/cm3)
Transport spatial filter length (m)
Last two ∆BÕs (radian) (at beam center)
Conversion efficiency (energy/peak power) (%)****
Capacitor bank (MJ)
Total length (M1 to L4) (m)

40
9
5
5
3.36
3.2
1.35
1
200
360
4.18
65
1.3/2.05
60/80
373
135

40
9
5
3
4.1
1.2
1.36
1
200
390
3.87
60
1.7/2.2
60/79
347
128

40
11
0
7
4.1
2.2
1.36
1
200
360
3.59
60
1.7/1.8
60/79
353
123

Energy (MJ)/peak power (TW) in 600 µm LEH ***
Cost relative to CDR (M$)

2.2/612
0

2.2/608
Ð10

2.2/607
Ð4

Parameter

* Changes from CDR: 1 × 1-cm pinhole spacing in cavity, new gain/loss assumptions, 4 × 2 amplifiers, 3.5-cm spatial filter lenses, and addition of target chamber
window. These assumptions were common to the other two designs.
** Constraints: 192 beamlets, 40-cm hard aperture, 60-m transport spatial filter, 4.1-cm thick slabs.
*** Before spatial preshaping for gain roll-off across the aperture.
**** Averaged over ±30-µrad doubler detuning angle.

prefer the 11/0/7 layout. Most apparently, from Table 1,
it has a noticeably lower maximum ∆B, yielding some
additional safety against nonlinear effects. Equally
compelling, the similarity to the 11/0/5 design for
Beamlet (the operational prototype NIF beamline)
makes operational experience gained on that machine
more relevant and will likely decrease prototyping
costs and/or risks. The absence of a switch amplifier
also both obviates concerns about the effects of magnetic fields on the operation of the plasma electrode
Pockels cell and greatly simplifies the alignment procedure. There are also some design cost savings in not
having a switch amplifier included in the analysis. For
all of these reasons, the NIF project chose the 11/0/7
design as its baseline for the ACD.
The shift to the current NIF 11/0/5 design was
done as part of the Title I preliminary design activities.
It entailed slightly different assumptions than used
here, with somewhat increased risk, in order to realize
a lower cost.

Studies Using Parameter Scan
Optimization
In addition to optimizations, we used PROPSUITE to
perform parameter scans of the cost and performance of
UCRL-LR-105821-96-4

a large number of designs (~50,000) in the vicinity of the
optimized NIF design. Parameters varied for this study
were slab thickness, number of slabs in each amplifier,
Nd3+ concentration, and flashlamp pump pulse length.
This was done for 26 different combinations of the slab
counts in the three amplifiers (X/Y/Z).
Figure 3 shows the results for cases with no switch
amp (Y = 0). Cost is plotted vs output energy, with the
several points for each slab combination being different
combinations of Nd3+ concentration, slab thickness,
and pump pulse length. The temporally shaped ICF
indirect-drive pulse from Fig. 2 was used in each case.
All other parameters were the same between designs
(including a 40-cm hard aperture). It can be seen that
there is some grouping of the various designs, with the
least expensive designs being 11/0/7, 11/0/5, and
13/0/5. Some designs with tighter grouping show a
greater robustness to parameter changes than others
(e.g., 11/0/7 vs 9/0/7). This is desirable in a system.
The designs at higher cost are typically characterized
by thin slabs and large injection energies. For instance,
the large number of thin slabs incurs a higher slab finishing cost and larger capacitor bank. Too few slabs in
the boost amplifier, which is only double-passed,
requires a larger injection energy and a more expensive
front end.
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FIGURE 3.
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All the designs in Fig. 3 produce slightly different
energies and peak powers on target. In order to simplify
comparisons, it is possible to normalize all the designs
to have 2.2 MJ/600 TW on target by projecting small
changes in hard aperture and by scaling cost accordingly. This scaling of the aperture leaves the B integral
unchanged for each design by increasing/decreasing
the beam area. For example, if a design produced
2.15 MJ and 580 TW, it would be scaled to a 40.7-cm
hard aperture, giving 600 TW and 2.22 MJ. The cost
was scaled as (hard aperture)0.8046, based on studies
done previously with CHAINOP.
With this normalization, we plotted the various
cases against maximum ∆B in the system (Fig. 4). In
this display it can be seen that the 11/0/7, 11/0/5, and
13/0/5 designs are still least expensive, but that they
have substantial differences in maximum ∆B, with the
11/0/7 design displaying the lowest ∆B.
In Figs. 5 through 7, successive filters are applied to
the data in Fig. 4. A large injection energy requirement
typically indicates a design where the modeled pulse is
close to the extraction limit of the system. This leaves
system performance very vulnerable to small uncertainties in losses or gains. Designs with injection energies of
a few joules or less are safer; Fig. 5 shows cases that
have injection energies ²5 J. The most attractive
designs are still the 11/0/7, 11/0/5, and 13/0/5,
although many of the 11/0/5 designs with thinner
slabs were eliminated.
Designs with overly large capacitor banks (and correspondingly small injection energies) are simply
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uneconomical, as more energy is stored than necessary.
These can also be thought of as designs with too many
slabs. Figure 6 shows cases filtered for capacitor bank
size ²400 MJ. The 11/0/7, 11/0/5, and 13/0/5 designs
are still most attractive. Note that the optimum number of slabs is 16 to 18.
Results of a final filtering requiring laser slab
thicknesses ²4.2 cm are shown in Fig. 7, reflecting fabrication uncertainties with thick slabs. This filter
removes all the remaining 11/0/5 designs, leaving the
11/0/7 and the 13/0/5 designs as having comparable
minimum costs. The 11/0/7 designs, however, have
lower B integral. Clearly, given these criteria, the best
design with no switch amplifier is the 11/0/7.
We can compare these results to cases with a switch
amplifier. In Fig. 8, a subset of cases is shown having
slab counts of X/0/Z, X/3/Z, and X/5/Z, with all the
aforementioned filters applied. It is first useful to
note that there are a large number of cases with
approximately the same cost ($660Ð$670M), but some
difference in B integral. Given that, however, it can be
seen that the 9/5/3 design is the least expensive
design, with the 9/3/5 and 11/0/7 close behind. These
results agree with those cases found by the optimizer,
and shown in Table 1: the 9/5/3 design is the least
expensive, but has a somewhat higher B integral than
the 11/0/7 (2.1 to 2.2 vs 1.7 to 1.8 rad). The design
chosen by the project is circled on Figs. 7 and 8. The
11/0/7 designs that have slightly lower cost and B
integral than the one selected have thinner slabs than
the prescribed 4.1 cm.
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FIGURE 4. Data from Fig. 3
(X-0-Z parameter scan),
aperture-scaled to 2.2 MJ, and
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maximum B integral.
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(X-0-Z parameter scan), clipped
at injection energy ²5 J.
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FIGURE 6. Data from Fig. 5
(X-0-Z parameter scan), clipped
at injection energy ²5 J and
capacitor bank size ²400 MJ.
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FIGURE 7.

Data from Fig. 6
(X-0-Z parameter scan), clipped
at injection energy ²5 J,
capacitor bank size ²400 MJ,
and laser slab thickness ²4.2 cm.
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FIGURE 8. Comparison of
subset of parameter scans for
X-0-Z and X-Y-Z with injection
energy ²5 J, capacitor bank size
²400 MJ, and laser slab
thickness ²4.2 cm.
(70-00-1296-2784pb01)
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Summary
The NIF design is based on cost/performance
optimization studies. These studies were done in
two phases, and with two codes: a zero-dimensional
performance model (CHAINOP) for the Conceptual
Design Report, and a one-dimensional propagation
model (PROPSUITE) for the Advanced Conceptual
Design (ACD). These ACD results using PROPSUITE led to 11/0/7 design of Table I. The current
Title I 11/0/5 design activity was a result of further
cost and risk studies. These efforts give us confidence that we are designing the (approximately)
least expensive system meeting the functional
requirements.
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Introduction
One of the challenges in designing a large laser system like the proposed National Ignition Facility (NIF)
is determining which configuration of components
meets the mission needs at the lowest construction cost
with the largest margin in performance without any
optical damage. Such an endeavor could credibly
require evaluation of a million different designs
because we must consider a range of values for each of
many parameters: different numbers of beamlets, different aperture sizes, different numbers of laser slabs,
different thicknesses of slabs, etc. The evaluation of so
many designs with even a minimum of detail is
impractical with current computing ability. There is
hence a premium on the development of techniques to
determine the best design without evaluating all of the
practical configurations.

What Is an Optimization?
Optimization is the process of finding the best set of
values for a systemÕs identified design parameters.
There are three steps to optimization. First, we identify
exactly what aspects or measures of the system would
define a better system if they were enhanced, such as
improved output, lowered cost, improved reliability, or
a combination of measures with appropriate weighting
factors. This is often the most difficult step, because it
requires that we truly understand what constitutes a better system. Second, we define a mathematical function
known as a figure of merit (FOM) that incorporates
these measures and has both of the following characteristics: (1) the value of the FOM increases or
decreases according to our selected measure of goodness, and (2) the FOM is dependent on all of the design
parameters under study, such that the value of the
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FOM varies if the value of any parameter is varied.
Third, we search the parameter space to find the
design that maximizes or minimizes the FOM, depending on how the FOM is defined.
To optimize a large laser system, we must consider
more than just an FOM. Much of the physics of light
propagation is nonlinear, in the sense that a change in
each of the many parameters does not produce a proportional change in the laser output. This means that
we cannot use any of the linear optimization methods
that are known. There are also many equality and
inequality constraints to consider, such as not exceeding a certain construction cost, not exceeding a certain
input energy, not damaging any of the optical elements, and outputting at least a certain 3ω laser
energy. Optimization of a laser system is thus not only
nonlinear, but also constrained, and is hence called
nonlinear constrained optimization. In addition,
because a graph of the FOM plotted as a function of all
of the variable parameters is often a multiple-peaked
surface, with several peaks of different heights, there
are local maxima (peaks) in the FOM that can easily
fool a computer into incorrectly ÒthinkingÓ it has
found the optimum. What we need, therefore, is a
method that can quickly and correctly find the highest
peak in the FOM space, the so-called global optimum.
Moreover, the FOM space is sometimes noisy in one or
more of the parameters, with additional peaks and valleys superimposed on top of the otherwise smooth
topology. We thus need a technique that can smooth
out the noise. A mathematical statement of such a nonlinear constrained optimization problem is to maximize (or minimize) a suitably smoothed (or averaged)
FOM function f(x) subject to equality constraints ci(x) =
0, i = 1, ..., k, and inequality constraints ci(x) ³ 0, i = k+1,
..., m, where parameter vector x = (x1, x2, ..., xn) represents n variables.
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Selecting an Optimization
Technique
Many different techniques exist for nonlinear constrained optimization. These techniques differ in the
way in which the computer navigates the FOM space
in search of the tallest peak or deepest valley. The
most common methods sample the topology in some
region to determine the slope of the terrain in various
directions, and hence the direction that leads to the
optimum. These methods, which are all iterative, differ in the following ways in which the local terrain is
sampled:
1. The downhill simplex method1 uses only function
evaluations (i.e., evaluations of the FOM), not
derivatives, to move in the direction of the optimum
using manipulations of the geometrical figure (simplex) formed by the original point and n somewhat
arbitrary displacements in the n directions corresponding to the n parameters considered. This
method is robust, but typically slow to converge.
2. Simple derivative (gradient) methods sample the
space for two (or more) values of each parameter to
determine a local slope in the FOM, and then step
off a fixed step in the direction of maximum slope.
One serious problem with this method is that, once
the best direction in which to go for the next calculation is identified, we donÕt really know how far to
go in that direction. Consequently, this method can
be slow to converge.
3. Quadratic methods, in essence, calculate the FOM for
three values of each parameter, fit the resulting FOM
values to a quadratic function such as a parabola, and
calculate exactly how far to go for the next estimate
of where the FOM peak might lie. This method is
much ÒsmarterÓ than the above methods because it
knows how far to step out for the next iteration. Two
common methods of this type are BrentÕs method
and PowellÕs method. BrentÕs method uses parabolic
interpolation. PowellÕs method finds the solution that
zeros the gradient of a Lagrange function formed as a
sum of the FOM function and a linear combination of
the constraint functions. It approximates the full nonlinear problem by a quadratic problem to find the
direction to go in the FOM space, then determines
how far to go in that direction by doing a one-dimensional optimization in that direction. While BrentÕs
method uses only three function evaluations for each
parameter, PowellÕs method uses one function evaluation, one derivative evaluation, one estimate for the
second derivative, plus other function evaluations for
each subsequent line search. These methods are powerful and fast, and are the methods used in the codes
that we employ.
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4. Simulated annealing methods2 randomly sample
points over a large portion of the parameter space
and then slowly decrease the size of the sampling
space around any optimum so found, according to
mathematics analogous to Boltzmann thermodynamic cooling. This method is good for selecting the
best global ordering of a large combination of discrete elements of some kind when many local
optima exist, but it converges too slowly and is thus
not practical for our problem.
5. Genetic methods3 form a pool of design candidates,
ÒmateÓ the ones having the highest FOMs (the parents) by combining attributes in some way to produce
other candidates (the offspring), and then remove the
unlikely candidates (extinction). This method can also
be effective in finding a global optimum among many
local optima, but it also converges too slowly.
The first three methods listed above can be confused
if the FOM (or constraint) surface is noisy, unless additional smoothing algorithms are included. Simulated
annealing and genetic methods are inherently more
able to navigate successfully along noisy surfaces, but
are expected to converge too slowly to be effective for
the optimization of a large laser system. We therefore
chose to use quadratic optimization methods to speed
up the computational time. As a result, however, we
had to deal with discontinuities in the FOM as one
form of noise.

Dealing with Discontinuities in
the FOM
There are several sources of fluctuations in the FOM
that affect an optimizer evaluating various designs of a
large laser system. Although stochastic (statistical)
noise can sometimes be a problem when methods
employ random numbers, a more typical problem
arises from the discontinuous FOM jumps that correspond to integer steps. Integers are encountered in
such parameters as the numbers of laser slabs in the
amplifiers, the number of flashlamps for each slab, and
the number of beamlets in the laser. If the FOM (or a
constraint) moves abruptly as the optimizer searches
from one integer to the next, as it usually does, the
optimizer can be confused by the local optima thereby
introduced. This is especially true for gradient-search
techniques, which are based on real numbers. We can
overcome such fluctuations by incorporating either
some type of smoothing technique or by substituting
real numbers for the integer quantities so that the
optimizer can consider noninteger (i.e., nonphysical)
values of the parameters.
A second source of discontinuities arises in optimizations involving spatial-filter pinholes because
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of the integer-like effect of the transverse spatial
representation of the beam by a fixed number of grid
points (e.g., 512 points over a horizontal width of
50 cm). To explain these discontinuities, we must first
explain the purpose and function of pinholes.
All of the large laser chains at LLNL involve the use
of spatial filters that focus the beam and force it to go
through a 100- to 200-µm-diam pinhole in a metal plate.
The purpose of such a pinhole is to cut off the highangle noise present in the beam, thereby smoothing the
transverse spatial intensity profile. Such smoothing
occurs because, in the focal plane of a lens, the spatial
intensity profile corresponds to the power in the various angular components in the beam. Thus, if the
intensity profile is decomposed into its Fourier components, the relative powers in the low-frequency components correspond to the intensities seen near the
centerline of the focal plane. Higher-frequency components focus at increasingly farther distances from the
centerline because they are propagating at larger
angles. These various frequency components grow in
magnitude at different rates due to, among other
things, the nonlinear indices of refraction of the optical
materials in the laser, as described by the BespalovÐ
Talanov theory.4 The high-frequency components tend
to grow faster, so it becomes desirable to clip off the
power in these frequencies periodically in the laser
chain to keep the beam as spatially flat as possible.
For a beam with a reasonably smooth spatial profile,
the power in the high-frequency components is low
enough to permit a pinhole to do this clipping without
ablating away too much of the pinhole structure and
thereby disrupting the last temporal portions of the
laser pulse.
In propagation simulations employing a finite
number of grid points, the power in the Fourier components is summed into the same number of bins as there
are grid points. Consequently, as the diameter of the
pinhole changes with changing pinhole acceptance
angle, there are discrete jumps in clipped-beam power
as the edge of the pinhole moves from one frequency
bin (grid point) to the next. These jumps result in
abrupt changes in the spatial intensity profile of the
beam after it leaves the filter. If the optimizer is monitoring, for example, the peak fluence as a constraint
against optical damage, it can be confused by the local
optima that such discontinuities generate. The solution
we have used to overcome this confusion is to average
the FOM over several adjacent function evaluations.

