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Cover Photos
Top Left: Dr. Steven Ivancic is shown securing the extremeultraviolet (EUV) spectrometer to the Multi-Terawatt (MTW)
laser target chamber. The EUV spectrometer measures emission from targets rapidly heated by the subpicosecond MTW
laser pulse.

experiments points to possible “helium rain” inside Saturn’s
atmosphere that may account for its unexpectedly high brightness. The work was presented at an American Geophysical
Union meeting and was highlighted in a Science Magazine
article in December 2015.

Top Right: Optical manufacturing process engineer, John
Spaulding, and Coating Operator, Justin Foster, are shown
installing an optic on a new prototype stage built to support
research and development work on glancing-angle–deposition
(GLAD) coatings.

Bottom Left: Summer High School intern, Joy Zhang of Penfield High School is shown adjusting a digital microscope that
is being developed for use on the target Fill/Transfer Station
to view target defects.

Center: Photograph of a diamond-anvil cell experiment conducted on OMEGA. These experiments generate ultrahigh
pressures in mixtures of hydrogen and helium to simulate
the conditions inside Saturn’s atmosphere. Analysis of these
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Bottom Right: Photograph of a new layering sphere designed
to fill targets with liquid D2 (and DT) through a 10-nm-diam
tube. The new design is required for the project to demonstrate
compressed direct-drive implosion pressures of 100 Gbar in
cryogenic targets.
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Executive Summary

Executive Summary

The fiscal year ending September 2016 (FY16) concluded
the first 42 months of the fourth five-year renewal of Cooperative Agreement DE-NA0001944 with the U.S. Department of
Energy (DOE). This annual report summarizes work carried
out under the Cooperative Agreement at the Laboratory for
Laser Energetics (LLE) during the past fiscal year including
work on the Inertial Confinement Fusion (ICF) Campaign;
laser, optical materials, and advanced technology development; operation of the Omega Laser Facility for the ICF and
High-Energy-Density (HED) Campaigns, the National Laser
Users’ Facility (NLUF), the Laboratory Basic Science (LBS)
Program, and other external users; and programs focusing on
the education of high school, undergraduate, and graduate
students during the year.

of diagnostics for experiments on the NIF, OMEGA, and
OMEGA EP.

Inertial Confinement Fusion Research
One of LLE’s principal missions is to conduct research in
ICF with particular emphasis on supporting the goal of achieving ignition at the National Ignition Facility (NIF). This program uses the Omega Laser Facility and the full experimental,
theoretical, and engineering resources of the Laboratory. During FY16, a record 2193 target shots were taken at the Omega
Laser Facility (comprised of the 60-beam OMEGA UV laser
and the four-beam, high-energy petawatt OMEGA EP laser).
Nearly 72% of the facility’s FY16 target shots were designated
for ICF or HED campaigns. LLE plays a lead role in validating the performance of cryogenic target implosions, essential
to all forms of ICF ignition. LLE is responsible for a number
of critical elements within the integrated experimental teams
that support the demonstration of indirect-drive ignition on the
NIF and is the lead laboratory for the validation of direct-drive
ignition. LLE has also developed, tested, and constructed a
number of diagnostics currently being used at both the Omega
Laser Facility and on the NIF. During this past year, progress in
the Inertial Confinement Fusion Research Program continued
in three principal areas: ICF experiments and experiments in
support of ICF; theoretical analysis and design efforts aimed
at improving direct-drive–ignition capsule designs (including
direct-drive–ignition designs) and advanced ignition concepts
such as shock ignition and fast ignition; and development

Experiments on the OMEGA Laser System to evaluate
cryogenic implosions that are hydrodynamically equivalent
to spherical ignition designs for the NIF are described (p. 30).
Current cryogenic implosions on OMEGA have reached
56 Gbar, and implosions with a shell convergence (CR) < 17
and a fuel adiabat (a) > 3.5 perform close to one-dimensional
(1-D) predictions. Demonstrating hydrodynamic equivalence
on OMEGA will require reduced coupling losses caused by
CBET and minimized long-wavelength nonuniformity. Ignition
in a direct-drive cryogenic implosion on the NIF will require
central stagnation pressures in excess of 100 Gbar.
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1. Inertial Confinement Fusion Experiments in FY16
The Laboratory for Laser Energetics’ (LLE’s) investigations
of direct-drive implosions at the National Ignition Facility to
validate models related to implosion velocities and the magnitude of hot-electron preheat are addressed beginning on p. 1.
Implosion experiments indicate that the energetics are well
modeled when cross-beam energy transfer (CBET) is included
in the simulation. Trajectories from backlit images are also
well predicted, although with lower velocities than theory, with
discrepancies likely caused by nonuniformity growth seeded
by laser imprint.

During FY16 LLE researchers performed polar-direct-drive
experiments (p. 57) on the NIF to quantify CBET. The polardirect-drive laser configuration was used to limit CBET at the
target poles while maintaining its influence at the equator. This
combination of low- and high-CBET conditions in a single
implosion made it possible to determine the effects of CBET
on the ablation rate and ablation pressure. Hydrodynamic
simulations performed without CBET agree with the measured
ablation rate and ablation-front trajectory at the target pole,
confirming that the CBET effects at the pole are small. CBET
simulations incorporating a gain multiplier lead to excellent
agreement with both polar and equatorial measurements.

v
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A unique approach for filling nonpermeable ICF target capsules with deuterium–tritium (DT) by permeation if presented
beginning on p. 90. This process uses a permeable capsule
coupled into the final target capsule with a tapered 0.1- or
0.08-mm-diam fill tube. Such an approach makes is possible
to fill new target materials without requiring the design and
construction of a fill-tube–based DT filling station. Permeation
filling of glow-discharge polymerization (GDP) targets using
this method as well as ice layering of the target, has been successfully demonstrated, yielding an inner ice surface roughness
of <1-nm rms.
Measurements of the maximum in-flight shell thickness,
which decreased from 75!2 nm to 60!2 nm in direct-drive
implosions on OMEGA when the shell adiabat was reduced
from 6 to 4.5, are presented (p. 109). When the adiabat was
decreased farther (to a = 1.8), the shell thickness increased to
75!2 nm. Two-dimensional (2-D) simulations that included
laser imprint, nonlocal thermal transport, cross-beam
energy transfer, and first-principles equation-of-state models
reproduced the measured shell thickness, shell trajectories,
minimum core radius, and neutron yield and showed that the
increased shell thickness for a # 3 was caused by laser imprint.
Optical smoothing of laser imprinting in planar-target
experiments on OMEGA EP using 1-D multi-FM smoothing
by spectral dispersion (SSD) has been demonstrated (p. 115).
Direct-drive ignition on the NIF requires single-beam smoothing to minimize imprinting of laser nonuniformities that can
negatively affect implosion performance. One-dimensional,
multi-FM SSD has been proposed to provide the required
smoothing. A prototype multi-FM SSD system has been
integrated into the NIF-like beamline of the OMEGA EP
Laser System. Experiments have been performed to verify
the smoothing performance by measuring Rayleigh–Taylor
growth rates in planar targets of laser-imprinted and preimposed surface modulations. One-dimensional, multi-FM SSD
has been observed to reduce imprint levels by +50% compared
to the nominal OMEGA EP SSD system. The experimental
results are in agreement with 2-D DRACO simulations using
realistic, time-dependent, far-field spot-intensity calculations
that emulate the effect of SSD.
We report on plasma characterization using ultraviolet
Thomson scattering from ion-acoustic and electron plasma
waves (p. 125). Collective Thomson scattering is a technique
that measures the plasma conditions in laser-plasma experiments. Simultaneous measurements of ion-acoustic and electron plasma wave spectra were obtained using a 263.25-nm
vi