Optimizing the NIF Design
Optimization of the NIF design is one example of
how we can use our optimization techniques. As
described in more detail in the article ÒNIF Design
OptimizationÓ on p. 181 of this Quarterly, the conceptual design5 for the NIF configuration arose through
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use of a code called CHAINOP,6 which was capable of
using either a simplex optimization routine or a gradient-search routine. We accessed this gradient-search
routine as part of a large systems analysis programming shell called SUPERCODE.7 SUPERCODE uses the
quadratic version of PowellÕs method, as written in an
Argonne National Laboratory implementation of a
variable metric method labeled VMCON.8 Because
VMCON evaluates gradients, care was taken to minimize discontinuities in the FOM and constraints by
using noninteger laser slab and flashlamp counts, as
well as smoothed cost functions.
In the second optimization effort, for the Advanced
Conceptual Design (ACD) phase of the NIF, we implemented three separate approaches. In one approach,
we used SUPERCODE to evaluate ~100,000 specific
designs distributed around the conceptual design
point in the major parameters, and we applied various
cuts to constrain dynamical and engineering quantities
such as cost and nonlinear growth of spatial noise. For
a second approach, we used SUPERCODE to do an optimization. As with CHAINOP, we used fractional slabs
and noninteger flashlamp counts, but optimization
over pinhole acceptance angle could not be performed.
A third approach, coded as OPTIMA1, is based on a
modified version of BrentÕs method (parabolic interpolation). A similar approach had been used in the diodepumped solid-state laser (DPSSL) design studies for
inertial fusion energy.9 OPTIMA1 can use either of two
different methods to smooth the FOM space and can
treat integer parameters directly. This code therefore
allowed the consideration of noisy parameters, including integer slab and flashlamp counts, and pinhole
acceptance angles.
There were several reasons we chose multiple
approaches in optimizing the NIF laser for the ACD.
First, when we started, we knew that there were complexities such as noisy parameters, and we were not
sure that any one approach would prove successful in
the end. Second, the performance of optimizers is usually dependent on the problem considered, so the
length of time needed for any one optimizer to converge to a solution was unknown for the NIF problem.
In general, performance is better if the optimization
algorithm is tailored to the problem in some way. On
the other hand, the use of a well tested fast algorithm
like VMCON can often prove very effective. Third, we
wanted multiple opinions from independent
approaches to improve the reliability of the results.
All three approaches used parallel processing
through Parallel Virtual Machine (PVM) software. This
software allows one master computer to send tasks to
many different slave computers and retrieve the
results. In our case, we had one HP 715/80 UNIX master workstation tasking 28 similar slave workstations
that each evaluated the performance of one NIF design
(SUPERCODE) or performed the suboptimization for one
UCRL-LR-105821-96-4
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parameter (OPTIMA1). The total computing power
was 20Ð30 megaflops for each of 28 computers, or
about 0.75 gigaflops. The use of this workstation cluster enabled the codes to search through a space representing a million candidate designs at a rate over 20
times faster than it would have taken with only one
computer. This facility proved valuable because it
reduced the total calculation time from the 46 days it
would have taken for 106 assessments at about two
minutes per assessment of each candidate design on
one computer to about one or two days using the
workstation cluster.

Features of SUPERCODE
SUPERCODE7 couples a toolbox of systems analysis
tools to a powerful user interface. The systems analysis
tools currently consist of the following:
¥ A constrained nonlinear optimization package
based on VMCON.8
¥ A nonlinear optimization package based on a
genetic algorithm.3
¥ A nonlinear equation solver.
¥ A Monte Carlo sampling package for performing
uncertainty analyses.
¥ Parameter scans.
¥ Uncertainty analyses.
¥ Facilities for exploiting PVM software to speed up
optimizations.
These tools are controlled by a programmable shell
that understands a large subset of the C++ computer
language, including arithmetic expressions, loops,
decision structures, functions, classes, and objects.
Users can interactively manipulate the set of equations
to be passed to the systems analysis tools, monitor
progress of a calculation, postprocess results, and plot
them using an interactive graphics package.
SUPERCODE was the main code used in setting the NIF
baseline design, and has been used to design tokamak
reactors and experiments, hybrid electric vehicles, rail
guns, and neutron sources. SUPERCODE is available on
UNIX, MacOS, and Windows platforms.

The OPTIMA1 Code
OPTIMA1 is based on the particular parabolic-interpolation method that proved successful for the DPSSL
inertial fusion energy study.9 This method increases
the independence of the parameters, often permitting
the full optimization to be accomplished by independent one-parameter optimizations. The key to this
method is to incorporate an inner loop that maximizes
the laserÕs injection energy subject to all constraints.
An outer loop then deals with all of the other parameters designated as active optimization variables. Both
loops advance by making one function evaluation and
using that together with the last two calculations nearUCRL-LR-105821-96-4

est the current best value to determine a next guess.
Penalty functions reduce the value of the FOM by
exponentially degrading the FOM as any active variable violates a constraint. The current list of features
includes the following:
¥ Easy addition of parameters.
¥ Treatment of both discrete (integer, even-integer, or
odd-integer) and analog (real) parameters.
¥ Two types of smoothing for noisy parameters
(random-number smoothing and perturbation
smoothing).
¥ Ability to restart runs from a dump file.
¥ Operation on either a single or multiple (parallelprocessing) platforms (using PVM software).
¥ Table-like scans over a single parameter.
¥ Input-file selection of the optimization FOM from
among any product or quotient of the parameters or
calculated quantities.
¥ Performance of a sensitivity study around the final
parameter vector.
OPTIMA1 is very flexible and robust. It usually
takes more time to converge to a solution for small
(<10Ð3) precisions, however, because the penalty functions create a ÒcliffÓ in the FOM space that requires
special treatment in the parabolic interpolator. In addition to helping choose the NIF design parameters,
OPTIMA1 has been useful in performing sensitivity
studies on the parameters (e.g., the maximum allowable doubler detuning angle) and in determining
optical specifications through studies varying the aberrations placed on the optical components. OPTIMA1 is
written in UNIX HP FORTRAN.

Overcoming Specific Modeling
Difficulties
After selecting a set of optimization techniques, we
had to deal with many problems that were specific to
the optimization of a large laser. First, we found many
designs having the same value of energy delivered to
the laser entrance hole (LEH) of the target, but with
differing construction costs, so we had to include cost
in the FOM or cost as a constraint. Two solutions that
proved effective were (1) minimizing cost subject to
performance constraints and (2) maximizing the ratio
of energy delivered to the LEH and total cost, subject
to the other constraints.
The second problem was finding a way to include
realistic aberration sources for every optic that would
account for surface roughness and bulk phase retardations. The challenge was to develop techniques to use
measurements taken over varying aperture sizes and on
a limited number of parts while preserving the spatial
distributions of wavefront roughness in such a form that
realistic aberration sources could be simulated for every
optic. This was done by devising a technique using a
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power spectral density (PSD) function defined as the
square of the discrete Fourier transform of the measured phase retardations, multiplied by the length of
the 1ÐD measurement (or multiplied by the length and
width in 2D).10 We combined the measurements from
three spatial-frequency ranges
(0 to 0.1 mmÐ1, 0.1 to 1 mmÐ1, and 1 to 10 mmÐ1) while
mitigating the effects of finite sampling apertures by
using a windowing filter function (a Hanning filter).
This filter broadened (or blurred ) the resulting width
of the spatial frequency structures and eliminated frequencies generated by the discontinuities at the edges
of the samples. The PSDs thereby obtained did not
possess any relative phase information in the Fourier
domain, but were merely the spectral distributions of
the wavefront errors. We then used the PSD for a given
type of optic to determine the magnitude of the
Fourier coefficient and added a random phase in the
Fourier domain. Using inverse Fourier transformation,
we obtained a unique wavefront distortion for every
optic needing a simulated phase-front aberration.
The third modeling difficulty was that laser gain
and pump-induced distortions depend on the choice of
pumping parameters (pump pulse duration, Nd
doping concentration, flashlamp explosion fraction,
flashlamp diameter, and flashlamp packing fraction). Pump-induced distortion is phase noise added
to the beam because the nonuniform distribution of
flashlamp light absorbed by the laser slabs causes
nonuniform heating, which distorts the slabs. Because
determining the proper pump-induced distortions is
calculationally intensive (involving ray tracing and 3-D
thermomechanical modeling), we ran the 3-D codes for
a range of each of the pumping parameters and incorporated the results in the optimizations using a table
look-up procedure.
The fourth problem was that the use of spatial-filter
pinholes with abrupt edges in calculations with a finite
number of transverse spatial grid points causes ringing
(aliasing), which introduces artificial modulation of the
downstream beam intensity profile. We therefore used
high-resolution runs with many points to define problem areas and incorporated smoothing algorithms
developed at LLNL.
The fifth problem was damage to the optical
components that can arise from either high fluence or
filamentation, which both depend on the noise on the
beam. (Filamentation is the process by which the intensity of a narrow beamlet increases as the beamlet is
focused by nonlinear propagation through solid materials.) A proper treatment of these effects therefore
requires very high spatial resolution to define the
peaks in the transverse intensity profiles. Such resolution would make the iteration cycle time prohibitively
slow if many points had to be used in two transverse
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dimensions. Consequently, we performed most of our
calculations using 1-D codes with 512 spatial points,
which is insufficient to determine filamentation, and
evaluated the likelihood of filament formation and the
resultant optical damage using a phenomenological
model11 developed at LLNL based on measured
Beamlet data. For ordinary (nonfilamentation) optical
damage assessment, we used measured peak fluence
limits as constraints for every component.
The sixth modeling difficulty was that the desired
NIF laser pulse at the LEH is a 3ω pulse consisting of a
long low-power foot followed by a main pulse roughly
3.5 ns wide. Because the laser input is at 1ω, and
because the harmonic conversion from 1ω to 3ω is
intensity-dependent, we had to incorporate precise
algorithms for this conversion process (see the article
entitled ÒFrequency Conversion ModelingÓ on p. 199
of this Quarterly); we also had to iterate to make sure
that the 1ω pulse shape produced the desired output
3ω pulse shape.

Optimization Flow
Each optimization iteration included a number of
steps involving other codes, as outlined in Fig. 1 for the
particular case of OPTIMA1 using the Ethernet connections to the cluster of 28 workstations. As directed by
the master, a slave machine would suboptimize one
parameter by first running two codes to help establish
the temporal shape of the input beam: a plane-wave frequency conversion code (thgft02) to assess the converter
performance with the given parameter values and an
inverse harmonic-conversion code (invconv3) to calculate
the 1ω input temporal shape that would give the desired
3ω output temporal shape with that converter. Following
the formation of the apodized transverse spatial shape of
the input beam, the optimizer would generate the input
file for PROP92 and run PROP92 to propagate the input
signal down the chain of optical components from the
input of the laser to the harmonic converter. This step
included phase aberration sources to simulate the
experimental surface finishes and bulk properties for
each optic, as well as the amplifier gain files generated
from 2.5-D amplifier modeling and the pump-induced
distortion files generated from 3-D thermomechanical
modeling (see the companion article entitled ÒThe
PROP92 Fourier Beam Propagation CodeÓ for a
complete description of the physics in PROP92). After
running a code to analyze the PROP92 output file, the
optimizer would run a frequency conversion code
(thgxtz001) to convert the 1ω light to 3ω light.
Thereafter, the optimizer would formulate an input file
for PROP92, this time for the 3ω light, and run PROP92
to propagate the beam down the rest of the laser chain
to obtain the laser pulse entering the target LEH. After
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FIGURE 1.

NIF optimization flow chart for OPTIMA1.

(40-00-1296-2752pb01)

running a code to analyze the PROP92 3ω output file, the
optimizer would run a routine to generate an input file
for the cost code, run the cost code to calculate the resulting cost of the NIF facility, and run a routine to apply the
constraints.The optimizer would then calculate the FOM
as the LEH energy, or the ratio of that energy to the cost,
or simply as the cost constrained to obtain the desired

UCRL-LR-105821-96-4

Report back
to master

energy and power at the LEHÑall as penalized by the
constraints that failed. After several suboptimizations,
the slave reports the results for that parameter back to the
master, which decides how to form the full parameter
vector for the next set of suboptimizations. When the
changes in all parameters are less than specified precisions, the process stops.
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Summary
Nonlinear constrained optimization of the design of
a large laser such as the NIF is the process of finding
the set of values for the laserÕs identified design
parameters that optimizes the figure of merit (FOM).
Among the different optimization techniques available, we selected quadratic methods based on BrentÕs
method and PowellÕs method, as modified to treat the
discontinuities imposed by integer parameter values.
An established code (SUPERCODE) and a new code
(OPTIMA1) were configured with realistic aberration
sources for every optic, a cost model of the whole laser
system, methods to incorporate the effects of different
values of the pumping parameters, models for optical
damage as well as filamentation, and full harmonic
conversion of the desired 3ω pulse shape. We also
incorporated parallel processing through use of
Parallel Virtual Machine (PVM) software operating on
a group of 28 workstations. The resulting techniques
allow optimization of the NIF laser and other laser systems based on realistic components and realistic laser
light propagation.
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Introduction
With respect to the rest of the Nd:glass laser system,
the frequency converter is quite small in terms of weight
and size. However, it is a critical component because laser
fusion targets require irradiation by ultraviolet laser light
to operate successfully. The frequency converter produces ultraviolet light (λ = 0.351 µm) from the infrared
light (λ = 1.053 µm) generated in the neodymiumdoped glass section of the laser.
As shown in Fig. 1, the basic frequency converter for
tripling consists of two crystals (advanced designs
have more than two crystals). The first crystal, known
as the second harmonic generator (SHG), frequency
doubles a predetermined amount of incident infrared
(1ω) light. The frequency-doubled (2ω) light has a
wavelength of 0.526 µm. The 2ω and 1ω light are then
mixed in the second crystal, known as the third harmonic generator (THG) or mixer, to form ultraviolet
(3ω) light at a wavelength of 0.351 µm. The output of
the THG is 1ω, 2ω, and 3ω light. The proportions of
light at the three wavelengths depend on the operating
configuration and the intensity and phase of the input
laser pulse to the converter.
The goal of frequency-conversion modeling is to
produce a converter design that results in the best performance for a required output laser pulse and that is
the least sensitive to operational tolerances (such as
alignment) and crystal manufacturing faults (such as
surface roughness).
A frequency converter requires precise tolerances.
Crystals must be tilted to an accuracy of microradians,
and crystal thicknesses must be accurate to millimeters
to achieve desired performance. Crystal surfaces must
also be finished to a smoothness of hundredths of a
*Los Alamos National Laboratory, Los Alamos, New Mexico.
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micron so that the energy of a 3ω laser pulse will
almost completely pass through the laser entrance hole
of the hohlraum.
Frequency conversion is one example of the process
of three-wave mixing. The crystals used in frequency
converters are anisotropic, thus, frequency-conversion
modeling must take account of the directions of the
principal axes of the crystals with respect to the polarizations of electric fields in three-wave mixing.
Frequency conversion is optimal at a phase-matched
condition. Phase matching involves placing the principal axis of each crystal of the converter at a certain
angular separation from the propagation direction.
This angular separation, which must be accurate to
within microradians, is called the phase-matching
angle. The codes used for frequency-conversion modeling calculate phase-matching angles and the variation of converter performance for departures from the
phase-matched condition. In mathematical terms,
phase matching means that the difference between the
wave number of the output harmonic field and the
wave numbers of the input harmonic fields equals
zero.
We can define the phase mismatch factor ∆k as
follows:
∆k = 2π/λh Ð 2π/λf Ð 2π/λg ,