Thomson-scattering probe beam. A fully reflective collection
system was used to record light scattered from electron plasma
waves at electron densities greater than 1021 cm-3, which
produced scattering peaks near 200 nm. An accurate analysis
of the experimental Thomson-scattering spectra required
accounting for plasma gradients, instrument sensitivity, optical effects, and background radiation. Practical techniques for
including these effects when fitting Thomson-scattering spectra
are presented and applied to the measured spectra to show the
improvement in plasma characterization.
Measurements of hot-electron temperature in laser-irradiated plasmas are discussed beginning on p. 134. The total
energy of hot electrons produced by the interaction of OMEGA
nanosecond wide pulses with planar CH-coated molybdenum
targets, using Mo Ka emission, was reported in 2012. The
temperature of the hot electrons in that work was determined
by the high-energy bremsstrahlung spectrum measured by a
three-channel fluorescence-photomultiplier hard x-ray detector
(HXRD). In the 2016 work, the HXRD was replaced with a
nine-channel image-plate–based detector. For the same conditions (irradiance of the order of 1014 W/cm2; 2-ns pulses), the
measured temperatures were consistently lower than those
measured by the HXRD (by a factor +1.5 to 1.7). This measurement was supplemented with three experiments that measured
the hot-electron temperature using Ka emission from high-Z
target layers, independent of the hard x-ray emission. These
experiments yielded temperatures that were consistent with
those measured by the bremsstrahlung. For a given x-ray emission in ICF compression experiments, this result would lead to
a higher total energy in hot electrons, but to a lower preheat of
the compressed fuel, because of the reduced hot-electron range.
Beginning on p. 150, the influence of surface modifications
on the adsorption and absorption of tritium into stainless-steel
316 is discussed. Tritium dissolution within the adsorbed water
layers on stainless-steel surfaces can contribute a significant
fraction to the total quantity of tritium absorbed during an
exposure to tritium-containing gas. Additionally, these water
layers govern the migration of tritium from the stainless-steel
lattice to the metal surface after the surface is cleaned. The
adsorbed water layers are sensitive to the conditions of the
metal surface; different pretreatments can lead to different
surface concentrations of water. In the reported work, the
effect of altering the metal surface by mechanical polishing,
electropolishing, Fe or Cr oxidation, gold plating, and nitricacid treatments was studied using linear thermal desorption
and plasma-induced ion sputtering. The results demonstrate
that altering the metal surface can reduce tritium absorption
FY16 Annual Report
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by $35%. Finally, a quantitative migration model accurately
describes the migration of tritium out of the stainless-steel
lattice after the surface is cleaned.
The following advantages of the laser direct-drive (DD)
approach to ignition are discussed (p. 172): the increased fraction of laser drive energy coupled to the hot spot and relaxed
hot-spot requirements for the peak pressure and convergence
ratios relative to the indirect-drive approach at equivalent laser
energy. With the goal of successfully demonstrating ignition
by using direct drive, the recently established national strategy
has several elements and involves multiple national and international institutions. These elements include the experimental
demonstration on OMEGA cryogenic implosions of hot-spot
conditions relevant for ignition at MJ‑scale energies available
on the NIF and developing an understanding of laser–plasma
interactions and laser coupling using DD experiments on the
NIF. Direct-drive designs require reaching central stagnation
pressures in excess of 100 Gbar. The current experiments on
OMEGA have achieved inferred peak pressures of 56 Gbar.
Extensive analysis of the cryogenic target experiments and
in addition to 2-D and 3-D simulations suggests that power
balance, target offset, and target quality are the main limiting
factors in target performance. In addition, CBET has been
identified as the main mechanism for reducing laser coupling.
Reaching the goal of demonstrating hydrodynamic equivalence
on OMEGA includes improving laser power balance, target
position, and target quality at shot time. CBET must also be
significantly reduced and several strategies have been identified
to address this issue.
2. Theoretical Design and Analysis
Hydrodynamic simulations to design a new experimental
platform to investigate two-plasmon decay and other laser–
plasma instabilities are presented (p. 15). Proposed experiments will use planar plastic targets with an embedded Mo
layer to characterize the generation of hot electrons through
Mo Ka fluorescence and hard x-ray emission, approximating
conditions near both the equator and the pole of a polar-directdrive implosion.
First-principles investigations of the ionization and thermal
conductivity of polystyrene (CH) over a wide range of plasma
conditions (t = 0.5 to 100 g/cm3 and T = 15,625 to 500,000 K)
are being conducted (p. 19). Hydrodynamic simulations of cryogenic deuterium–tritium targets with CH ablators on OMEGA
and the NIF predict an +20% variation in target performance
in terms of hot-spot pressure and neutron yield (gain) relative
to traditional model simulations.
FY16 Annual Report

3. Diagnostics
A next-generation neutron temporal diagnostic (NTD)
that will determine the hot-spot pressure achieved in ICF
experiments and will assess the implosion quality has been
installed at the Omega Laser Facility (p. 36). This NTD is
based on a fast-rise-time plastic scintillator, which converts
the neutron kinetic energy to 350- to 450-nm-wavelength light
that is relayed to a streak camera. An +200-fold reduction in
neutron background was observed during the first high-yield
DT cryogenic implosions compared to the current NTD installation on OMEGA. An impulse response of + 40!10 ps was
measured in a dedicated experiment with a 10-ps pulse from
the OMEGA EP laser.
A newly designed pulse-front-tilt–compensated streaked
optical spectrometer with high throughput and picosecond
time resolution is described (p. 143). A high-throughput,
broadband optical spectrometer coupled to the Rochester Optical Streak System equipped with a Photonis P820 streak tube
has been designed to record time-resolved spectra with 1-ps
time resolution. Spectral resolution of 0.8 nm was achieved
over a wavelength coverage range of 480 to 580 nm, using a
300-groove/mm diffraction grating in conjunction with a pair
of 225-mm-focal-length doublets operating at an f/2.9 aperture.
Overall pulse-front tilt across the beam diameter generated by
the diffraction grating can be reduced by preferentially delaying
discrete segments of the collimated input beam using a 34-element reflective echelon optic. The introduced delay temporally
aligns the beam segments and the net pulse-front tilt is limited
to the accumulation across an individual sub-element. The
resulting spectrometer design balances resolving power and
pulse-front tilt while maintaining high throughput.
The design of an extreme ultraviolet spectrometer suite to
characterize rapidly heated solid matter is reported (p. 146).
An ultrafast, streaked, extreme-ultraviolet (XUV) spectrometer
(5 to 20 nm) has been developed to measure the temperature
dynamics in rapidly heated samples. Rapid heating makes it
possible to create exotic states of matter that can be probed
during their inertial confinement time—tens of picoseconds in
the case of micron-sized targets. In contrast to other forms of
pyrometry, where the temperature is inferred from bulk x-ray
emission, XUV emission is restricted to the sample surface,
allowing one to measure temperature at the material–vacuum
interface. Measuring the surface temperature constrains models
for the release of high-energy-density material. Coupling the
XUV spectrometer to an ultrafast (<2-ps) streak camera provided an evolution in the picosecond time scale of the surfacelayer emission. Two high-throughput XUV spectrometers have
vii
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been designed to simultaneously measure the time-resolved and
absolute XUV emission.
An x-ray detection system (XDS) has been developed and
commissioned at LLE with the intent of nondestructively
extrapolating the pressure of tritium-filled targets from their
measured activity (p. 186). The x-ray emission from silica
(SiO2) and plastic (CH and CD) targets have been measured
in the helium environment of the XDS in OMEGA and ICF
implosions. The T2 permeation half-lives were measured for
three plastic targets, allowing for the actual initial-fill pressures of those targets to be calculated based on the slope of the
pressure versus activity. The half-lives measured by the XDS
are compared with values reported by the target manufacturer,
differing with a range of up to 2.3#.
High-Energy-Density Science
We report on measurements of the equation of state of
carbon at extreme pressures (p. 159). These measurements are
of interest to studies of planetary ice giants and white dwarfs
and to ICF. Knowledge of the high-pressure shock-and-release
responses of diamond is necessary to accurately model an ICF
implosion and design ignition targets. The article presents
Hugoniot and release data for both single-crystal diamond and
high-density carbon (HDC), comprised of nanometer-scale
grains, used as a NIF ablator. Diamond was shock compressed
to multimegabar pressures and then released into reference
materials with known Hugoniots at the Omega Laser Facility.
Hugoniot results indicate that HDC, which is ultrananocrystalline and + 4% less dense than single-crystal diamond, has a
stiffer response than single-crystal diamond.
Lasers, Optical Materials, and Advanced Technology
The contribution of thin-film interfaces to the nearultraviolet absorption and pulsed-laser–induced damage for
ion-beam–sputtered and electron-beam–evaporated coatings
is discussed beginning on p. 43. Film characterization shows a
small contribution to total absorption from the interfaces relative to that of the HfO2 film material, with a higher damage
resistance in the seven-layer coating compared to the singlelayer HfO2 film. The results indicate a similarity of interfacial
film structure with that formed during the co-deposition of
HfO2 and SiO2 materials.
A simple diagnostic to characterize 1-D chromatic aberrations in a broadband beam is discussed (p. 52). A Ronchi grating is placed in front of a spectrometer entrance slit to provide
spatially coupled spectral phase information. The phase-offset
variation in the interferogram along the wavelength axis conviii

tains the information on chromatic aberrations that can be
extracted using Fourier analysis. The radial-group delay of a
refractive system and the pulse-front delay of a wedged glass
plate have been accurately characterized in a demonstration.
A description of an eight-channel, time-multiplexed pulseshaping system that generates, demultiplexes, and retimes optical waveforms from a single pulse-shaping unit begins on p. 68.
This system can provide pulses to multiple optical systems with
low relative jitter and lower cost. Losses of less than 5 dB and
extinction ratios of the order of 50 dB for an eight-channel
system were measured for the system. By operating with only
four channels, this system can provide a contrast of the order of
70 dB by using the final stage of the demultiplexer to enhance
the contrast in the output.
A new design approach to continuous distributed phase
plates (DPP’s) using the code Zhizhoo’ has been developed
(p. 74). Zhizhoo’ produces DPP designs with exceptional
control of the envelope shape, spectral and gradient control,
and robustness from near-field phase aberrations. This code
leads to rapid DPP design optimization, with achieved focalspot shapes having high fidelity relative to the design objective. Using a personal computer, phase-dislocation–free DPP
designs with low near-field modulation can be achieved with
a less-than-1%-to-2% weighted vrms error of the far-field spot
shape in a few minutes.
Experimental efforts were made to correlate the mechanical
properties of multilayer diffraction gratings to laser-induced–
damage thresholds (LIDT’s) (p. 78). Nanoindentation of
holographic diffraction gratings etched into silica provides
the penetration depth, brittleness, and yield strength of the
structure; lower LIDT’s are strongly correlated with greater
measured yield stresses and lower penetration depths for the
evaluated samples. This work indicates that mechanical testing may provide guidance on grating cleanliness and damage
thresholds for use in high-intensity laser systems.
The first complete set of measurements of a laser–plasma
optical system’s refractive index, as seen by an independent
probe laser beam, as a function of the relative wavelength
shift between the two laser beams have been made (p. 181).
Both the imaginary and real refractive-index components have
been found to be in good agreement with linear theory using
plasma parameters measured by optical Thomson scattering
and interferometry; the former is in contrast to previous work
and has implications for cross-beam energy transfer in indirectdrive inertial confinement fusion, and the latter is measured
FY16 Annual Report
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for the first time. The data include the first demonstration of
a laser-plasma polarizer with 85% to 87% extinction for the
particular laser and plasma parameters used in this experiment,
complementing the existing suite of high-power, tunable, and
ultrafast plasma-based photonic devices.

tions; and research and career opportunity talks by representatives from Lawrence Livermore National Laboratory (LLNL)
(Robert Heeter), Los Alamos National Laboratory (LANL)
(S. Batha), Sandia National Laboratories (SNL) (P. Knapp),
and LLE (Michael Campbell).

Omega Laser Facility Users Group (OLUG)
The Eighth Omega Laser Facility Users Group (OLUG)
Workshop, held on 27–29 April 2016, attracted more than
110 scientists, postdoctoral fellows (postdocs), and students
from institutions in the U.S. and abroad. OLUG consists of over
430 members from 55 universities and 35 research centers and
national laboratories from 21 nations covering 4 continents. As
has been the case in previous workshops, postdocs and students
received travel support for the workshop from DOE’s National
Nuclear Security Administration (NNSA).

Detailed reporting on the workshop and the Findings and
Recommendations may be found in an article beginning on
p. 193.

The purpose of the 2.5-day workshop was to facilitate communications and exchanges among individual OMEGA users,
and between users and LLE management; to present ongoing
and proposed research; to encourage research opportunities
and collaborations that could be undertaken at the Omega
Laser Facility and in a complementary fashion at other facilities [such as the NIF or the Laboratoire pour l’Utilisation des
Lasers Intenses (LULI)]; to provide an opportunity for students, postdoctoral fellows, and young researchers to present
their research in an informal setting; and to provide feedback
from the users to LLE management about ways to improve
and keep the facility and future experimental campaigns at
the cutting edge.
The workshop program included an overview on the
National ICF Program presented by Keith LeChien from
NNSA; four review and science talks by Craig Sangster
(National ICF Direct-Drive Program), Carlo Graziani (Inferring Morphology and Strength of Magnetic Fields from Proton
Radiographs), Philip Nilson (High-Resolving-Power, Ultrafast
Streaked X-Ray Spectroscopy on OMEGA EP), and Jonathan
Davies (An Overview on Laser-Driven Magnetized Liner
Inertial Fusion on OMEGA); one Omega Laser Facility talk
given Samuel Morse (Progress on Recommendations and Items
of General Interest); three poster sessions including a total of
76 research posters and 15 Omega Laser Facility posters (the
majority of the contributed posters were presented by postdocs
and students); two mini-workshop sessions dedicated to streak
cameras (organized by Charles Sorce) and magneto-inertial
fusion electrical discharge system (MIFEDS) (organized by
Gennady Fiksel); a students and postdocs panel discussion; a
discussion and presentation of the Findings and RecommendaFY16 Annual Report