(1)

where λ is the wavelength in the media, h denotes the
output harmonic field, and f and g denote the input
harmonic fields. Here, λ = λ0/n, where n is the index of
refraction, and λ0 is the wavelength in vacuum. The
value of n depends on the type of crystal material, the
polarization of the field, crystal orientation, the local
propagation angle of the electric field, the instantaneous wavelength if it is time-varying due to phase
modulation, and temperature. Modeling codes must
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FIGURE 1. Schematic of two-crystal frequency triplers. (a) Type II/Type II crystal scheme and polarization directions for tripling.
(b) Type I/Type II crystal scheme and polarization directions for tripling.

take into account all these dependencies. Whereas ∆k =
0 for phase matching, as we will show later, ∆k is sometimes deliberately made nonzero in the SHG to obtain a
certain amount of red and green light for the THG.
We have developed a class of frequency-conversion
codes such that each code is differentiated from the others by the level of detail in the specification of the input
electric field E to the converter. In the most general case:
E = E(x,y,z,t,λc) ,

(2)

where, x and y are the transverse spatial coordinates, z
is the coordinate in the direction of propagation, t is
time, and λc is the center wavelength.
The different codes and electric field specifications
are as follows:
1. For plane-wave steady-state fields:
E = E(z,λc) .

(3)

2. For plane-wave time-varying fields:
E = E(z,t,λc) .

(4)

3. For spatially varying steady-state fields (in three
dimensions):
E = E(x,y,z,λc) .
4. For spatially varying and time-varying fields:

200

(5)
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E = E(x,z,t,λc)

(6a)

for one transverse spatial dimension, and
E = E(x,y,z,t,λc)

(6b)

for two transverse spatial dimensions.

Types of Frequency Converters
The two types of crystal material used in the frequency
converters for Nova, Beamlet, and the National Ignition
Facility (NIF) are potassium dihydrogen phosphate
(KDP) and deuterated potassium dihydrogen phosphate
(KD*P). The crystals are of the negative uniaxial type.1
As shown in Fig. 1, each crystal can be operated in a
Type I or Type II configuration. In a Type I configuration, incoming electric fields are all in one polarization
direction, and the output harmonic field polarization is
orthogonal to the input fieldÕs polarization. In a Type II
configuration, incoming electric fields are orthogonal.
The crystal axes along which the incoming electric fields
are aligned are called the ordinary (o) and the extraordinary (e) axis. In the plane defined by the propagation
direction and ordinary axis, there is no dependence of
the index of refraction on crystal tilt angle θ. In the plane
defined by the propagation direction and the extraordinary axis, the index of refraction varies with crystal tilt
angle. This feature is used to adjust the phase mismatch
∆k by a process called angular detuning.

UCRL-LR-105821-96-4
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In the following discussion, we denote the electric
fields involved in the three-wave mixing process by f,
g, and h. A scalar representation can be used because
each field is in one polarization, which is parallel to
either the ordinary or extraordinary axis of each
crystal. In a SHG crystal, f and g represent the 1ω
fields, and h represents the 2ω field. In a THG crystal, f
represents the 1ω field, g represents the 2ω field, and h
represents the 3ω field. In a Type I SHG, f and g are
parallel to the ordinary axis, and h is parallel to the
extraordinary axis. In a Type II THG, f and h are parallel to the extraordinary axis, and g is parallel to the
ordinary axis. From these configurations and field conventions, we can formulate equations governing the
evolution of fields in the converter crystals.

Equations of Frequency
Conversion
The evolution of the f, g, and h fields in a crystal
for the most general case, with f = f(x,y,z,t), g =
g(x,y,z,t), and h = h(x,y,z,t), is determined by solving
the following set of coupled, nonlinear differential
equations:
¶f/¶z + 1/vg1¶f/¶t = iC(θ)hg*ei∆kz Ð 0.5α1 f + k0[γ11f2
+ 2γ12g2 + 2γ13h2] f Ð i/2kf(∇2f) Ð ρ f¶f /¶re

,

(7)

¶g/¶z + 1/vg2¶g/¶t = iC(θ)fh*ei∆kz Ð 0.5α2g
+ iλ1/λ2k0[2γ21f2 + γ22g2 + 2γ23h2]g
Ð i/2kg(∇2g) Ð ρg¶g/¶re ,

(8)

and
¶h/¶z + 1/vg3¶h/¶t = iC(θ)fgeÐi∆kz Ð 0.5α3h
+ iλ1/λ3k0[2γ31f2 + 2γ32g2 + γ33h2]h
Ð i/2kh(∇2h) Ð ρh¶h/¶re ,

(9)

where ∇2 is the Laplacian operator, which for Cartesian
coordinates is:
∇2 = ¶2/¶x2 + ¶2/¶y2 .

(10)

We derived Eqs. (7Ð9) by starting with MaxwellÕs
equations for a nonlinear medium. The first term on
the left side of Eqs. (7Ð9) is the derivative in the propagation direction to be integrated. We want to calculate
the evolution of the three fields as a function of z, the
propagation direction.
The second term on the left side of Eqs. (7Ð9) is used
only in the conversion codes that model time-varying
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electric fields. Here, vgn is the group velocity, where n
= 1, 2, 3. The group velocity is defined by the equation
vg = ∂ω/∂k ,

(11)

where ω = ω(k) is the dispersion relationship for a converter crystal material. The use of only vg indicates that
we are using only a first-order approximation to the
dispersion relation. For the bandwidths in our modeling, this is an excellent approximation.
The first term on the right side of Eqs. (7Ð9) is the
three-wave mixing or frequency-conversion term.
(This term is included in all the types of our conversion codes.) Here, C is the coupling coefficient, which
is a function of angle θ between the z axis and the principal axis of the converter crystal. The phase mismatch
factor ∆k is in the complex exponential. A nonzero
value of ∆k degrades the conversion.
The second term on the right side of Eqs. (7Ð9) corresponds to bulk absorption, where αn denotes the
absorption coefficients.
The third term on the right side corresponds to
phase retardation arising from the nonlinear index of
refraction. Note that the phase retardation for each
field not only depends on its own intensity but also on
the intensities of the other two fields. The quantities
γmn are the nonlinear index coefficients. This term is
included in all codes with temporal-field variations
and/or spatial-field variations in at least one transverse dimension. It is not needed in plane-wave,
steady-state codes because the uniform phase produced would have no effect.
The fourth term on the right side corresponds to
paraxial diffraction. This term is included in codes
where the fields vary in one or two transverse
dimensions.
The fifth term on the right side is the Òwalk-offÓ factor, which is nonzero only if the field vector is in the
extraordinary direction. Thus, we use the notation re
for the coordinate in the extraordinary direction, which
can be x or y, depending on the crystal configuration.
The term ρ is the walk-off factor, which gives the variation of refractive index with angle θ. Walk-off accounts
for the fact that, as a field propagates in a direction different from the phase-matching direction, it will no
longer move with the other fields but will Òwalk offÓ
from them because the index of refraction varies with
direction.

Method of Solution
Equations (7Ð9) are solved by a split-step method
to give the fields as a function of x, y, z, and t (or a
subset of these variables, depending on the type of
code). In this method, the derivative of each field
with respect to z is split into two components with
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different terms from the right hand sides of Eqs. (7Ð9).
The integration for one component is carried out in the
spaceÐtime domain, and the integration for the other
component is carried out in the frequency/spatialfrequency domain. The terms in the equations are
divided in the spaceÐtime domain according to:
¥ Frequency conversion (three-wave mixing).
¥ Passive loss.
¥ Nonlinear index phase retardation.
This part of the derivative of each field with respect to z is
integrated using a fourth-order RungeÐKutta method.
The second component, which includes the time
derivative of each field and the diffraction and walkoff terms, is integrated by first Fourier transforming
the terms into the frequency/spatial-frequency (for x,
y) domain. After the equations are transformed, they
become ordinary differential equations in z instead of
partial differential equations in x, y, z, t. The equations
are then integrated with respect to z and inverse
Fourier transformed to give the second component of
the updated fields.
Thus, in Eqs. (12Ð14) below, we denote the angular
frequency as ω and the wave numbers in the x, y , and
extraordinary axes directions with κx, κy, and κe,
respectively. After Fourier transforming the timederivative, diffraction, and walk-off terms, the second
part of the split-step solution involves integrating:
dF/dz = Ðiω/vg1F + i(κx2 + κy2)/2kf F + iρfκeF ,

(12)

dG/dz = Ðiω/vg2G + i(κx2 + κy2)/2k2G + iρgκeG ,

(13)

Applications of the FrequencyConversion Codes
Sensitivity Study of Doubler
Detuning Angle by Plane-Wave
Codes
As previously mentioned, the frequency-conversion
crystals must be tilted with an accuracy of microradians for proper operation. This is especially true for a
Type I SHG, where angular detuning is used to control
the mix of 1ω and 2ω light into the THG. For design of
the converter mounting and alignment equipment, it is
important to know the alignment accuracy required for
conversion efficiency within specifications. The variation
of conversion efficiency with doubler detuning angle
can be easily determined for a wide set of converter
designs using the plane-wave frequency-conversion
codes.
Figure 2 shows the output from a plane-wave
frequency-conversion code. The plot shows 3ω conversion efficiency vs initial 1ω intensity for several values of
SHG detuning angle. The latter quantity is the identifying parameter for each curve. The modeled converter
configuration consisted of a 13-mm-thick KDP Type I
SHG and a 11-mm-thick KD*P THG with a fixed
detuning angle of 30 µrad. Notice that the sensitivity of

and

c

(14)

where F, G, and H denote the Fourier transforms of the
second part of the split-step solution of f, g, and h.
Here, κe can be either κx or κy depending on the orientation (x or y) of the crystal extraordinary axis. After
Eqs. (12Ð14) are integrated with respect to z, the results
are inverse Fourier transformed to give the second
component of the updated fields. The two components
of the fields are then added to give the total updated
field after a z increment, ∆z.

80

f
a

70

3ω efficiency (%)

dH/dz = Ðiω/vg3H + i(κx2 + κy2)/2k3H + iρhκeH ,

90

Our codes have various tabular and graphics outputs, which are illustrated below. In addition, the spatial
and spaceÐtime codes can produce a file containing output harmonic and residual harmonic field distributions,
which are compatible with the PROP92 propagation
code. With this capability, we can propagate a converted beam through a set of optics using PROP92, as
well as a 1ω beam created by PROP92 as the input 1ω
field distribution for a conversion calculation.
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FIGURE 2. Output of plane-wave, steady, frequency-conversion code
showing 3ω conversion efficiency as a function of input 1ω intensity
for various doubler crystal detuning angles. 40-00-1296-2737pb01
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converter performance increases with initial 1ω intensity. Thus, in considering the effect of SHG detuning
angle alignment on converter performance for temporally shaped pulses, one must analyze the converter
performance at the peak intensity of the shaped pulse.
It is also important to note that conversion efficiency
can drop off drastically as 1ω intensity increases.
Decreased efficiency results from the incorrect ratio of
1ω and 2ω light into the THG. This behavior is important in the design of the dynamic range of the converter.

The second application is for beam smoothing by
spectral dispersion. Plans are for 1ω bandwidths in the
range of 90 to 150 GHz. Our frequency-conversion
codes have shown that planned converter designs suffer significant degradation in performance at such
large bandwidths.
In the following examples, we show how the temporal codes model conversion of laser pulses having
complex time dependencies. We show the effects of
applying a 150-GHz-bandwidth phase modulation on
a laser pulse having a temporal shape like that proposed for NIF indirect drive. The converter design we
used consists of a 12.7-mm-thick KDP Type I SHG and
a 9-mm-thick KD*P Type II THG.
Figure 3(a) shows the 3ω intensity temporal pulse
shape, and Figure 3(b) shows the 1ω intensity pulse
used to generate the 3ω pulse for the case with no
bandwidth. The two graphs were produced by one of
the temporal frequency-conversion codes. The peak 1ω
intensity is 2.75 GW/cm2. The energy conversion efficiency was calculated to be 56.5%.
The code was then run a second time starting with
the 1ω pulse of Fig. 3(b); however, a phase modulation
with a bandwidth of 150 GHz was impressed on the
1ω pulse. Figure 4 shows the temporal profile of
intensity of the resulting 3ω pulse. The calculated
energy conversion efficiency is 43.4%. Thus, the
energy conversion efficiency relative to that of the
pulse of Fig. 3(a) decreases by about 13%. In addition,
the pulse has severe intensity modulation at twice the
phase modulation frequency. The lowest intensity
values correspond to times when ∆k is largest in magnitude, and the peak values correspond to the times
when ∆k = 0. These simulations show the need for
alternate converter designs for large-bandwidth operation of NIF.
One of the alternate designs is a converter with one
SHG and two THG crystals. The temporal frequencyconversion code shows that this design produces a

Effects of Applied Temporal Phase
Modulation on Conversion
When phase modulation is applied to a field, E0(z,t),
the resulting field for a single modulation frequency f
and depth of modulation σ is given by:
Epm(z,t) = E0(z,t)eiσsin2πft .

(15)

The bandwidth bw over which the phase modulation sweeps is given by:
bw = 2σf .

(16)

As the frequency sweeps from one limit to the other,
the effective wavelength of each field also changes, which
affects, in turn, the phase mismatch factor [Eq. (1)]. As the
phase mismatch ∆k varies, the conversion efficiency
varies. It is this process that turns a periodic phase modulation into an amplitude modulation.
There are two current uses for applied phase modulation on laser pulses. First, bandwidth is used to
suppress Stimulated Brillouin Scattering (SBS) in
large optics. The bandwidth used in this application
is 30 GHz. Our conversion codes show that this
bandwidth causes a small degradation in conversion
efficiency, which needs to be considered along with
other degrading factors.