Education
As the only major university participant in the National ICF
Program, education continues as an important mission for LLE.
The Laboratory’s education programs cover the range from
high school (p. 200) to graduate education.
1. High School Program
During the summer of 2016, 13 students from Rochesterarea high schools participated in the Laboratory for Laser Energetics’ Summer High School Research Program. The goal of
this program is to excite a group of high school students about
careers in the areas of science and technology by exposing them
to research in a state-of-the-art environment. Too often, students
are exposed to “research” only through classroom laboratories,
which have prescribed procedures and predictable results. In
LLE’s summer program, the students experience many of the
trials, tribulations, and rewards of scientific research. By participating in research in a real environment, the students often
become more excited about careers in science and technology.
In addition, LLE gains from the contributions of the many
highly talented students who are attracted to the program.
Three hundred and fifty-three high school students have now
participated in the program since it began in 1989. This year’s
students were selected from approximately 60 applicants.
2. Undergraduate Student Program
Thirty-nine undergraduate students participated in work or
research projects at LLE this past year. Student projects include
operational maintenance of the Omega Laser Facility; work
in laser development, materials, and optical thin-film coating
laboratories; computer programming; image processing; and
diagnostics development. This is a unique opportunity for
students, many of whom will go on to pursue a higher degree
in the area in which they gained experience at LLE.
3. Graduate Student Program
Graduate students are using the Omega Laser Facility
as well as other LLE facilities for fusion and HED physics
research and technology development activities. These stuix
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dents are making significant contributions to LLE’s research
program. Twenty-six faculty members from five University
of Rochester academic departments collaborate with LLE
scientists and engineers. In FY16, 62 graduate students were
involved in research projects at LLE, and LLE directly sponsored 35 students pursuing Ph.D. degrees via the NNSA-supported Frank Horton Fellowship Program in Laser Energetics.
Their research includes theoretical and experimental plasma
physics, HED physics, x-ray and atomic physics, nuclear
fusion, ultrafast optoelectronics, high-power–laser development and applications, nonlinear optics, optical materials
and optical fabrication technology, and target fabrication. In
addition, LLE directly funds research programs within the
Massachusetts Institute of Technology (MIT) Plasma Science
and Fusion Center, the State University of New York (SUNY)
at Geneseo, and the University of Wisconsin. These programs
involve a total of approximately 6 graduate students, 25 to
30 undergraduate students, and 10 faculty members. Over
330 graduate students have now conducted their graduate
research work at LLE since its graduate research program
began. In addition, 170 graduate students and post-graduate
fellows from other universities have conducted research at
the Omega Laser Facility as part of the NLUF program.
Over 60 graduate students and undergraduate students were
involved in research at the Omega Laser Facility as members
of participating NLUF teams in FY16.
FY16 Omega Laser Facility Operations
During FY16, the Omega Laser Facility conducted 1414 target shots on OMEGA and 779 target shots on OMEGA EP
for a total of 2193 target shots (see Tables 148.IX and 148.X,
p. 202). OMEGA averaged 11.7 target shots per operating day
with Availability and Experimental Effectiveness averages
for FY16 of 95.6% and 96.6%, respectively. OMEGA EP was
operated extensively in FY16 for a variety of internal and
external users. A total of 718 target shots were taken in the
OMEGA EP target chamber and 61 joint target shots were
taken in the OMEGA target chamber. OMEGA EP averaged
7.9 target shots per operating day with Availability and Experimental Effectiveness averages for FY16 of 96.9% and 95.8%,
respectively. Per the guidance provided by DOE/NNSA, the
facility provided target shots for the ICF, HED, NLUF, and
LBS programs. The facility also provided a small number of
shots for the Commissariat à l’énergie atomique et aux energies (CEA) of France (see Fig. 1). In FY16, 72% of the target
shots were taken for the ICF and HED programs.
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36.3%
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35.7%
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Figure 1
The distribution of non-maintenance Omega Laser Facility target shots by
program in FY16.

Details of this work are contained in an article beginning
on p. 202. Highlights of the Omega Laser Facility activities in
FY16 included the following:
• Improved energy balance over 100-ps segments of the
pulse shape
• Changed the equivalent-target-plane diagnostic from Beamline 46 to Beamline 56
• Synchronized the SSD modulators to the laser pulse shape
• Improved the beam-timing system
• Provided an alternative beam path for Beamline 35 to support magnetized liner inertial fusion experiments
• Augmented the lower-compressor diagnostic beam path on
OMEGA EP
• Overhauled the OMEGA EP stimulated Brillouin scattering
suppression system
• Improved the OMEGA EP short-pulse diagnostic package
• Added a low-yield neutron time of flight diagnostic
on OMEGA
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Executive Summary
National Laser Users’ Facility
and External Users Programs
Under the facility governance plan implemented in FY08
to formalize the scheduling of the Omega Laser Facility as an
NNSA User Facility, Omega Laser Facility shots are allocated
by campaign. The majority (71.9%) of the FY16 target shots
were allocated to the ICF Campaign conducted by integrated
teams from LLNL, LANL, NRL (Naval Research Laboratory), SNL, and LLE. The HED Campaigns were conducted
by teams led by scientists from the national laboratories, some
with support from LLE.
The Fundamental Science Campaigns accounted for 25.5%
of the Omega Laser Facility target shots taken in FY16. Over
61% of these shots were dedicated experiments under the
NLUF Program, and the remaining shots were allotted to the
LBS Program, comprising peer-reviewed fundamental science experiments conducted by the national laboratories and
by LLE.
The Omega Laser Facility was also used for several campaigns by teams from CEA. These programs are conducted
at the facility on the basis of special agreements put in place
by DOE/NNSA and participating institutions.
The facility users during this year included 13 collaborative
teams participating in the NLUF Program; 14 teams led by
LLNL and LLE scientists participating in the LBS Program;
many collaborative teams from the national laboratories and
LLE conducting ICF experiments; investigators from LLNL,
LANL, and LLE conducting experiments for high-energy-density–physics programs; and scientists and engineers from CEA.
FY16 NLUF Program
FY16 was the second of a two-year period of performance
for the NLUF projects approved for FY15–FY16 funding and
Omega Laser Facility shot allocation. Thirteen NLUF projects
(see Table 148.XI, p. 206) were allotted Omega Laser Facility shot time and conducted a total of 342 target shots at the
facility. The FY16 NLUF experiments are summarized in the
section beginning on p. 205.
FY16 Laboratory Basic Science Studies
In FY16, LLE issued a solicitation for LBS proposals to be
conducted in FY17. A total of 23 proposals were submitted. An
independent committee reviewed and ranked the proposals; on

FY16 Annual Report

the basis of these scores, 14 proposals were allocated 20 shot
days at the Omega Laser Facility in FY17. Table 148.XII, p. 226,
lists the approved FY17 LBS proposals.
Fourteen LBS projects previously approved for FY16 target shots were allotted Omega Laser Facility shot time and
conducted a total of 218 target shots at the facility in FY16
(see Table 148.XIII, p. 227). The FY16 LBS experiments are
summarized in a section beginning on p. 225.
1. FY16 LLNL Experimental Programs
In FY16, LLNL’s HED Physics and Indirect-Drive Inertial
Confinement Fusion (ICF-ID) Programs conducted several
campaigns on the OMEGA and OMEGA EP Laser Systems,
as well as campaigns that used the OMEGA and OMEGA
EP beams jointly. Overall, these LLNL programs led 430 target shots in FY16, with 304 shots using only OMEGA and
126 shots using only OMEGA EP. Approximately 21% of the
total number of shots (77 OMEGA shots and 14 OMEGA EP
shots) supported the ICF-ID Campaign. The remaining 79%
(227 OMEGA shots and 112 OMEGA EP shots) were dedicated to experiments for the HED Physics Campaign. Highlights of the various HED and ICF campaigns are summarized
beginning on p. 238.
In addition to these experiments, LLNL Principal Investigators (PI’s) led a variety of Laboratory Basic Science Campaigns
using OMEGA and OMEGA EP, including 81 target shots
using only OMEGA and 42 shots using only OMEGA EP.
2. FY16 LANL Experimental Campaigns
In FY16, LANL scientists carried out 22 shot days on the
OMEGA and OMEGA EP Laser Systems in the areas of HED
science and ICF. The HED shots focused on the areas of radiation flow, hydrodynamic turbulent mix and burn, the equations
of state of warm dense matter, and coupled Kelvin–Helmholtz/
Richtmyer–Meshkov instability growth. The ICF campaigns
focused on the priority research directions of implosion phase
mix and stagnation and burn, specifically as they pertain to
laser direct drive. Several of the shot days also focused on
transport properties in the kinetic regime. LANL continues
to develop advanced diagnostics such as neutron imaging,
gamma reaction history, and gas Cherenkov detectors. The
reports starting on p. 261 summarize the LANL campaigns,
their motivation, and the main results from FY16.

xi

Executive Summary
FY16 NRL Experimental Campaigns
During FY16, NRL/LLE collaboration on laser imprint led
to three successful shot days on OMEGA EP. A new method
was devised to produce smooth preheating of the coating without installing a dedicated laser for preheating. It utilized soft
x rays generated by a low-energy laser pulse on an auxiliary
gold foil to heat and expand the coating on the main target.
Streaked x-ray radiography shows that the x rays successfully
expanded the coating in front of the plastic foil prior to the
arrival of the main laser drive. Well-resolved measurements of

Rayleigh–Taylor–amplified laser imprint (Fig. 148.136, p. 274)
were obtained on OMEGA EP, showing significant reduction of
the target perturbations with the gold overcoat. Initial analysis
shows further reduction when the coating is pre-expanded by
the prepulse (Fig. 148.137, p. 274).
FY16 CEA Experiments
CEA conducted 55 target shots on the OMEGA laser in
FY16 for the campaigns discussed starting on p. 274.

Robert L. McCrory
Director, Laboratory for Laser Energetics
Vice President, University of Rochester

xii

FY16 Annual Report

Direct Drive: Simulations and Results from the National Ignition Facility

Direct Drive: Simulations and Results
from the National Ignition Facility
Introduction
In direct-drive inertial confinement fusion1 nominally identical laser beams are incident on a capsule containing a layer of
frozen deuterium–tritium (DT) within a shell made of an ablator such as plastic (CH). The beams ablate the outer material,
driving the cryogenic DT layer inward. The shell accelerates
during the laser pulse as a result of the pressure from the laser
energy deposited in the corona and then decelerates when an
outgoing shock is launched once the pressure in the vapor
region is higher than the pressure in the inward-moving shell.
The shell kinetic energy is then converted to the internal hotspot energy during stagnation. Ignition requires that the temperature and areal density of the hot spot should be sufficient
to generate heating by the alpha particles produced from the
D−T fusion reaction. Several measures of target performance
have been presented in the literature.2,3 The minimum fuel
energy required for ignition Emin considered here is given by3
.88 e
E min _kJi = 50.8 a 1inn
#b

Vimp
3 # 10 7 cm/s

-0.77
P
,
100 Mbar l

-5.89

o

(1)

where ainn is the adiabat defined as the ratio of the pressure
to the Fermi-degenerate pressure in the inner surface of the
shell, Vimp is the implosion (peak) velocity of the shell, and
P is the ablation pressure. Direct drive couples +3 to 5# more
laser energy into the imploding shell than x-ray drive, resulting in larger values of Vimp for the same laser energy. From
Eq. (1), for the same Emin and with larger values of Vimp, ignition designs with larger values of ainn are possible in direct
drive than from x-ray drive. Direct drive, for example, requires
convergence ratios of L22 (defined as the ratio of initial radius
to hot-spot radius at peak neutron production) to be ignition
relevant, whereas x-ray drive requires convergence ratios of
30 to 40. Designs with higher adiabats are more robust to shock
mistiming, preheat from fast electrons, or radiation. Higheradiabat direct-drive designs also benefit greatly from reduced
Rayleigh–Taylor (RT)4 growth. The high power of the velocity
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5.89
term in Eq. (1) aaV imp k also indicates that robust predictions
of ignition require knowledge of the shell’s velocity to very high
precision; a 5% decrease in velocity increases the minimum
energy required for ignition by nearly 35%.

In direct drive, the implosion velocity and the ablation
pressure are primarily determined by coupling the laser into
the coronal plasma and the conduction of heat to the ablation
surface. The equation of state has been shown to influence
these quantities, although to a smaller extent.5 While the
dominant mechanism for laser-energy absorption is collisional
absorption (or inverse bremsstrahlung), because of cross-beam
energy transfer (CBET)6 modifications in simulation codes are
required to explain observables including capsule trajectory,
scattered-light spectra and time histories, and bang times in
OMEGA experiments.7
In CBET, ion-acoustic waves in the plasma mediate the
transfer of energy from an incoming (pump) ray to an outgoing
(probe) ray, reducing the energy available for deposition by the
most hydrodynamically efficient incoming rays. The CBET
gain factor scales as6,7
m0 Z
ne
e2
dx CBET = fCBET g pol > 3
H
1
n
c me
e Z Te + 3Ti
# P _hi I pump ds ,

(2)

where fCBET is an ad hoc multiplier used to explore sensitivity to
2
the model; g pol = 1 4 91 + ]tk pump : tk probeg C is the polarization
factor; e is the electron charge; c is the speed of light; me and
ne are the electron mass and electron density, respectively; m0 is
the laser wavelength; GZH is the average ionization of the material;
Te and Ti are the electron and ion temperatures, respectively;
P _hi = ho a 9_ho ai2 + _1 - hi2C is the resonance function with
h = _~ pump - ~ probei - k a : Vfluid k a c a , where ~pump and
~probe are the pump and probe frequencies, and k a is the wave
number of the ion-acoustic wave given by the wave-matching
condition with sound speed ca and the dimensionless ion-wave
damping coefficient o a; and Vfluid is the fluid velocity. The
1
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energy gained or lost is given by E 0 7e dx CA e dx CBET - 1A , where
dxCA is the absorption factor caused by collisional absorption.
This model was implemented in the spherically symmetric code
LILAC8 and the axisymmetric code DRACO.9 This CBET model
was compared to 60-beam OMEGA implosions and, at this
time, an overall multiplier fCBET = 1.5 is required in DRACO
to reproduce the observed neutron rates and scattered light. The
reason for an overall multiplier is unknown. This fixed value of
1.5 is used in all DRACO simulations described in this article.
Differences between OMEGA10 and National Ignition Facility (NIF)11 implosions motivate the current experiments on the
NIF. The simulated coronal temperature in NIF implosions
is +3.2 keV compared to +2.75 keV in OMEGA implosions.
Additionally, the path lengths ds for the rays [Eq. (2)] in the NIF
corona are significantly longer; the volume in the NIF corona
is approximately a factor of 1.5# larger than OMEGA-scale
implosions. Therefore, it is expected that the CBET effect will be
considerably larger on the NIF scale. As will be shown later, for
the ongoing experiments, CBET decreases implosion velocity by
+18% and the ablation pressure by +57%, significantly increasing
Emin. Validating such a model and demonstrating mitigation of
CBET are important to the larger direct-drive–ignition program.
The electron-heat conduction from the laser-deposition
region to the ablation surface sets up the ablation pressure
in direct drive. Nonlocal heat conduction12 has been shown
to play an important role in shock timing in cryogenic DT
OMEGA experiments and, in combination with CBET, is
required to reproduce all observables related to energetics
including trajectories, bang times, time-resolved scattered
light, and scattered-light spectra. It is expected that nonlocal
electron thermal transport should also play an important role
in NIF-scale experiments.
Preheat from two-plasmon decay (TPD)13 is expected to be
larger on the NIF scale compared to OMEGA implosions. In
TPD, plasma waves accelerate electrons to energies ($30 keV)
with sufficiently long mean free paths so that their energy can
be deposited in the cold shell, compromising compression or
ainn. TPD is a multibeam instability that requires the overlap
of several beams to cooperatively overcome the threshold.
In OMEGA implosions, the magnitude of the energy in the
source of energetic electrons has been shown to scale with the
threshold parameter h:13