(a) NIF 3ω pulse shape

(b) 1ω pulse intensity profile

FIGURE 3. Sample output
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from the temporal frequencyconversion codes. (a) Temporal
profile of intensity of a 3ω laser
pulse with a NIF-like shape.
(b) Temporal profile of intensity
of the 1ω pulse derived from the
pulse shape of (a) for a converter consisting of a 1.27-cmthick KDP doubling crystal and
a 0.9-cm-thick KD*P tripling
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2.0
1.5
1.0
0.5

0

0
0

4

UCRL-LR-105821-96-4

8

12
t (ns)

16

20

0

4

8

12
t (ns)

16

20

203

FREQUENCY-CONVERSION MODELING
2.2
2.2

1.8

1.4

Intensity (GW/cm2)

Intensity (GW/cm2)

1.8

1.0

1.4

1.0

0.6
0.6

0.2
0.2
0

4

8

12

16

20
0

t (ns)

FIGURE 4. Temporal profile of intensity of the 3ω pulse produced
when the 1ω pulse of Fig. 3(b) with 150 GHz of applied phase modulation is propagated through the two-crystal 1.27/0.9 converter.
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FIGURE 5. Temporal profile of intensity of the 3ω pulse produced
when the 1ω pulse of Fig. 3(b) with 150 GHz of applied phase modulation is propagated through a three-crystal converter. The KDP doubler is 1.2 cm thick with a detuning angle of 210 µrad. The first KD*P
tripler crystal is 0.7 cm thick with a detuning angle of 950 µrad. The
second KD*P tripler crystal is 0.9 cm thick with a detuning angle of
Ð350 µrad. 40-00-1296-2741pb01

FIGURE 6. Profiles of fluence of
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the initial 1ω field distribution.
(a) Center (y = 0) x profile of fluence. (b) Center (x = 0) y profile
of fluence. 40-00-1296-2742pb01
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much smoother 3ω pulse, as shown in Fig. 5. In addition, the calculated conversion efficiency is 53.3%,
which corresponds to a drop of only 3% relative to that
of the pulse of Fig. 3(a). For higher peak intensities
in the NIF-like pulse, the difference in conversion
efficiency between the two-crystal design and the
three-crystal design will increase.
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Simulations of Field Distributions
with Temporal and Transverse Spatial
Variations (x, y, z, t) Using PROP92
The PROP92 code models the propagation of laser
beams with spatial variations in one or two transverse
dimensions and a temporal variation represented in a
UCRL-LR-105821-96-4
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(a) Crystal #1 2ω x-fluence profile at y = 0

(b) Crystal #1 2ω y-fluence profile at x = 0
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the 2ω field distribution at the
output of the doubler crystal.
(a) Center (y = 0) x profile of fluence. (b) Center (x = 0) y profile
of fluence. 40-00-1296-2744pb01
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FIGURE 8. 2ω energy as a function of distance into the doubler crystal.
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discrete set of time slices. With this temporal representation, it is difficult to model conversion of fields with
applied bandwidth, but it is easy to model beams with
intensity envelopes of arbitrary temporal shape and no
bandwidth. However, for small bandwidths and the
converter designs of interest for NIF, the effects of
bandwidth are small, and results from PROP92 are
quite accurate. Following is an example of the use of
the frequency-conversion code for which the fields are
functions of x, y, z, and ∆tn, where ∆tn denotes the time
slice array.
The 1ω field distribution used in this example corresponds to simulation of a shot on the Beamlet laser
UCRL-LR-105821-96-4

0
y (cm)

10

20

system in which the 1ω output fluence is 13 J/cm2 in a
3-ns temporally flat pulse. The pulse is represented
by three time slices. The first slice corresponds to the
first 0.01 ns of the pulse; the second slice to the next
2.98 ns of the pulse; and the last slice to the last
0.01 ns of the pulse. Each slice is a field distribution
defined on an xÐy grid. Figures 6(a) and 6(b) show the
center x and y profiles, respectively, of the initial 1ω
fluence. The converter used in this example consists
of an 11-mm-thick KDP SHG detuned at 240 µrad and
a 9-mm-thick KD*P THG. The 1ω field distributions
are propagated through the SHG. Modeled physical
processes include frequency conversion, nonlinear
index phase retardation, paraxial diffraction, and
walk-off.
Figures 7(a) and 7(b) show the center x and y profiles, respectively, of the 2ω fluence distribution. The
SHG energy conversion efficiency was calculated to
63.37%. This value is determined by the internal
detuning angle, which is set as close as possible to
produce equal intensities of 1ω and 2ω light into the
SHG. Because the fields are spatially varying, only a
few grid points of the beams will meet the equalintensity condition for a specified detuning angle.
Note that the 2ω fluence modulation is almost identical in shape to the 1ω fluence modulation, indicating
that intensity dominates the conversion process. This
result is expected because the phase profiles from the
PROP92 calculation indicate only small transverse
gradients. However, with large, local transverse phase
gradients (which do not apply in the present example), the walk-off term can become large and affect frequency conversion.
Figure 8 shows the 2ω energy in the doubler crystal
as a function of distance z into the crystal. Note the
slight rollover in the curve at the end of the crystal,
which indicates that the detuning angle was not quite
at the value for optimum conversion.
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(a) Crystal #3 3ω x-fluence profile at y = 0

(b) Crystal #3 3ω y-fluence profile at x = 0
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Figures 9(a) and 9(b) show the center x and y profiles, respectively, of 3ω fluence. Once again, the modulation is almost identical to that of the 1ω fluence
profiles, indicating that conversion is determined
mainly by the intensity distributions of the fields and
not by their phase distributions. Calculated 3ω energy
conversion efficiency is 88.38%. Figure 10 shows the 3ω
energy as a function of distance into the tripler crystal.
The 3ω field distributions calculated by this code can
be used as input to PROP92 to model propagation of
the 3ω beam in the output section of Beamlet and NIF.
The output section extends from the output of the frequency converter to the output of the final focusing lens.
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FIGURE 10. 3ω energy as a function of distance into the tripler crystal.

Frequency conversion is a complex nonlinear process requiring precise tolerances for optimum results.
The newly developed frequency-conversion codes
have aided the designers of Beamlet and NIF in
specifying the correct converter designs needed for a
variety of operating scenarios.
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Introduction
Numerical simulations of the laser beam propagation1 have been used in designing and optimizing all
of LLNLÕs high-power lasers for inertial confinement
fusion (ICF). The architecture and design of the laser
for the National Ignition Facility (NIF) were determined and optimized using a suite of new codes
including CHAINOP, BTGAIN, and PROP92.
CHAINOP2 is a very fast lumped-element energetics code with an extensive cost database, a choice of
optimization algorithms, and a set of heuristic rules for
diffraction and nonlinear effects and for operational
constraints.
BTGAIN3 is a far-field model based on the
BespalovÐTalanov theory4 for the linearized growth of
decoupled single-mode beam perturbations in a nonlinear medium. It includes FrantzÐNodvik saturated gain,
the facility to input beam perturbations of arbitrary spectral content at each component, and a postprocessor
that can construct near-field beam statistics.
PROP92 was originally written and released by
R. G. Nelson5 in 1992, with advice and assistance from
J. B. Trenholme. It is a full-featured optics propagation and
laser simulation code. Internal models are included for
most of the components in the optical amplifier and
transport system. A Fourier technique is used to solve the
nonlinear Schršdinger (NLS) equation, yielding a representation of the (single-polarization) complex electric
field in two transverse directions plus time (2D) as the
beam transports through and is affected by the optical
elements. Alternatively, PROP92 can also operate in
1-D planar or 1-D circularly symmetric modes. In the latter case, Hankel/Bessel transforms are used instead of
Fourier transforms. Average wavefront curvature is
explicitly removed in the Talanov transformation. Both
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gain and nonlinear index effects are calculated in the near
field with a split-step approach. Propagation is done in
the far field.
In this article, we describe the algorithms and structure of the PROP92 code. We discuss 2-D operation,
since the restriction to either 1-D planar or 1-D circular
is straightforward.

Vacuum Propagation Algorithm
PROP92 describes the laser beam in terms of a complex electric field, E(x,y,z,t). The dominant plane-wave
portion of the beam and its center-point position, tilt,
and curvature are all explicitly removed to define a
wave function u for numerical evaluation
E( x , y , z , t)
= ee i( k 0 z − ω 0 t ) e i[κ x ( x − x 0 ) + κ y ( y − y 0 )]e − ik 0 ( x − x 0 )
× e – ik 0 ( y − y 0 )

2

/ 2 R( z )u( x , y , z , t)

.

2

/ 2 R( z )

(1)

In Eq. (1), the laserÕs optical frequency is ω0, and the
wave number is k0 = n0ω0/c, where n0 is the index of
refraction of the medium through which the beam is
propagating, and c is the vacuum speed of light. The
average tilt on the wavefront is described by the quantities κ x and κ y , and the central position (x0,y0) satisfies
x0 ( z + δz) = x0 ( z) + κ x δz k0
y0 ( z + δz) = y0 ( z) + κ y δz k0 .

(2)

R is the average wavefront curvature, with the convention
that positive R corresponds to a focusing wave. It satisfies
R( z + δz) = R( z) − δz .

(3)
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The complex wave function u is represented on a
regular rectangular grid
u j , k = u( x j + x0 , y k + y0 , z , t) ,

where the field-dependent refractive index is

(4)

where j and k are integers in the range ÐNx/2 ² j <
Nx/2, ÐNy/2 ² k < Ny/2, xj = jLx / Nx, yk = kLy / Ny, Lx
and Ly are the physical dimensions of the calculational
grid, and Nx and Ny are the number of grid points.
In a linear medium (no gain, no nonlinear index
effects), the electric field obeys the wave equation
∇2E −

n02 ∂ 2
E=0 .
c 2 ∂t 2

(5)

Using Eq. (1) and applying the slowly varying
(∂u/∂t << ω0u) and paraxial (∂2u/∂z2 << k0∂u/∂z)
approximations, we find that u translates as
R
u(r , z + δz) = 0
R

∫

∫

d 2κ i
e
(2 π)2

R0
iR
κ ⋅r e − 0 κ 2 δz
R
2k0 R

× d 2 r ' e − iκ ⋅r ' u(r ' , z , t)

(6)

where R0 = R(z), and R = R(z+δz). In Eq. (6), we can
see the familiar Fourier propagation algorithm: (a)
Fourier transform, (b) multiply each Fourier mode by
a phase that is linear in propagation distance and
quadratic in angle, and (c) inverse transform. Because
u is represented on a discrete mesh, the continuous
transform in Eq. (6) is replaced by a discrete fast
Fourier transform (FFT). This means that the field is
actually represented by a function that is periodic in
both near-field and far-field coordinates. The effective
grid dilatation apparent in the inverse transform is
actually carried out in PROP92 by changing the values of Lx and Ly at the new observation point z + δz.
Scaling the computational grid tends to maintain resolution for focusing beams (which would otherwise
occupy progressively less of the grid) and avoids
aliasing of defocusing beams (which would otherwise
try to outgrow the grid and thus ÒwrapÓ information
around the edges). The prefactor, R0/R, may be
thought of as scaling the intensity to conserve energy
as the transverse extent of the beam changes.

Nonlinear Self-Focusing
In centro-symmetric (invariant under inversion
through the origin) and isotropic materials, the singlefrequency wave equation may generally be written as
 2 n 2 (E)ω 2 
∇ +
E = 0 ,
c2
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(7)

n(E) = n0 +

1
n E 2 + ... .
2 2

(8)

Applying the slowly varying wave and paraxial
approximations yields the NLS equation
∂
i
2 πi 
γI u = 0 ,
∇T2 −
 −
∂
z
k
λ
2
0
vac



(9)

where γ = n2/(n0cε0), λvac is the vacuum wavelength,
and I = n0cε0|u|2/2 is the local irradiance. The parameter γ is a material property that measures the field
phase advance per unit of intensity and per unit of
length. Because n2 and γ are positive for materials of
interest, local high-intensity perturbations create their
own focusing phase perturbations, thereby amplifying
the perturbation, and ultimately leading to catastrophic filament collapse. Equation (9) is written with
the intensity explicitly introduced because in PROP92,
the electric field is normalized such that |u|2 = I. As
presented, Eqs. (5), (6), and (9) are not affected by this
normalization choice.
In PROP92, nonlinear propagation effects
are computed by a split-step algorithm. The propagation through the nonlinear medium is divided
into a number of steps of length δz. Vacuum propagation steps [Eq. (6)] are alternated by thin-optic
transformations,
u( x , y , z) ← u( x , y , z)e i∆B( x , y , z) ,
where
∆B( x , y , z) =

2 πγ
2
u( x , y , z) δz .
λ vac

(10)

For higher-order accuracy, the process is Òleapfrogged,Ó
with a diffraction step of length δz/2 at the beginning
and end of the nonlinear optic.
Research shows that PROP92Õs split-step algorithm
agrees with experimental results both at 1ω and at
3ω6,7when sufficient resolution is included in the
calculation. There are, however, two difficulties with
simply relying on the propagation algorithm for computing all self-focusing threats:
1. Catastrophic self-focusing cannot occur in 1D,8
but time and resource constraints require that
we use PROP92Õs 1-D planar mode for much of
our design optimization.9,10
2. Even in 2D, it is often not feasible to adequately
resolve beam features at the sizes that are most
prone to self-focusing amplification.
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Given these difficulties, we have recently added11 a
number of features to the code to warn users about filamentation danger.
Sulem et al. have shown12 that intensity perturbations of the most unstable size and shape will collapse,
during propagation through a uniform nonlinear
medium, in a distance such that ∆B0 = γI0∆z = 2.3,
where I0 is the maximum intensity at the peak of the
initial perturbation. By detecting and reporting the
maximum over the transverse position of the ∆B
through the thickness of any given optic, PROP92
tracks the safety margin with respect to collapse in that
optic. To allow for optical gain (also calculated by a
split-step algorithm), the maximum ∆B(x,y) is recalculated from the current z-position to the exit face of the
optic at each z-step.
Before the NLS becomes singular, the collapse
process is limited by nonlinear processes, such as
optical breakdown (not included in the model).
These breakdown processes led to the Òangel hairÓ
tracks in the Nova and Beamlet high-power optics.
PROP92 has a test for breakdown-induced tracking,
based on an extrapolation of the peak irradiance in
the beam. Trenholme13 has numerically verified that
during the filamentation process, all perturbations
evolve to a shape resembling the Òground stateÓ
(which collapses most rapidly) and that late in the
collapse the intensity scales as (zc Ð z)Ð4/3, where zc
is the position of the singular collapse point. At
each z-step through the slab, the maximum calculated intensity is scaled by [zc/(zc Ð zexit)]4/3 to
project a maximum anticipated self-focused intensity in the slab. A warning message is printed if
this projected intensity exceeds a user-entered
breakdown intensity.
Finally, PROP92 includes a check on the adequacy
of the grid spacing to resolve the most important structure. This check is based on the BespalovÐTalanov (BT)
theory of the linearized growth of independent Fourier
modes.3,4 If we expand u as

u( x , y , z) = u0 1 +




∑ α κ (z)e iκ ⋅r 
κ



,

(11)

substitute u into Eq. (9), and drop terms of order α2, we
find that ακ and α *− κ are coupled, and they grow such that
Θ–B

 α κ ( z)  cosh SΘ – i SΘ sinh SΘ
 α * ( z) = 
B
 –κ  
–i
sinh SΘ
SΘ
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where
Θ = κ 2 z 2 k0
B = γu0 2 z
S = 1 – 2B Θ .