h=

2

Inc

4 ^# 10

14 W/cm 2h L

233 Te _keVi

n c 4 _nmi

,

(3)

where I n c 4 , L n c 4 , and Te are the intensity, density scale
length, and electron temperature at the quarter-critical surface, respectively. As mentioned earlier, NIF implosions are
characterized by higher coronal temperatures; however, the
scale length is also larger—350 nm in the current experiments
compared to 150 nm in OMEGA implosions. Note that since
the target sizes in the ongoing experiments are determined
by the phase plates on the NIF, the scale lengths are smaller
than those in ignition-relevant designs (+500 to 600 nm). The
extrapolation to longer scale lengths suggests that a larger
source of hot electrons is expected on the NIF; however, beam
polarizations and beam angles also influence the extent of
this instability. One significant difference between OMEGA
and NIF experiments is that the ongoing NIF implosions are
performed in the polar-direct-drive (PDD) geometry.14 Beams
displaced toward the equator to improve symmetry are incident
at oblique angles onto the target. More beams are overlapped
in the NIF geometry than on OMEGA but with variations in
the beam polarizations and incident angles. These differences
motivate experiments on the NIF to estimate the TPD source
and its effect on the imploding capsule.
This work presents results from implosion experiments on
the NIF. While a subset of results presented in this work has
appeared previously,15 a more-complete analysis that includes
the validation of the CBET model in OMEGA PDD implosions,
comparison of scattered-light spectra, and time histories with
updated simulations that include a first-principles equation of
state (FPEOS)5 is presented here. Also included is a discussion on the reasons for possible differences between simulation
and experiment.
This article discusses (1) the target design and (2) results from
the experiments, organized by the physics topics—energetics and
preheat. Simulated scattered-light spectra show similar trends
as observed; trajectories from backlit images and the shapes
of the imploding core agree very well, although the trajectory
from self-emission images lags the simulation in the experiment.
These results and sensitivity analyses to possible errors in CBET
modeling, the effect of laser imprint, and fast-electron preheat
are examined and future work and conclusions are presented.
NIF Target Design
The primary target type considered in this article has
an outer radius of +1100 n m with an +100-n m-thick, allplastic (CH) shell filled with 20 atm of deuterium (D2) gas
[Fig. 145.1(a)]. The capsule is irradiated with a laser pulse
shape whose temporal history includes a flat foot rising to a
main pulse at varying laser intensities.16,17 The shock launched
LLE Review, Volume 145

Direct Drive: Simulations and Results from the National Ignition Facility
(a)

(b)

CH

100 nm

0
110

20 atm
D2 gas

nm

Single-beam power (TW)

1.0

23.5°
35.0°
46.0°
69.0°
83.0°

23.5°
30.0°
44.5°
50.0°

(c)

0.8
0.6
0.4

23.5°
30.0°
44.5°
50.0°

0.2
0.0

0

2

TC11724JR

4
Time (ns)

6

8

Figure 145.1
(a) Schematic of the target used in a typical polar-direct-drive (PDD) National
Ignition Facility (NIF) implosion. (b) The pointing scheme in polar angle
used for the PDD implosions. The four original cones at 23.5°, 30.0°, 44.5°,
and 50.0° are repointed to the locations shown on the target. (c) Pulse shapes
for each of the cones.

during the foot of the pulse shape sets the implosion at an
ignition-relevant adiabat ainn + 3. The implosions have a low
convergence ratio of +13 (compared to L22 for direct-drive ignition), defined as the ratio of the initial radius of the fuel–shell
interface to the final fuel radius at peak neutron production. The
laser energy on target varies from +350 kJ (for a pulse shape
with an intensity of + 4 # 1014 W/cm2 at the initial target radius)
to + 650 kJ (corresponding to an on-target intensity of +1.2 #
1015 W/cm2). The pulse shapes are similar although they differ in the duration of the main pulse. The shell is deliberately
set at a low implosion velocity of 1.8 to 2.2 # 107 cm/s, compared to ignition-relevant values of L3.5 # 107 cm/s. The low
velocity reduces the instability growth of the most-dangerous
modes, which scale linearly with the implosion velocity.18 This
conservative design was chosen because the growth of singlebeam nonuniformity (laser imprint) is expected to significantly
compromise shell integrity in these implosions (also discussed
in Future Work, p. 12); the existing laser-beam smoothing is
LLE Review, Volume 145

insufficient to drive high-performing implosions. Beam profiles
used in the x-ray drive ignition campaigns19 are used in the
design. The on-target beam profile is calculated by forward
propagating the near-field phase-front information using the
code Waasikwa’.20 The laser beams are also defocused by
1 cm to improve symmetry, which is taken into account in the
calculation. Since only one set of near-field beam phase-front
information is available for each cone, the same calculated
profiles are used for all of the beams within a cone.
The beam geometry on the NIF is configured for the axisymmetric x-ray-drive configuration [Fig. 145.1(b)]. To improve
irradiation symmetry, the equator requires additional drive.
This is achieved by displacing the beams toward the equator as
illustrated in Fig. 145.1(b). The beams on the NIF are arranged
in cones at 23.5°, 30°, 44.5°, and 50°. In this PDD geometry, for
example, the outer cone located at 50° is displaced to irradiate the
target at 83°. The beam configuration in Fig. 145.1(b) is obtained
by iteratively adjusting the combination of beam displacements,
beam defocus, and beam pulse shapes to reduce shell asymmetry.16 In addition, beams in cones 44.5° and 50° are displaced
azimuthally to improve symmetry. Typical laser pulse shapes for
the different cones are shown in Fig. 145.1(c). Notice that the 50°
cone is driven with the highest power to provide additional drive
in that region. The PDD configuration differs from the sphericaldirect-drive (SDD) implosion studies on OMEGA,16,21 where
models have been validated. The lack of drive at the equator is
deliberately compensated by displacing beams toward the equator. These beams displaced toward the equator scatter around the
target and, consequently, more scattered light appears near the
poles in PDD than SDD. SDD is quasi-symmetric; simulations
indicate that the scattered light around the target chamber varies
by less than 1% rms (root mean square), significantly smaller
than PDD. CBET, in particular, is influenced by the PDD beam
displacements. More ray crossings occur over a region around the
equator; therefore, CBET influences the laser-energy deposition
in the region over the equator. As the schematic in Fig. 145.2(a)
indicates, an outgoing ray (probe) from the southern hemisphere
near the equator acquires energy from an incoming ray (pump)
in the northern hemisphere; this excess energy in the outgoing
ray can appear as scattered light over the northern polar region.
This is also shown in Fig. 145.2(b) in the contour plot of the
CBET energy gained per unit volume and normalized to the
hydrodynamic time step. The contour plot shows the region
where CBET dominates. Most of the energy gain in the rays
occurs away from the poles and in a range of polar angles closer
to the equator. The projected scattered light around the target
chamber is shown in Fig. 145.3 for an OMEGA PDD implosion.
The hydrodynamic code DRACO with a full three-dimensional
3
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(3-D) ray trace22 that includes collisional absorption, nonlocal
heat conduction,23 and FPEOS5 is used to simulate the PDD
implosion. When the effect of CBET is included in the calculation [Fig. 145.3(b)], significantly more scattered light appears
near the poles than when only collisional absorption is used to
(a)
Additional scattered light
caused by CBET
visible near the poles

am

model the laser-energy deposition [Fig. 145.3(a)]. Scattered-light
flux around the target chamber as a function of polar angle, collected using calorimeters in a PDD implosion irradiated with a
pulse shape similar to one used in NIF implosions,24 is shown
in Fig. 145.3(c). The locations of the calorimeters are shown as
CBET gain
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4.6
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Figure 145.2
(a) Schematic of cross-beam energy transfer (CBET) in the PDD geometry. The dominant transfer occurs when energy is transferred from an incoming ray
to an outgoing ray. (b) Contour plot of energy gained from CBET. The transfer occurs away from the poles; more ray intersections occur away from the poles
because of PDD beam displacements.
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Figure 145.3
Projected scattered light in the OMEGA target chamber from a simulation that includes (a) only the effect of collisional absorption and (b) the effect of CBET.
Circles indicate the locations of the calorimeters in the OMEGA chamber. (c) Scattered-light fluence at the calorimeters in shot 64099 on OMEGA (symbols).
The simulation is shown as shaded regions, indicating the minimum and maximum scattered light along the azimuthal angle. Red corresponds to (a)—only
the effect of collisional absorption is included. Blue corresponds to (b)—the effect of CBET is also included in the simulation.
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Simulations indicate that the energy transfer from the
incoming rays occurs at the center of the beam for rays with
the smallest incident angles that are the most hydrodynamically efficient. This results in less drive around the equatorial
region; therefore, CBET makes the implosion more oblate
than collisional only absorption as seen by the synthetic selfemission images of the imploding shell (Fig. 145.4). Requiring
simulations to reproduce the observed shape of the imploding
core, i.e., the drive as a function of polar angle, makes PDD a
more-stringent test of direct-drive implosion physics than SDD.
(a)

Collisional absorption only
t = 6.9 ns
R = 526 mm

(b)

CBET model
t = 7.1 ns
R = 531 mm

Time-resolved scattered light
N130128-001 (Q31B)
1

B316
Fast diode
Streak
DRACO
Laser pulse shape

Normalized power

circles on Fig. 145.3(b). As the figure indicates, significantly more
scattered light appears near the poles when CBET is included in
the calculation (blue) compared to when only collisional absorption is included (red). The shaded regions indicate the minimum
and maximum light along the azimuth as calculated by the 3-D
ray trace. The additional polar light agrees well with observations
(symbols), which also show the same trend.
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Figure 145.5
Time-resolved scattered light measured at one location, corresponding to
B316, from fast diodes (blue solid line) and optical streak cameras (black
dashed and solid lines). Time-resolved scattered light from a simulation
including the effect of CBET is also shown (red dotted line).

a rapid blue shift is observed early in time corresponding to
corona formation; the red shift at +2 ns corresponds to the onset
of inward motion of the corona during the acceleration phase.
Very similar trends are observed in the DRACO simulation
[Fig. 145.6(b)]. Similar agreement is obtained with the spectra
from the other FABS location. Quantitative inferences of the
energy in the scattered-light spectrum and the time-resolved
light are in progress and are important to further validate the
modeling (discussed in the next section).

TC11025JR

Figure 145.4
Simulated self-emission images from N150118-002 with (a) only collisional
absorption laser deposition included in the calculation and (b) the effect of
CBET also included in the calculation.

Results and Discussion
1. Energetics
a. Results. Energetics on the NIF is inferred from timeresolved scattered light measured using fast diodes25 and a
streak camera.25 The time-resolved scattered light is plotted in
Fig 145.5. The simulation tracks the observations very closely
with deviations between 5 and 7 ns. The implication of the
excess simulated scattering is unclear. Additional information
is also available from the two full-aperture backscatter stations (FABS)25 that measure the spectrum of scattered light.
Figure 145.6(a) shows the spectra observed by the FABS. Features characteristic of implosions are observed in the spectra:
LLE Review, Volume 145

Trajectories of the converging shell provide information about
the laser energy coupled to the target and are measured in two
ways: the first uses a gated framing cameras with a 1-mil-thick
Be filter (+25 nm) to measure the self-emission of the target,26
corresponding to photon energies L1 keV; the second uses a gated
framing camera to measure a radiograph obtained by backlighting an implosion27 using Fe (+6.7 keV). Excellent agreement is
obtained with the CBET model on OMEGA to replicate observed
trajectories from self-emission images,21 while trajectories from
backlit images have been explored to a more-limited extent.27
The design for a backlit implosion requires changes to the
beam configuration. Two quads (one from each hemisphere) are
removed to irradiate an iron backlighter. The energies of eight
neighboring quads and their pointing are adjusted to improve
symmetry. Figure 145.7 shows typical images obtained from
the framing cameras. The view from the pole records the selfemission. Simulations show that the location of the steepest
5
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gradient corresponds closely to the ablation surface.26 This
location is shown on a typical simulated density profile of the
implosion. Notice the circular polar image indicating that the
nonuniformity imposed by the removal of quads to irradiate the
backlighter has been adequately compensated by the increased
energies and repointing of the eight neighboring quads. The
view from the equator records the backlit image. The surface of
greatest absorption corresponds to the location of the fuel–shell
interface, as shown on the same density profile; therefore, the
difference in the location of the two surfaces can be interpreted
as the thickness of the imploding shell.
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Trajectories for different shots are plotted in Fig. 145.8. Simulations are post-processed using the code Spect3D28 to create
the self-emission and backlit images. The finite spatial resolution
(+20- to 30-nm pinhole size depending on the shot) and gating time window of the cameras (+100 ps) are included in the
simulated images. The same analysis is used to extract average
radii from the synthetic and measured images.26,27 The black
solid line from the backlit image reproduces the inferred trajectory very well, whereas the red dashed line from self-emission
images apparently overestimates the drive. The slopes of the two
trajectories indicate that the velocity from the backlit trajectory
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Figure 145.6
Scattered-light spectrum measured using the full-aperture backscatter station (FABS) diagnostic at one location and corresponding to the same location as
the diodes. (a) Measured scattered-light spectrum and (b) spectrum from a simulation including the effect of CBET.
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Figure 145.7
Typical self-emission image viewed from the
pole and backlit image viewed from the equator (shot N140612-001). Absorption images are
obtained at 6.7 keV by backlighting the implosion with Fe. Self-emission images are viewed
at L1 keV with a Be filter of 1-mil thickness.
The lineouts point to the surfaces in the density
profile (right) that are extracted from the image.
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Figure 145.8
(a) Trajectories from backlit images from measurements (black squares)
and simulations (black solid line). Trajectories from self-emission images
from measurements (diamonds) and simulations (red dashed line) for shot
N150118-002. (b) Same as (a) but for shots N140612-001 and N140816-002.