(13)

Defining the mode amplitude as ακ2 + αÐκ2,
maximum gain at given κ occurs when
α *– κ = e – iφ α κ
φ=

π
Θ – B

+ tan –1 
tanh SΘ .
2
 SΘ


(14)

This maximum modal gain is
G = 1+
+

2B 2
sinh 2 SΘ
(SΘ)2

2B
B2
sinh SΘ 1 +
sinh 2 SΘ .
SΘ
(SΘ)2

(15)

Maximizing G with respect to Θ, we find that the
mode with maximum growth according to BT is
Θ max = B

(16)

PROP92 issues a warning if the spatial frequency of
this mode is greater than the Nyquist frequency
κNy=2π min(Nx / Lx, Ny / Ly).

Optical Damage
Besides tracking caused by nonlinear self-focusing,
which leads to superhigh intensity and plasma formation, large optical fluence can lead to optical damage
ranging from color-center formation to material fracture.
So far, there is no adequate explanation of what causes
the formation of these damage sites. However, Campbell
et al. have compiled14 an extensive experimental
database of damage fluences for various materials during
their exposure to nearly Gaussian pulses of various pulse
lengths. When the pulse length is between about 10 ps
and about 100 ns, the data are consistent with the scaling

B

sinh SΘ
 α κ ( 0) 
SΘ
 α * (0) ,
Θ–B
cosh SΘ + i
sinh SΘ – κ 
SΘ

i

(12)
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Φ D = Cτ β ,

(17)

where ΦD is the fluence at which damage sites first
appear, τ is the Gaussian pulse width, and C and β are
material-dependent constants. In particular, β ranges
between about 0.3 and 0.5 for the various materials of
interest and is independent of τ, for a given material,
over 4 to 5 decades of pulse duration.
For many applications, such as driving ICF targets on
NIF, it is necessary to subject optical materials to high
fluence with a temporal pulse history that does not
resemble Gaussian. To assess the danger of optical
damage from such pulses, we have implemented a phenomenological diffusion-like model,15 for damage from
arbitrarily shaped pulses.
The model assumes that damage is related to the
accumulation of some quantity D whose source is
proportional to the local laser irradiance, and which
accumulates with a diffusive kernel. Damage is
presumed to occur instantly if D exceeds some
material-dependent critical value DD. Trenholme
demonstrated that no true diffusion model in 1, 2, or 3
dimensions can match the observed data. Rather, he
was led to posit a form,
D(t) = A

∞

∫0

I (t − s)
ds ,
sd / 2

DD = I D

max
ξ

∞

∫0

AC
( 4 ln 2)β / 2 max
ξ
π

[

exp −4 ln 2(ξ − s)2
sd / 2

]

ds ,

(19)

2
∞ e −( ξ − s)

∫0

sβ

ds .

(20)

For each optic for which damage calculations are
desired, the experimental scaling values C and β are
input to PROP92. Equation (20) is then evaluated, and
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PROP92 is a general-purpose computational tool for
simulating the operation of laser chains and for optimizing their performance. To enable this process, it
contains a library of models of the components that
make up the chain and a sequencer that controls the
order in which the beam encounters each of these
modules. In 2D, the beam is stored as an Nx × Ny × Nt
array of complex numbers. We have already described
how the propagation between components is modeled
as an inverse FFT of a phase times an FFT of this array.
We have also described how the array is diagnosed to
assess the danger of filamentation or optical damage.
In this section, we describe the transformations we use
to model some of the more important optical components that comprise typical laser chains.

Slabs

where, for given d, the maximum of the integral is simply a number that can be evaluated once numerically,
and the scaling with τ is explicit. Evaluating the fluence, ΦD, for the same Gaussian pulse and setting it
equal to Cτβ identifies d as 2β and yields
DD =

Laser Component Models

(18)

where d is an effective dimensionality, I is the local
irradiance, and A is a constant. Although Eq. (18) is
formally singular when d ³ 2, this is not important
because all existing damage data correspond to d ≤ 1.
Equation (18) is related to the measured data by substituting for I, a Gaussian with peak value ID and full
width at half maximum τ. Evaluating the maximum
over t of the resulting damage integral gives
Aτ1− d / 2

the limit value of the damage integral is stored. Each
time that the beam passes that point in the laser chain,
the damage integral [Eq. (18)] is evaluated for each
spatial grid point on the calculational mesh. The maximum of the ratio D/DD is reported. If that maximum
is greater than one, a warning is issued and the damaged area fraction is reported. Note that the constant A
drops out of this calculation.

In PROP92, a slab is a region of space, of length ∆z,
filled with a uniform medium of given n0 and γ, with
given small-signal gain G (at small input fluence, Φin,
the output fluence is G Φin), saturation fluence Φsat,
and transmissivity T. If the gain is not unity, then gain
typically depends on the transverse coordinates and
evolves as part of the propagation algorithm.
Propagation through slabs is modeled by a splitstep process, with the step size δz (∆z/δz = integer)
specified by the user. A propagation step with length
δz/2 is followed by the application of nonlinear phase
B(x,y,δz) and a gain calculation (described below) that
also correspond to length δz. After that, propagation
steps of length δz are alternated with near-field effects
corresponding to δz. A final propagation of length
δz/2 completes the slab. Transmissivity is applied as a
field multiplier at the slab entrance and exit.
The gain calculation is a simple FrantzÐNodvik16
transformation. The initial slab gain G(x,y) is divided
equally among the z-slicesÑeach has gain g(x,y,z) =
G(x,y) δz/∆z. This array of real numbers is stored on
disk and read into memory successively as needed. At
each spatial point, the temporal dependence of the
field is thought of as a sequence of piecewise-constant
values, so a fluence Φj = E(x,y,tj) 2 δtj can be associated
with each time slice. As the jth time slice at x,y passes
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through the gain slice at x,y,z, the FrantzÐNodvick
model for a two-level, homogeneously broadened laser
line is

[ (

Φ out = Φ sat ln 1+ g e Φ in
gout =

g in

g in
Φ
Φ sat
–
in
–e

Φ sat

( gin – 1)

)]

–1
.

(21)

The field for this time slice is scaled to the new fluence, and the gain distribution for this z-slice is overwritten by the new values so that the slab is
cumulatively saturated.

Aberrations
PROP92 is capable of imposing a variety of phase
aberrations on the field. Included are the low-order
Seidel aberrations tilt, focus, astigmatism, spherical,
and coma. Also, phase ripples,
E ← Ee 2πia cos(q⋅r + χ) ,

(22)

can be applied at arbitrary amplitude, scale length,
transverse direction, and phase. Another possibility
is random phase noise with specified peak-to-valley
amplitude and correlation length. Finally, an arbitrary phase-shift distribution can be specified
numerically.

Lenses
A lens is treated as a combination of a slab (with
unity gain but with some thickness and given linear
and nonlinear indices) and a thin lens transformation,
R←

Rf
.
R+ f

(23)

Lens aberrations must be specified as separate
ÒaberrationÓ components.

Spatial Filters
A spatial filter consists of two focusing lenses of
focal lengths f1 and f2, separated by a distance f1+ f2,
and a pinhole at the common focal plane. In a laser
chain, spatial filters fulfill three important functions.
First, since the field at the lens focal plane is a dimensional-scale and an intensity-scale of the incoming
fieldÕs Fourier transform, the pinhole strips off the
high-spatial-frequency portions of the beam.
Otherwise the beam would be more prone to selffocusing. Second, in passing through the filter, the
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beamÕs transverse dimensions are magnified by the
factor m = f2/ f1, with a corresponding change in irradiance. Third, since an object at distance d before the
filter is imaged at a distance m( f1 + f2 Ð md) after the
filter, the evolution of long-scale-length phase noise
into amplitude modulation is inhibited by proper
placement of filters in the system.
Spatial filters can be treated as a sum of their
constituent parts: a lens transformation, followed by
a propagation of length f1, clipping at the pinhole,
propagation by f2, and another lens. As long as the
beam entering the filter is not focusing or defocusing,
it is rigorously correct to use the lumped-element
transformation implemented in PROP92 instead.
The lumped-element transformation consists of
clipping the Fourier transform of the field array, propagating through a negative distance Ð( f1 + f2)/m,
magnifying the beam by m, and spatially inverting
the beam in the transverse plane E(x,y)←E(Ðx,Ðy).
PROP92 offers a variety of options for pinhole
sizes, shapes, orientations, and transverse offsets
(including the option to describe the filter function
numerically). The pinhole edge is smoothed over
several transverse grid steps to avoid aphysical
numerical ringing.

Mirrors
Mirror components reverse the logical direction that
the beam sequencer traverses chain components,
enabling us to model multipass architectures. Tilts on
the mirrors are permitted, affecting κ x and κ y in
Eq. (1), and thereby affecting the beamÕs average transverse position as it samples aberration and gain fields.
Recently, Henesian has added a model for phase-conjugating mirrors, including an intensity-thresholding
effect.

Masks and Obscurations
Both masks and obscurations modify the beam by
applying a near-field intensity filter that varies with
transverse position. Both offer a number of built-in
shapes and orientations. They offer control over the
degree of edge smoothing, and both offer the option
for numerical description of the filter function. A
mask represents a filter that passes the center of the
beam and removes the edge (such as would occur
because of the finite physical aperture of chain
components). An obscuration removes some small
portion of the center of the beam (such as would
occur if the beam struck a small obscuration).
Obscurations also offer the option of applying a
specified phase to a portion of the beam, to represent, for example, regions of surface irregularity or
of bulk index variation.
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Adaptive Optics
Adaptive optics are used in laser systems to correct
for long-scale-length aberrations induced on the beam.
At some point in the chain, the beam reflects from a
deformable mirror. The mirrorÕs surface can be distorted by as much as several wavelengths by displacing
an array of mechanical actuators. At another point, a
phase sensor is located. Operation of the adaptive optic
consists of adjusting the displacement of the mirror
actuators to minimize the transverse variation of the
phase at the sensor.
On NIF, the deformable mirror is one of the end
mirrors in the multipass cavity. Phase is detected by a
Hartmann sensor, which consists of a lenslet array (on
NIF it will be triangular) and a light sensor capable of
detecting the centroid of the focal spot from each
lenslet. The operational algorithm attempts to minimize
the sum of the squares of the focal spot displacements.
A transfer matrix is measured by observing the spot
movements resulting from small travel of each of the
actuators. A matrix inversion then predicts the actuator displacements necessary to best cancel a measured
set of spot displacements. By placing this correction
procedure into a feedback loop, continuous correction
for time-varying effects (such as air-path turbulence
and decaying thermal sources) has been
accomplished.17
Modeling the correction procedure has two parts:
(1) determining the beam phase modification accompanying a given set of actuator displacements and
(2) finding the best set of displacements to use. For
the first part, we have implemented a model where
the mirror surface (hence the applied phase field) is
assumed to be a sum of Gaussians,
φ( x , y ) =

∑ aje

2

− r − rj / σ 2

.

(24)

j

In Eq. (24), the sum is over the set of actuators, rj are
the set of centers of influence (nearly the same as the
physical actuator positions), σ is the influence width,
and the source strengths aj are related to the actual
actuator displacements. Typically, the rj are located on
a regular triangular or rectangular array with some
outward displacement for the sources on the array
boundary caused by their nonhomogenous environment. The values of rj and σ are inputs to PROP92Õs
adaptive-optic model. In one of its modes of operation, the aj are also input parameters, in which case
the component is modeled as a determined phase
modification. This form of operation allows optimization of the best set of source strengths to meet some
external objective, for example maximizing the energy
into a hohlraum laser entrance hole.
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In another mode of operation, PROP92 can adjust
the aj to apply a best local phase correction in minimizing the fluence-weighted mean square deviation
from flat phase. ÒAdaptÓ components that are multipassed retain the shape that is determined the first
time they are encountered. This method, since the
phase correction is local and simply determined, is
useful for obtaining a quick and reasonably accurate
approximation of the performance enhancement that
might be expected.
Although it is not strictly part of PROP92, Henesian
has built up a realistic model of the adaptive optic
operation as it will be implemented on Beamlet and
NIF.18 At the end of a PROP92 simulation of a chain,
the field array is dumped to disk. This file is read by a
postprocessor routine that simulates the action of the
Hartmann sensor. Portions of the array are masked off
and brought to focus, and the centroid of each focal
spot is calculated. If there are Na actuators, then Na
separate PROP92 runs are required to determine the
transfer matrix, which is easily inverted (or SV decomposed if, as typically, it is nonsquare). For a given set of
component aberrations, two more PROP92 runs suffice
to measure the corrections required and to predict the
performance with those corrections.

Plots
Considerable attention has been given to the graphical presentation of PROP92 results. At any point in
the chain simulation, the user can display plots of
near-field intensity, fluence, or phaseÑor of intensity
or fluence either in the far field or in a partial focus
region. These can be displayed as surface plots, contour plots, or cuts, either through specified position or
through the maximum intensity point. The vertical
scale can be linear or logarithmic. PROP92 has the
capability to window the plots, which add resolution
to a region of interest. As mentioned, PROP92 is capable of dumping the field array to disk, which enables
us to use the graphical power of packages such as IDL
for postprocessing.

Summary
PROP92 is a full-featured Fourier optics laser
modeling, design, and optimization tool. It includes
integrated models for a comprehensive set of optical
elements and effects, as well as sophisticated algorithms for assessing the risk of optical damage and
filamentation. As detailed elsewhere in this Quarterly,
PROP92 predictions have been validated by comparison with Nova, OSL, and Beamlet experiments. Given
reliable data on material properties and optical quality,
we have confidence in PROP92Õs predictions of NIF
performance.
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NOVA/BEAMLET/NIF UPDATES
OCTOBERÐDECEMBER 1995
G. Hermes/R. Speck/S. Kumpan

Nova Operations
During this quarter, Nova Operations fired a total of
294 system shots, resulting in 324 experiments. These
experiments were distributed among inertial confinement
fusion (ICF) experiments, Defense Sciences experiments,
X-Ray Laser experiments, Laser Sciences, and facility
maintenance shots.
A second, 8× magnification, x-ray charge-coupled
device (CCD) camera was installed and activated on the
10-beam chamber. The east and west 8× CCD cameras
will replace the film based pinhole cameras currently
being used to acquire x-ray images from precision
pointing shots. We are currently characterizing these
cameras and doing a direct comparison of the data
with the existing pinhole cameras. Using the CCD
cameras will greatly reduce the time required to analyze data from the pointing shots.
A complete design review is planned for the second
quarter to examine the design requirements and cost of
upgrading Nova to have spatial beam smoothing capabilities on all 10 beamlines. Currently, only beamlines
6 and 7 (BLÐ6 and Ð7) have the capability of smoothing
by spectral dispersion (SSD). Adding SSD to all beamlines will require modification to the pre-amplifier
beamline and the addition of 10 phase plates on the
target chamber.
We are also reviewing the design requirements that
would provide beam phasing capability to the Nova system. Beam phasing would allow us to divide each Nova
beamline spatially into two halves and then to propagate
two different pulse shapes through each half. At the target chamber, we would use phase plates to separate and
position the beams, as required, to provide two uniform
rings of illumination at each end of a hohlraum target.
Each of the two rings could have a different pulse duration and shape and could be separated temporally to provide the desired laser irradiation. We are also looking
into combing the capability of beam phasing with SSD.

In support of the ongoing Petawatt project, the compressor vacuum chamber was installed in the 10-beam
target bay. This vacuum chamber (9 ft i.d. and 43 ft
long) contains an input and output turning mirror, the
diffraction gratings used for pulse re-compression, a
diagnostic beam-reducing telescope, and other optics
to direct the diagnostic beam outside of the chamber.
An initial set of large aperture (φ75 cm) gratings are
being fabricated for installation into the compressor,
planned for the second quarter. A preliminary set of
laser output diagnostics was designed and component
orders have been placed. This system will also be
installed and activated next quarter.
Also for the Petawatt project, a new beamline was
designed for injecting the pulse from the Petawatt
Master Oscillator Room into the Nova laser. The
optics, mounts, and associated equipment for this
beamline should be available for installation and activation during the third quarter. We are planning for a
series of test shots late second quarter that demonstrate pulse compression with this system at low
energy. The compressor chamber will not require
vacuum for this series and the pulses will not be propagated to the target chamber.
We continued the activation and characterization of
the 100 TW system. The focal spot size at the center of
the 2-beam target chamber was measured to be
approximately 16 µm × 22 µm using an attenuated 10 Hz
(short pulse) beam. This results in about 1020 W/cm2
at 40 J in 400 fs.

Beamlet Operations
During this quarter, we completed the installation,
alignment, and activation of a major addition to
BeamletÑa large vacuum tank equipped with optics to
focus and characterize the third-harmonic beam (3ω)
generated at the output of Beamlet. We also installed
and activated a number of diagnostics associated with
U-1
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this system that will measure the properties of the
beam at the plane of an inertial confinement fusion
(ICF) target. We plan to use these systems to evaluate
the effectiveness of focal-spot beam-smoothing
schemes proposed for the National Ignition Facility
(NIF), including phase plates and smoothing by spectral dispersion (SSD). The system will also provide
the opportunity to test the focusing optics to be used
on the NIF at operating fluences. In initial experiments done during this quarter, we measured the
prime focus of the 3ω beam both with and without a
phase plate. The diagnostics ready for these initial
experiments included:
¥ Energy diagnostics consisting of a whole-beam
calorimeter that measures the sum of all wavelengths, and a set of small calorimeters and diodes
that measures individually the 1ω, 2ω, and 3ω
energy and power.
¥ 1ω pointing and centering diagnostics to establish
and maintain beam alignment to the focusing optics.
¥ Medium and narrow field-of-view imaging diagnostics to record the focal spot.
¥ A temporary imaging diagnostic to record the 3ω
near-field beam.
At the end of the quarter, we performed several
shots at 200-ps pulse duration to extend our study of
1ω near-field beam modulation at the Beamlet output.
By analyzing these shots, we can determine the power
threshold for severe beam breakup and filamentation
that could damage Beamlet optics and can aid in
determining the performance limits of the NIF laser
design. In this series, we propagated a short (200 ps
FWHM) high-power pulse from the cavity amplifier
through the unpumped booster amplifier to simulate
the conditions at the end of a long, highly saturating
pulse and examined the near-field output beam carefully for evidence of breakup and filamention. We
obtained higher resolution images, using an improved
near-field imaging system. The system consists of a
CCD camera with 1024 × 1024 pixels to record a 25 cm
square portion of the beam and optics with a wider
angular acceptance. In the December series of shots,
we obtained data from several image planes between
the frequency converters and 11.5 m beyond the
converter location. These data will be helpful in determining the optimum location of the frequency converters, and the length of the NIF transport spatial
filter. An analysis of the data is being performed.
We finished the design and initiated procurements
for diagnostics to do central dark-field imaging of the
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1ω focal spot at the Beamlet output. The purpose of
these measurements is to determine the distribution
of scattered light at small off-axis angles. We plan to
install and activate this diagnostic during the second quarter.

NIF Design
This quarter, the Department of Energy (DOE)
authorized funding to begin the Advanced Conceptual
Design (ACD) for the NIF Project. Due to the delays in
the FY 1996 congressional budget process, the Title I
Design work was postponed until late December, at
which time the full $61M for the fiscal year was received.
The ACD prepares the Project for the engineering
design activity to be conducted during Title I. By the
end of the quarter, the Project organization was in place
and the NIF staff exceeded 75 people. Major contractors
were chosen for the building architectural design and
for engineering support. The Ralph M. Parsons
Company was chosen for design of the Laser and Target
Area Building (LTAB) and A.C. Martin for the design of
the Optics Assembly Building. Master Task Agreements
for engineering support were placed with TRW, SAIC,
Westinghouse, and Physics International. Engineering
tasks were assigned to the participating ICF laboratories
(Los Alamos National Laboratory; Sandia National
Laboratory, Albuquerque; and the Laboratory for Laser
Energetics at the University of Rochester.
The ACD engineering activity centered around
several major tasks, all leading to the general
arrangement of the special equipment and the
overall size of the LTAB. These tasks include: the
design impact of incorporating capability for
direct-drive physics experiments, determination of
the need for beam expansion at the end of the
laser, the length of the spatial filters, and the
accommodation of requirements for the radiation
effects users. Another important activity was the
preparation of requirements and design concepts
for assembly and maintenance of the laser system
optical components and for the Optics Assembly
Building. A review will be held in February to discuss the design work conducted during the ACD.
Concurrent with ACD activity the NIF ProjectÕs
Primary Criteria and Functional Requirements toplevel document, which provides a hierarchy of all
design requirements, was reviewed and revised.
During the second quarter, the DOE will review
proposed changes to this document.

NOVA/BEAMLET/NIF UPDATES
JANUARYÐMARCH 1996
G. Hermes/R. Speck/A. Clobes

Nova Operations
During this quarter, Nova Operations fired a total of
309 system shots resulting in 319 experiments. These
experiments were distributed among inertial confinement fusion (ICF) experiments, Defense Sciences
experiments, X-Ray Laser experiments, Laser Sciences,
and facility maintenance shots.
As planned, we held a design review to discuss
upgrading Nova to include spatial beam smoothing
capability on all 10 beamlines. In support of this upgrade,
a prototype phase plate and debris shield holder was
fabricated, installed, and tested on the 10-beam target
chamber. A prototype of the kinoform phase plate
(KPP) was also fabricated and used on several target
experiments. The KPP produces a smoother focus spot
on target than the present phase plate and is planned
to be used on the National Ignition Facility (NIF).
Design modifications to the optical system for the preamplifier beamline modifications were completed, and
the orders were placed. The substrates and finishing
required for the KPPs were also ordered. Experiments
using beam smoothing on all 10 beamlines are planned
for the fourth quarter.
In support of the ongoing Petawatt project, we
achieved the following tasks:
¥ Completed the vacuum compressor chamber and
vacuum leak tested the system.
¥ Installed and aligned primary optical components
required to demonstrate pulse compression (mirrors,
gratings, and diagnostic telescope).
¥ Activated the basic diagnostics required to measure
pulse width and bandwidth.
¥ Installed and aligned the new injection beamline
from the Petawatt Master Oscillator Room to the
Nova laser.

¥ Took several shots at low energy and with the compressor at atmospheric pressure to check the initial
system performance.
¥ Obtained a low-energy compressed pulse of ~650 ps.
¥ Scheduled full-power shots to demonstrate Petawatt
performance to be done during the third quarter .
We also developed a design for a small target chamber
to be installed between the compressor and 10-beam
target chamber to allow using the Petawatt beam for
simple target experiments that do not require the full
diagnostic capability of the 10-beam chamber. This
configuration would provide more flexibility and would
allow the Nova system to support Petawatt target
shots without impacting the 10-beam target chamber.
A final design review for the mini-chamber is scheduled for the third quarter.
Several modifications were made to the 100-TW system to improve system reliability and performance:
¥ Reviewed the design and purchased the hardware
for a closed loop alignment system to improve system
shot-to-shot stability and repeatability. Installation
is planned for the third quarter.
¥ Installed a graphical user interface to the control
system to allow the operators to configure the system
more efficiently.
¥ Relocated the power conditioning hardware outside
the oscillator room, due to excessive electrical
noise problems.
¥ Ordered several spare parts to reduce system downtime during maintenance and repair.
To reduce film handling, processing, and digitizing, we
use charge-coupled-device (CCD) cameras. We modified
one of the six-inch-manipulator (SIM) based diagnostics
used on the 10-beam target chamber to replace its film
back with a CCD camera. We plan to modify an additional
SIM diagnostic with a CCD camera by the end of FY 1996.
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Beamlet
During the quarter, experiments continued on
Beamlet to validate the laser physics foundations for
the NIF design and addressed the following issues:
¥ Controlling the growth of near-field amplitude
modulation in the 1.06-µm laser amplifier.
¥ Determining the source terms for scattered light,
and its nonlinear amplification at high power in the
1.06-µm laser.
¥ Performing large-area damage tests and online
damage conditioning of KDP.
¥ Performing online conditioning tests of high-fluence
1ω reflective coatings.
All of these experiments are part of long-term
continuing campaigns that will include two or more
experimental series.
The shots to study near-field beam modulation were in
support of a working group studying the power and
energy limits imposed on the output of the 1.06-µm laser
by the nonlinear growth of optical noise that originates
from imperfections in the beam optics. In this series, we
studied the increase in near-field modulation at several
planes beyond the booster amplifier output as the B-integral increased and as a function of pinhole size in the
cavity and transport spatial filters. With 200-ps pulses, we
used pinholes as small as 130 µrad in the cavity spatial filter and 100 µrad in the transport filter. As expected, and in
contradiction to the observation made on Nova, the
smaller pinholes produced smoother beams. We produced pulses with B-integrals up to, and exceeding, the
NIF requirement with well controlled modulation and no
evidence of filamentation. We have not yet tested small
pinholes with long, high-energy pulses required for NIF;
this will be an issue in future experiments.
We activated a new dark-field imaging output diagnostic to provide sensitive measurements of small-angle
scattered light at the Beamlet 1ω output. This diagnostic
improves our ability to accurately measure optical
noise within the band between 33 and 800 µrad half
angle and will allow us to quantify noise amplification
that results from nonlinear phase retardation effects.
We fired low- and high-power shots with various cavity
pinhole sizes and dark field image blocks in the initial
series to measure the noise power.
In support of the NIF materials development group,
we performed large-area damage tests on KDP samples.
The tests determined an unconditioned damage threshold
of 8 J/cm2 and demonstrated that large area online conditioning of KDP in a vacuum environment is effective.
We installed a set of four high-damage-threshold 1ω
mirrors between the output transport spatial filter and
the frequency converter, simulating the NIF transport
mirror system, to investigate the feasibility of online
conditioning. The alternative offline raster scan
conditioning is time consuming and costly; if online
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conditioning can be demonstrated, it provides a more
cost-effective and efficient substitute. Two of the four
mirrors were offline conditioned and the other two
were to be online conditioned. Anomalously high
amplitude modulation (3 to 1, peak/average) at the
output of Beamlet occurred on two shots early in this
series. In each case, both of the unconditioned mirrors
were damaged and the tests had to be terminated. The
offline conditioned mirrors were more robustÑonly
one damaged on one of the shots. We will renew our
attempt to demonstrate online conditioning later in the
year when additional mirrors become available.
We also removed two cavity amplifier slabs and
replaced them with recently refinished slabs. During the
disassembly, we noticed some degradation of amplifier
components and are investigating the cause. The slabs
removed had been finished using unoptimized smalltool polishing techniques. We will use high-resolution
interferometry to characterize these slabs to determine if
refinishing is necessary, and the laser modeling group
will use the data in propagation modeling.

National Ignition Facility
During the quarter, we began Title I design, which
was initially affected by delays in the Project FY 1996
total estimated cost funding. To support Title I design
efforts, we updated the technical basis of the design,
increased Project staff to the planned levels, developed
key Project controls and documentation, and developed support infrastructure required to support the
design support. The NIF Project activities are now proceeding as planned.
The technical basis of the design was updated
through a formal technical review process that
included the following:
¥ Completing an Advanced Conceptual Design
(ACD) review in February, including technical and
financial impacts of user requirements.
¥ Updating the Primary Criteria/Functional
Requirements.
¥ Updating and improving the System Design
Requirements.
¥ Developing optics assembly capability requirements.
¥ Updating the laser system design/performance
baseline.
Key Project controls and reporting procedures were
put in place, including the following:
¥ Implementing the NIF Project Control Manual, the
Configuration Management Plan, and the DOE-approved
Quality Assurance Program Plan, and providing training
on key procedures and configuration management.
¥ Installing the commercial NIF Sherpa Product Data
Management system that provides a project-wide
centralized document engineering drawing, and
configuration-control capability.
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¥ Establishing cost account plans and authorizations
for each work breakdown structure element.
¥ Developing a detailed Title I design schedule.
¥ Establishing regular Title I baseline costs and schedule reviews to track progress.
¥ Preparing and distributing monthly and quarterly
progress reports.
To reflect the national scope of the NIF Project, the
NIF participating Laboratories agreed to, and implemented, the following expanded workscopes:
¥ Sandia National Laboratories (SNL) expanded the
workscope includes conventional facilities management, construction management, mechanical systems
integration, target area structure analysis, the target
experimental data acquisition system, and diagnostic
system integration. The SNL team includes engineering design staff at SandiaÑLivermore, California.
¥ The expanded Los Alamos National Laboratory
workscope includes structural support for key optomechanical assemblies (cavity mirror, Pockels cell
polarizer, and extra-cavity turning mirror) and target area robotics.
¥ The Laboratory for Laser Energetics at the University
of Rochester expanded workscope includes largeaperture polarizer coatings and exploration of
production capabilities for high-performance, largeaperture optics coatings.
All major contracts for the Title I design have
been decided including the architecture/engineering contract for the Laser and Target Area Building
(LTAB), contracted to Parsons; the Optics Assembly
Building (OAB), contracted to A. C. Martin; the
Construction Manager, contracted to Sverdrup;
Engineering Design Services contracted to

Northrup/Grumman, TRW, Physics International,
and SAIC; and Management Services, contracted to
XEC and LRL.
The laser system design was updated through an
optimization analysis performed by a NIF Project and
ICF Core Science and Technology team. This update
resulted in a NIF laser configuration that is improved
from the Conceptual Design Review (CDR) version.
The design (the 11-0-7 configuration) has an 11-slab
main amplifier, no switch amplifier, and a 7-slab
boost amplifier that meets the NIF 1.8-MJ and 500-TW
on-target technical requirements. This design is comparable in cost to the CDR design within the available
resolution, and it meets the NIF functional requirements at lower risk. Design improvements include:
¥ A lower filamentation risk due to lower B-integral
(1.8 vs 2.1).
¥ Greater similarity to the Beamlet 11-0-5 configuration,
thereby reducing development costs and risks.
¥ Elimination of switch amplifier magnetic field interactions with the adjacent plasma electrode Pockels
cell.
¥ Fewer laser support structures, and a shorter LTAB
length.
Significant design progress has been made in all areas.
Following extensive functionality and cost analysis of
various building layouts and configurations, Title I
design of the LTAB building began. A general arrangement of the facility was developed and is now in configuration control, and laser layouts have been
incorporated into the overall facility layout (Fig. 1).
Locating the LTAB and OAB at the preferred Livermore
site has also been completed, which minimizes site
development costs.

(a) LTAB ground level view

(b) LTAB composite view

FIGURE 1.

3-D CAD models for the NIF Laser and Target Area Building (LTAB).

(40-00-0496-0847pb01)
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In the laser area, we completed the design analysis
to determine pumping uniformity of the end slabs in
the amplifier. The analysis shows that the required uniformity is met without the addition of end lamps.
Design iterations, based on finite-element analysis on
all the laser bay support structures, have been completed. These structures were re-engineered from the
CDR to minimize construction costs and to improve
their performance in terms of increasing the first resonant frequency a significant 20%. Designs for bottom
loading line replaceable units (such as amplifier cassettes) into the beamline have been developed.
We completed the beamline optical component
layouts within the LTAB. The design includes firstorder raytrace to establish the approximate spacing
between the optical components followed by the
Code V layouts that provide detailed locations of the
optical components. The optical sizes of the main
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laser components have been determined and clear
aperture analysis is under way.
The NIF is a part of the Stockpile Stewardship and
Management (SSM) Programmatic Environmental
Inpact Statement (PEIS). The SSM PEIS reaffirms the
Secretary of EnergyÕs statement during Key Decision
One that LLNL is the preferred site for the NIF. In
support of the PEIS, writeups, supporting analysis,
and reviews have been provided to the DOE, as well as
a Preliminary Safety Analysis statement draft document. A final site selection will occur after public
review of the SSM PEIS and a formal Record of
Decision by the Secretary in September 1996.
During the third quarter, the mid-Title I design
review will be conducted, and we will continue
toward completion of the conventional facilities Title I
design in September and special equipment design in
October, as scheduled.

NOVA/BEAMLET/NIF UPDATES
APRILÐJUNE 1996
G. Hermes/R. Speck/A. Clobes

Nova Operations
During this quarter, Nova Operations fired a total of
274 system shots resulting in 288 experiments. These
experiments were distributed among ICF experiments,
Defense Sciences experiments, X-Ray Laser experiments,
Laser Sciences, and facility maintenance shots.
As a result of gradual budget reductions over the
past several years, the number of Nova Operations
staff has been slowly reduced to the point that a standard
double-shift operation is no longer able to be supported.
In an attempt to improve facility performance, the
Nova Operations group formed a team to evaluate the
use of an alternate work schedule for system operations.
The previous schedule consisted of two standard
eight-hour shifts overlapping by one hour, five days
per week. The team reviewed a variety of work
schedules to determine which schedule would best
meet criteria provided by the Program. As a result of
their study, the team recommended four ten-hour days
per week of two shifts overlapping by three hours.
This alternate schedule provides slightly more time for
experiments, while leaving adequate maintenance time
and without requiring the use of regularly scheduled
overtime. As of June 10, the operations personnel have
been working this new shift. Preliminary evaluation of
this work schedule indicates that the system shot rate
is very near that of the standard two-shift operation
and that system maintenance has improved.
A final design review was presented by Los Alamos
National Laboratory for phase 2 of the Full Aperture
Backscatter Station (FABS II). This diagnostic incorporates a reflecting telescope to produce a high-resolution
image of the target plane. Subsequent to the review,
LANL determined that the primary turning mirror
produced a second surface reflection that resulted in
unacceptable interference with the signal from the first

surface. An alternate mirror will be coated with a
wide-band, high-reflective coating on the first surface to eliminate this issue. The installation schedule
for FABS II will be reevaluated after the coating of
this mirror.
The Gated X-Ray Imager #5 (GXI 5), modified last
quarter to use a charge-coupled-device (CCD) camera
readout, is still undergoing development. During initial activation, several problems were noted and repaired.
We are continuing to use this camera as opportunities
arise to complete testing and work out any additional
issues. The use of a CCD camera allows immediate
viewing of data following a system shot.
In ongoing support of the Petawatt Project, we completed the following:
¥ Installation and activation of the compressor
vacuum system.
¥ Installation and alignment of a subaperture beamdiagnostic station to support the May shot series.
¥ Demonstration of subaperture pulse compression in
a vacuum by achieving 1.25 PW during the May shots.
¥ Continued system installation and activation in preparation for the full-aperture Petawatt demonstration.
We are developing a plan to install a minichamber
between the Petawatt compressor and the ten-beam
target chamber. This minichamber will be used during
the initial Petawatt demonstration to measure system
performance and beam spot at focus. The detailed
engineering continues for the parabolic mirror mount,
target alignment viewer, and miscellaneous diagnostic
hardware required to support target experiments with
the Petawatt system.
We are removing the one-beam chamber located in
the west end of the two-beam area to provide a lab
area for the testing of the NIF final optics assembly.
Other assembly processes and hardware stored in this
area are also being relocated.
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Beamlet
Beamlet continues to provide the testbed to validate
the laser physics foundations of the National Ignition
Facility (NIF) and to check laser engineering concepts
and components proposed for the NIF. During the
quarter, activities on Beamlet included the following:
¥ We quantified the limits on power output of the NIF
1.06-µm laser design that are safe from beam filamentation in the systemÕs 1ω optics.
¥ We obtained far-field images in the new dark-fieldimaging diagnostic that quantified the fraction of
the 1ω power scattered at small angle as a function
of laser output power.
¥ We installed reworked 37-cm aperture frequencyconversion crystals.
¥ We upgraded the 3ω focal-plane diagnostic system.
¥ We began a series of shots to characterize the 3ω
focal spot and assess the damage threat to the final
optics components.
¥ We activated an improved control system for the
deformable mirror that will allow correction for
gas turbulence.
The shots to study beam filamentation propagated
200-ps-duration pulses through the unpumped booster
amplifier to simulate the conditions at the end of long,
high-energy, saturating pulses. The short pulses provided a ÒsnapshotÓ of the most stressful part of the saturating pulse and greatly reduced the irradiance
averaging that takes place when a near-field image of
the entire pulse is taken. The most important diagnostic
in this series was a high-magnification near-field camera recorded by a 1024 × 1024-pixel CCD camera. The
results confirmed that the NIF can operate safe from
filamentation with delta-B values of up to 1.8 and can
have adequate margin for beam-to-beam and shot-toshot fluctuations in output. Smaller pinholes (130 µrad
in the cavity spatial filter and 100 µrad in the transport
filter) provide added margin over the standard 200-µrad
pinholes and are preferable.
Dark-field image data of the 1ω output were also
gathered from 200-ps pulses and an unpumped booster
amplifier. Much of the data came from the same shots
as the 1ω near-field modulation data. The diagnostic
system measured the fraction of the power scattered
outside far-field beam blocks of ±33, ±66, and ±100 µrad.
The data provides a measurement of (1) power scattered
from imperfections and finishing errors on the optics
at low laser output power and (2) the growth in this
scattered power with increasing laser power. This
information is useful in determining noise source values for use in laser propagation modeling.
Beginning in mid-May, we installed refinished 37-cmaperture frequency-conversion crystals on Beamlet
following their characterization on the high-resolution
phase matching interferometer. At this time we also
aligned and calibrated the Phase II diagnostics for the
U-8

3ω focal-plane diagnostics system. New diagnostics
include a very-high-resolution near-field camera that
records on photographic film, a medium-resolution
near-field camera that records on a CCD array, a widefield-of-view calorimeter, a 3ω streak camera, a multiple-plane 3ω far-field camera, and a number of new
and upgraded energy sensors.
Experiments to investigate 3ω beam quality and
focusability began in early June following the calibration of the new diagnostics and the angle tuning of the
conversion crystals. We fired a total of 19 shots in this
campaign; 14 to measure the 3ω beam quality and focal
spot and 5 to characterize the focal spot obtained with a
kinoform phase plate (KPP). Ten of the 14 shots without
the KPP were with 200-ps-duration pulses and with the
booster amplifiers unpumped to achieve delta-Bs of up
to 1.8 rad at power levels up to 2 TW. We investigated
both small pinholes (130-µrad cavity/100-µrad booster)
and large pinholes (200-µrad/200-µrad). The focal spot
data at 2.8 TW power with and without a KPP yielded
80% power half angles of 33 µrad and 20 µrad respectively and 95% power half angles of 53 µrad and 32 µrad.
Preliminary analysis indicates that the spot size is
strongly influenced by thermal effects in the amplifiers, as well as by output power.
At the end of June, we completed the activation of
the T0-1 second wavefront correction system. This system allows the deformable mirror to run in closed loop
up to one second before shot time and thus provides
the capability for wavefront correction up to the last
second before shot time. On a limited number of shots
during its activation, the system corrected wavefront
error caused by turbulence on shots taken early in the
day but was increasingly unable to make the correction
as the heat accumulation in the amplifiers and the corresponding turbulence increased after repeated shots,
indicating that turbulence cell sizes become smaller
than the deformable mirror could correct due to its
finite actuator separation.

National Ignition Facility
We made significant progress in Title I design this
quarter; based on current accomplishments, the
Project is expected to meet all FY 1996 critical-path
milestones and complete the design as planned in
September (Laser and Target Area Building conventional facility) and October (special equipment and
Optical Assembly Building). The Mid-Title I Design
Review, completed at the end of May, served as an
interim checkpoint in the design process. The status
of the mid-Title I design was presented to a review
committee consisting of individuals from all the
participating Laboratories as well as outside reviewers.
The recommendations and comments were documented and assembled into a package and distributed
to Project personnel for use in updating the design.

PROGRAM UPDATES
While the three-month total estimated cost (TEC) funding
delay slowed NIF staffing and delayed the start of
design, a catch-up plan was developed and implemented
and is working well. This catch-up is based on a well
integrated NIF/ICF team, augmented by effective use of
Master Task Agreements (MTAs) with commercial companies, coupled with rapid narrowing of design options.
Engineering documentation and infrastructure are
developed to the degree necessary for the current design
effort. The Computer Aided Design and Drafting (CADD)
systems are fully operational, the Product Data
Management (Sherpa) hardware and software are implemented, and the required subsystem design requirements
and interface control documents are in place.
In addition and in parallel with the intensive design
effort, Title I cost and schedule estimates are being
developed in all areas. The system and database are
operational, with inputs generated by the responsible
engineers and the system and rates controlled by the
NIF Project Office. Initial inputs are essentially complete, and verification is under way.
Specific progress in the various areas is outlined below.
¥ The contract for construction management services
was awarded to Sverdrup, and personnel were onboard for the Mid-Title I Design Review. Fast tracking
is being considered to meet the construction schedule
milestones, and special construction methods are
being evaluated.
¥ The NIF general arrangement drawings for the NIF
Laser and Target Area Building (LTAB) have been
completed and are under configuration control.
Design iterations continue for cost containment and
reduction to assure that the design results in the
minimum platform to achieve the requirements.

¥ An embedded laser-amplifier structure that offers
important installation and operational advantages
over the original conceptual design was developed and is the basis of the Title I design. This
approach also simplifies utility interfaces above
the amplifiers, which are now an integral part of
the structure.
¥ Following an extensive technical and cost tradeoff
evaluation, we selected flexible transmission lines
for power conditioning over rigid lines and established a routing layout. Flexible lines result in easier
installation and improved accessibility.
¥ We optimized the preamplifier module/preamplifier
beam transport system layout to permit the output
sensor packages to be located underneath the transport spatial filter for reduced cost and improved stability and operational accessibility. We completed
the preamplifier module maintenance area layout
and utility requirements.
¥ We have successfully resolved numerous conflicting
requirements in the beam transport system and have
established an end-to-end comprehensive design solution (see Fig. 1). Space allocations have been frozen for
all laser bay and switchyard subsystems. Baseline
switchyard and laser bay structures, which meet all
stability, access and safety requirements, have been
established and integrated with the other systems.
¥ We selected a hybrid concrete-steel construction
early in the quarter for use on all the laser bay support structures. Detailed analysis confirmed the
performance advantage of the hybrid structure
over all-steel or all-concrete structures. The laser
support structures have been integrated with all
other subsystems.
FIGURE 1. A comprehensive
Òend-to-endÓ integrated design
has been developed.
(40-00-0796-1771pb01)

Laser bay

Target bay
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¥ In collaboration with the ICF Core Science and
Technology Program, a NIF prototype automaticalignment loop, based on analysis of the beam profile
and commercial Datacube processing system, was
activated and is undergoing tests. CORBA and Ada95
software, which are planned for NIF use, are currently being tested in the front-end processors.
¥ We established the optical component layout for the
main laser system. Title I optics sizes and thickness
have been established, component spacing issues
resolved, and configuration drawings generated for
the laser optical train. We have completed individual system elements of the clear-aperture budget
analysis, and integration and consistency checks are
in progress.
¥ We resolved complicated design issues in the transport
spatial filter, including optics locations, and paths
for injection, alignment, diagnostics, wavefront control, and main beams. The optical stability has been
improved by use of top-loading towers separate
from the vacuum chamber.
¥ Major revisions to the target area design were carried out to incorporate the color separation filter in
the final optics assembly. The beam transport codes
were revised, the building configuration modified,
new analytic models of the building developed, and
the mirror supports redesigned and presented at the
Mid-Title I Design Review.
¥ The finite-element integrated target-building/
switchyard-structures model was refined to reflect
the most recent design details (see Fig. 2). We continue to analyze structural/damping supports
between the chamber/pedestal and target building floors. We delivered structural drawings of
the target room floors, ribs, columns, and associated

3-D CADD model

equipment loads to the LTAB Architecture/
Engineering firm, Parsons, for their civil and
structural analysis. Layouts of the target room
floors and special equipment lasers were also
delivered so that Parsons could model the area for
the thermal analysis.
¥ Material flow studies have been effective in resolving LTAB corridor, doorway, and elevator size
requirements. Development continued on requirements for optics transport and handling, and
requirements for top-loading line replacable units
were evaluated.
¥ The Final Programmatic Environmental Impact
Statement is complete except for DOE comment resolution. The Preliminary Safety Analysis Report was
completed as scheduled and submitted to DOE for
concurrence review.
Twelve students from colleges and universities
throughout the country, representing a number of
technical disciplines, are employed by the NIF Project
for the summer supporting the above activities.
Planning for the Title I Design Review is well
under way. The Title I Design Review Plan was completed and released to Project personnel for their use
in detailed planning of the remaining Title I work.
The plan includes the overall objectives, organization, and schedules, as well as the agenda for the
review meetings and contents of the Design Basis
Books. The overall chairman of the review committee was selected and considerable progress made in
identifying review committee members that will
include DOE and external reviewers.
During the coming quarter, Title I documentation
packages including design, cost, and schedule will be
prepared, and the Title I Design Reviews will begin.

NIF drawing no. NM96-1.8.1-0000044-A

FIGURE 2. Engineering drawings are rapidly emerging from a comprehensive 3-D solid CADD model.
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Nova Operations
During this quarter, Nova Operations fired a total of
314 system shots resulting in 320 experiments. These
experiments were distributed among ICF experiments,
Defense Sciences experiments, X-Ray Laser experiments, Laser Sciences, and facility maintenance shots.
This is the final report for FY 1996. During the past
year, Nova fired a total of 1192 system shots resulting
in a total of 1263 experiments. There were 981 target
experiments done in the 10-beam chamber and 86
experiments done in the 2-beam chamber. There were
110 experiments conducted in support of laser science
work, including precision pointing, Petawatt system
activation, and miscellaneous beam propagation
experiments. We fired 85 calibration shots in support
of routine and precision operations.
We have started implementing smoothing by spectral dispersion (SSD) on all 10 beamlines of Nova.
Hardware for the preamplifier grading table and relay
lens assemblies was installed this quarter. Experiments
using 10-beam SSD are planned for FY 1997.
A conceptual design for a 4ω probe beam for the 10beam chamber has been completed. This beamline will
be created by a Òpick-offÓ mirror installed into the center obscuration of beamline 8 in the switchyard. This
subaperture, 1ω beam will be propagated to the 10beam chamber, where it will be converted to 4ω and
used as a target diagnostic probe beam. Actual installation of hardware will begin next quarter.
In continuing support of the Petawatt Project, the
design of the Petawatt minichamber was completed
and fabrication has started. This minichamber will be
used during the initial Petawatt demonstration to measure system performance and beam focusability.
Installation of the minichamber is planned for January
1997. The design of the parabolic mirror system that will
be used for the Petawatt beam on the 10-beam chamber
has been completed. The vacuum housing and mirror

gimbals for the parabola are being fabricated. The
vacuum system for the Petawatt compressor chamber
was also installed and activated.
The Gated X-Ray Imager #5 (GXI 5), modified to
use a charge-coupled device (CCD) readout, is continuing to be used as a secondary diagnostic to provide opportunities for shakedown and activation.
The GXI is also being characterized off-line to evaluate its performance using the CCD readout as compared to film. The use of a CCD camera allows
immediate viewing of data following a system shot.

Beamlet
During the fourth quarter of FY 1996, experiments
done on Beamlet addressed the following issues:
¥ Correcting the wavefront for thermally driven gas
turbulence in the amplifiers and the beam tubes.
¥ Measuring the 3ω conversion efficiency of the 34-cm
output beam, the modulation of the 3ω near-field
beam at the focus lens, and the 3ω focal-spot energy
distribution.
¥ Conducting large-area damage tests of KDP at 3ω.
¥ Determining the performance of Beamlet with 20-ns
pulses shaped like those required for indirect-drive
ignition on NIF.
¥ Measuring the contrast ratio and beam modulation of the near-field beam input into the main
amplifier.
The Beamlet control system was modified to allow
the adaptive optics system to correct the beam wavefront up to one second before shot time (T-1s) to provide a capability to correct for gas turbulence effects in
the beam path. To test this system, we fired shots to
compare the 1ω spot size and beam brightness with
and without the T-1s system. We observed that beam
quality was improved with the T-1s system but that
the improvement was smaller than expected. Because
Beamlet has no active cooling system, we saw a more
U-11
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dominant effect from the accumulation of thermal distortion with repeated shots. Spot size and small-angle
scatter increased substantially when repeated shots
separated by 2-h intervals were fired. After the fourth
shot, up to 15% of the energy was scattered outside of
33 µrad. The T-1s system has been used continuously
since it was installed in early July.
We fired 53 shots in the 3ω campaign, 13 to activate
and calibrate new diagnostics and 40 to obtain data on
3ω conversion efficiency, near-field beam modulation
at the focus lens, and the 3ω focal-spot energy distribution. The new diagnostics included a 3ω dark-field
imaging capability that allowed direct comparison of
the scattered power fraction outside 33 µrad with corresponding 1ω measurements. The data shots were
with short pulses of nominally 200-ps duration. In one
series, the booster amplifier was unpumped to simulate the end of a NIF ignition pulse. In this series, we
obtained 3ω power up to 2.3 TW with delta B in the
booster amplifier up to 1.7 and with 200-µrad pinholes
in both the cavity and transport spatial filters. We
obtained up to 3.1 TW (delta B up to 2.0) with smaller
130-µrad cavity and 100-µrad transport filter pinholes.
In a second series to reach powers similar to NIF SBSS
performance requirements (3.5 TW of 3ω power in 1-ns
pulses), we pumped the full 11-5 amplifier set. We
achieved 3ω power up to 3.65 TW (corresponding to
4.6 TW for a NIF-sized beam) with 200-µrad pinholes
in both the cavity and transport spatial filters at a 1ω
drive power of 5.7 TW. Attempts to use smaller pinholes (130/100 µrad) with the pumped booster
resulted in back reflections from the transport spatial
filter that damaged the injection optics. This problem
was not observed with the larger pinholes.
The large-aperture damage tests of KDP were the
second series to test KDP. The samples were tested
with 3-ns FWHM Gaussian pulses. During the series,
Beamlet provided 3ω energies very close to those
requested by the experimenters. Three samples were
tested: a previously conditioned crystal, a new crystal,
and a fast-growth crystal. All three samples were damaged below the expected fluence. In previous Beamlet
campaigns, however, our 32-cm and 37-cm KDP/KD*P
frequency-conversion crystals generated NIF output
fluences on several shots without damage.
In the long-pulse campaign, we evaluated BeamletÕs
performance with typical pulse shapes proposed for
indirect-drive ignition on NIF. The shots did not
include frequency conversion but used absorbing glass
as a beam dump in the frequency-conversion enclosure.
We modified the pulse generation system to generate
20-ns shaped pulses. The modification in the master
oscillator room (MOR) used a slow pulser to generate
a long foot and used the prototype Arbitrary
Wavefront Generator to provide a shaped main pulse. A
cavity extension in the regenerative amplifier extended
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the gain window to 23 ns without affecting the stability
and performance. We began the series with standard
200-µrad carbon pinholes in the transport spatial filter.
We started at low energy and slowly increased the
output energy up to slightly in excess of 13 kJ when
evidence of pinhole closure was apparent. We changed
the transport filter pinhole to a 200-µrad stainless steel
conical pinhole designed to alleviate closure problems
and repeated the energy ramp-up. With this design we
reached in excess of 15 kJ, with no evidence of closure.
Unfortunately, because of a failure in the bandwidth
generation system, stimulated Brillouin scattering
(SBS) generated in lens L3 caused the lens to fail and
implode into the transport spatial filter, and the series
had to be terminated. Rebuilding the spatial filter with
new square lenses is expected to take 3 to 4 weeks.
In an attempt to resolve a discrepancy between the
measured and calculated near-field profiles of the
Beamlet output beam, we recorded near-field images at
various planes in the preamplifier and injection optics.
From these data we determined the spatial modulation at
the input to the main amplifier (the calculations had
assumed zero modulation at the input). Preliminary analysis now indicates that nearly all of the spatial intensity
modulation is already present on the beam before input
to the main amplifiers. When this is taken into account,
the discrepancy between measured and calculated profiles at the output should be resolved.

NIF
This quarter, the engineering effort focused on
narrowing the design options, further developing the
specific designs, and updating the Conceptual Design
Report (CDR) cost estimate based on extensive vendor
quotations. The Conventional Facilities Title I Design,
including the cost estimate, is now complete, and the
Special Equipment Design and cost estimate 95% complete. The comprehensive Title I Design Review will
begin early next quarter (October 8).
The Title I Design Reviews were delayed from the
Title I Plan by one month following delay in the release
of the Programmatic Environmental Impact Statement for
Stockpile Stewardship and Management (PEIS) beyond the
planned mid-September date. This time was used for
value engineering of the designs and cost optimization
to ensure that NIF is consistent with the minimum platform to achieve the Primary Criteria and Functional
Requirements and the DOE Baseline Change Control
Board Level 1 directions. The revised schedule completes the Title I Design in ten months, which is two
months faster than the CDR schedule.
Planning for the Title I Design Review was completed, including completing the Title I Design Review
Plan, which was released to Project personnel and used
in detailed planning of the remaining Title I work. The

PROGRAM UPDATES
plan includes the overall objectives, organization, and
schedule, as well as an outline of the agenda for the
review meetings and the contents of the Design Basis
books. The overall Chairman of the Review Committee
was selected, as well as committee members consisting
of external and internal reviewers with significant
expertise in their areas of review.
In parallel with the design effort, Title I cost and
schedule estimates were developed. The cost estimate
establishes the project cost baseline, is used as the basis
for final design and construction estimation, and provides a high degree of confidence that the Project can
be completed within the established baseline. The
estimate provides budget outlay (BO) and budget
authority (BA) profiles, a time-phased resource
requirements plan, and a commitment profile.
ÒBottoms-upÓ estimates were generated by the
lead/responsible engineers based on extensive vendor quotations. These estimates will be inputted to the
NIF Planning system, which is an extension of the
Business Planning system developed by LLNL and has
been in use for over 10 years.
Following data input and verification, a Title I cost
estimate contingency analysis based on a Monte Carlo
simulation built from individual system risk assessment
was developed. This analysis resulted in an overall contingency allocation for the Project. Planning for the DOE
Independent Cost Estimate (ICE) Review has been completed and a kickoff meeting scheduled for the first week
in October; ICE Review team members have been invited
to the Title I Design Review.
In Manufacturing Engineering, manufacturing
assessments were provided to the Special Equipment
and lead engineers in support of the Title I design and
costing effort. Over 270 detailed cost estimate validations were generated. A manufacturability report was
drafted for the Title I Design Reviews.
In support of completion of Title I Design, and in
preparation of Title II Design, upgrade and modification of the engineering support systems, including
computer-aided design and drafting (CADD) and the
Sherpa Product Data Management (PDM) systems,
continued. An updated version of the PDM software
was implemented and tested on a selected basis. This
version, which is user-friendly and contains expanded
help functions, reduces or eliminates the need for
training. Conversion of the entire system to the
updated version was delayed to ensure noninterference with completion of Title I Design. Classes on use
of the NIF PDM system continue, and administrative
support personnel are providing assistance to new and
less experienced users.
PDM release procedures have been updated, and
training on use of the PDM system continue to reflect
the modifications to documents and design drawings
control. The number of documents in the PDM system

increases by about 50 per week, and by the end of the
quarter there were over 600 documents in the system.
Also, configuration management implementation continues. Training and implementation continue on
drawing release, drawing revisions, and Engineering
Change Request preparation.
The engineering effort focused this quarter on continuing design iterations to simplify the systems,
reduce cost, and ensure a minimum platform system
that meets the Primary Criteria and Functional
Requirements and the Level 1 DOE Baseline Change
Control Board actions. Extensive vendor quotes and
refined cost estimates were collected, reviewed, and
incorporated into the Title I cost estimate.
Specific Title I Design and supporting activities this
past quarter include the following:
¥ Value Engineering of the LTAB and OAB was completed by Sverdrup to augment the continuing
value engineering efforts. The study was completed
and the results reviewed and incorporated into the
design.
¥ Parsons was awarded the Project Labor Agreement
Development and Oversight contract. The process for
negotiating a Conventional Facilities Project Labor
Agreement has been defined to reduce the schedule
risks and cost impacts due to labor disputes during the
Conventional Facilities construction.
¥ In cooperation with Conventional Facilities, issues
associated with co-occupancy of special equipment
installers and building constructors in the laser bay
to expedite the schedule were resolved. An integrated plan for installing switchyard structures into
the building erection sequence was established.
Safety planning with the NIF Construction Manager
for job site operations was begun.
¥ A combined target chamber/building construction
schedule has been finalized. The schedule interfaces
suggest that the chamber be built on the pedestal
rather than constructed outside the target building
and moved onto the pedestal.
¥ The Statement of Work for the target chamber fabrication was completed. Comments have been
received and incorporated by NIF procurement,
selection criteria were refined, and a Request for
Proposal is scheduled for release early in FY 1997.
Meetings with two potential target chamber fabricators were held, and both vendors confirmed the estimated fabrication time as well as choice of material.
¥ Changes to the target chamber diagnostic port locations were made based on input received from the
Joint Committee for Target Diagnostics, consisting of
members from the participating Laboratories. A port
location interface control document (ICD) was completed and approved to document the information
and assure that future changes are adequately
reviewed and approved.
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¥ Design iterations in the Final Optics Assembly continue. Individual 1 × 1 Integrated Optics Modules
(IOMs) were selected to simplify the system and for
ease of maintenance. Work was performed on a plan
for the manufacturing of final optics cells by various
methods, and visits to selected vendors for building a
prototype final optics cell were prepared.
¥ Potential effects of distributed heat sources on the
thermal stability of the optical systems were
addressed by the NIF Thermal Working Group. This
effort is closely coupled with the Parsons team performing the computational fluid dynamics analyses
and members of the LLNL Thermal/Fluids Group.
¥ The Optical Configuration Layout drawing set,
describing optical component position, orientation,
and sizes, was completed. These drawings are an
important source of interface information to the
Special Equipment areas.
¥ To enable the initiation of long-lead optics procurement, several key drawings relating to fused silica
material, lens finishing, and flat finishing have progressed to a near-final design state. Several significant analyses were documented. Among these were
the clear-aperture budget and component damagethreshold requirements.
¥ All vendor optical cost studies were received, and NIF
costs updated with the most current information available. Procurement strategy for optics has been completely defined, and the final version will be released
with the Title I Design Basis Book.
¥ Significant cost savings were realized by production
engineering of the amplifier demonstration
AMPLAB components for use in NIF under a TRW
Master Task Agreement work order. Concepts for
amplifier cooling, support, and assembly hardware
that meet NIF clean assembly requirements were
completed.
¥ Several key amplifier power conditioning drawings
were completed as part of Title I design, including the
modified module layout and updated capacitor bay
general arrangement. Life testing began at LLNL, in
collaboration with the ICF Core Science and
Technology Program, on prototype capacitors from
two vendors and on the prototype module at Sandia
National Laboratories-Albuquerque as part of the
development program. Cost estimates were completed
for key components, such as capacitors, and incorporated into the Title I cost rollup.
¥ The Software Requirement Specifications are essentially complete. Quality Level assessments for the
Integrated Computer Control System were completed and approved. Remaining ICDs were completed, except for some minor revisions.
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¥ Precision optical diagnostics design was improved
with a simplified trombone and provisions for
transport mirror maintenance. The midchain sensor
design was completed, and requirements were completed for the target chamber diagnostic instrument
manipulator.
¥ In Beam Transport, numerous design improvements
that simplified the system and reduced costs were
incorporated. They include simplified spatial filter
beam tubes and reduced thickness of switchyard structure floor gratings, saving dead weight and increasing
optical stability. Additional design optimization on the
periscope structure reduced its weight, and use of component commonality reduced the part count in the
switchyard and target bay mirror mounts.
¥ Utility layouts in the target bay and diagnostic
building were completed. Revised cost estimates
were generated and incorporated into the Title I
estimate.
¥ Samples are arriving to validate parts of the NIF finishing process from Zygo and Tinsley. The first
Phase 1 lens was received from Tinsley and is currently under evaluation.
¥ The draft Startup Plan and a preliminary startup
schedule were completed. The second draft of the
operations engineering schedule was completed for
project inclusion and integration. The Title I
Operations modeling effort has been completed and
a report drafted.
¥ The NIF Preliminary Safety Analysis Report has been
completed, and related DOE and institutional comments have been resolved. Institutional approval of
the report by the Associate Directors for Laser
Programs and Plant Operations has been received.
DOE has concurred and will provide the Safety
Evaluation Report, which gives final concurrence in
early October.
¥ The PEIS has delayed the Notice of Availability to
late October 1996 at the earliest. An analysis of
delay impacts was prepared for DOE. The NIF
Technical Analysis document, which includes justification and site comparisons, has been completed
and is ready for publication.
¥ The environmental permit strategy was reviewed
with DOE/OAK and DOE/HQ. All DOE comments
to support the Safety Evaluation Report have been
resolved.
¥ The Quality Assurance Program Plan (QAPP) was
revised for Title II design, equipment procurement, and construction. Laboratory Project and
DOE approval have been received. Eight Project
procedures to implement the QAPP update were
revised or prepared.
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The Title I Design Reviews will be done timephased, starting with the schedule critical path
Conventional Facilities (including the Laser and Target
Area Building, Optics Assembly Building, and site
preparation) followed by three Special Equipment
review segments. DOE actions, including determination by DP-1, with EH-1 concurrence, to proceed with
limited Title II design concurrent with completion of
the final PEIS and Record of Decision (ROD), will minimize the near-term adverse impact to the Project.

To maintain progress and keep the Project on schedule requires an ROD by mid-December 1996. Other
activities that will be completed next quarter, leading
to beginning of site preparation in mid-March 1997,
include completing the ICE Review and preparing
packages for the DOE Level 1 Baseline Change Control
Board meeting in mid-December.
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