is reproduced to within 1% by the simulation, whereas the trajectory from the self-emission images is overestimated by +9%. If
the self-emission trajectory was representative of the velocity,
this would significantly increase Emin, compromising ignition.
It is, therefore, important to resolve the difference and identify
which trajectory, if either, is representative of the true implosion
velocity. Note that the inferred shell thickness estimated using
the procedure in Fig. 145.7 is larger than the simulated value.
The trajectories and shell thickness can be influenced by both
1-D and multidimensonal physics. One-dimensional physics
energy includes coupling models and preheat (radiative or fast
electron). Multidimensional physics such as Rayleigh–Taylor
growth seeded by imprint can also change the location of peak
emission or absorption of x rays. It is important to understand if
the differences are caused by errors in the 1-D modeling since
they influence models used to predict ignition. If imprint was the
cause, it is expected to be of less concern since improved beam
smoothing29 and target designs with doped-CH overcoats30 or
Au layers31 have been shown to mitigate this effect. Each of these
factors is discussed below—first qualitatively and then collated
in a plot showing the relative magnitude of each of these effects.
LLE Review, Volume 145

b. Sensitivity analysis. Overestimating the predicted
velocity of the early shock (resulting from inaccuracies in the
modeling of laser coupling or equation of state) can delay the
trajectory. If the shock was slower than simulated, the breakout
of the shock into the gas would be delayed, postponing the onset
of acceleration. Shock mistiming can thicken the converging
shell: a higher adiabat results in a lower-density shell that
occupies a larger volume during convergence. However, for
this pulse shape, the absorption during the low-intensity foot
is very high (+95%). The mechanism for absorption during this
time is primarily collisional absorption; so any mistiming of the
shock is small and its effect on shell thickness and trajectory is
insignificant. For example, mistiming the shock during the foot
by using a flux-limited diffusive heat-conduction model with
flux limiter f = 0.06 (Ref. 32) instead of the nonlocal transport
delays the shock breakout by less than 20 ps, which only marginally influences trajectory and shell thickness. Therefore, it
is hypothesized that the observations cannot be explained by
shock mistiming alone.
Sensitivity analysis to the CBET model is examined using
the spherically symmetric code LILAC by using a multiplier,
f CBET = 2, in the gain factor [Eq. (2)]. Figure 145.9 shows the
density profiles in the simulation of a NIF-type implosion at
different times when the inner surface of the shell has traveled
the same distance. The shell becomes increasingly decompressed and the ablation pressure is reduced as the extent of
CBET is increased in the modeling (Table 145.I). This also
significantly reduces the absorption fraction, suggesting that
7
6
5
t (g/cm3)
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Figure 145.9
Density profiles showing the sensitivity of the shell thickness to different
extents of CBET (red dashed line: collisional absorption only; black solid line:
CBET with f CBET = 1; blue dotted line: CBET # 2 with f CBET = 2).
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a detailed quantification of the scattered light is crucial to
achieve higher accuracy in the laser-deposition CBET modeling. The implosion velocity, which decreases as the extent of
CBET increases in the model, is listed in Table 145.I. This is
also shown in Fig. 145.10 through the trajectories of the two
surfaces; CBET reduces the velocity of both the surfaces while
decompressing the shell. Agreement with the experimentally
inferred trajectories requires that the backlit trajectory remains
unchanged, whereas the self-emission trajectory becomes
apparently slower; therefore, an error in the CBET modeling
alone is insufficient to explain the observation.
Preheat from energetic “hot” electrons can also potentially
influence the trajectories. The energy in hot electrons is inferred
in NIF implosions from the filter-fluorescence x-ray (FFLEX)33
diagnostic. FFLEX measures the time-resolved x-ray emission in
ten channels ranging from +20 keV to 250 keV. The inferred total
cumulative energy Ehot is calculated assuming that the entire
observed x-ray emission results from the deposition of the fastelectron energy in the CH ablator. A value of Ehot + 2.5!0.3 kJ

is, therefore, obtained corresponding to +0.4% of the total laser
energy. The hot-electron temperature is inferred by fitting the
measured time-integrated x-ray spectrum for the various FFLEX
channels. The fit yields a value of 46!3 keV for the shots considered here.15 This is consistent with temperature measurements
on OMEGA.34 A straight-line deposition formula is used in
LILAC to simulate the effect of this distribution of electrons on
the trajectory and shell thickness.35 A wide angular divergence
of the electrons (240°) is assumed in the model. Studies of TPD
in SDD OMEGA implosions using Mo balls of different radii
suggest that the electrons are produced at a large divergence
angle.34 Indications of isotropy were also observed in NIF PDD
implosions in the DIME36 (defect-induced mix experiment)
campaign.35 Energetic x rays produced in the DIME NIF PDD
implosions are observed via pinhole images and are also isotropic.37 Therefore, a straight model in the spherically symmetric
code LILAC is expected to reproduce the sensitivity of the NIF
implosion to fast-electron preheat. The observed time-resolved
history of the x-ray emission (Fig. 13 in Ref. 15) is calculated
by the model—almost no emission is observed until + 4 ns.

Table 145.I: The effect of selected implosion parameters with increasing extents of CBET using the
spherically symmetric code LILAC. CBET # 2 corresponds to f CBET = 2 in Eq. (2). The
numbers in parentheses indicate the values (in %) of the quantity relative to the collisional absorption value.
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fabs(%)
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30 (43%)
15 (21%)
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Figure 145.10
Dependence of the backlit and self-emission trajectory to models with (a) collisional absorption only (dashed lines), including the effect of CBET (solid lines) and
(b) collisional absorption only (dashed line), including the effect of preheat (solid line). The laser pulse, corresponding to the right axis, is shown for reference.
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1200

Finally, multidimensional effects are discussed. Single-beam
laser nonuniformity imposes perturbations on the target starting at short wavelengths corresponding to +10 nm ( + 600
at the initial target radius).9 The effect of laser imprint and the
subsequent RT growth is modeled using DRACO. Density contours at the end of the acceleration phase for a NIF implosion
are shown in Fig. 145.12(a). To make the simulation tractable,
only modes up to  + 200 are included in the calculation. The
shell is significantly distorted with a relatively intact inner shell.
Trajectories from simulated images [Fig. 145.12(b)] indicate
that the backlit trajectory is unchanged relative to a simulation
with no distortions, whereas the self-emission region moves
(a)
t (g/cm3)

400

6.8
3.9

200
z (nm)

The emission then increases during the main pulse and stops
at approximately the end of the laser pulse. The effect of these
electrons on the implosion is shown in Fig. 145.10. A factor of
+2 more electron energy (4.6 kJ) than experimentally inferred
is required in the simulation to make the effect more visible on
the plot. Preheat increases the shell thickness and decreases the
slope of the self-emission trajectory as required to match the
observations; however, note that it also increases the slope of
the backlit trajectory contrary to what is required to match the
observations. The significantly larger magnitude of the preheat
source required to observably change trajectories and shell thickness suggests that preheat alone is not likely the cause of the
observed discrepancies between simulation and measurements.
A comparison of the simulated and inferred self-emission trajectory from a low-intensity shot (+4 # 1014 W/cm2 at the initial
target radius) also indicates the apparent slowing down of the
self-emission trajectory (Fig. 145.11). At this intensity, the energy
in fast electrons is estimated to be less than 0.05% of the laser
energy at the noise level of the FFLEX instrument—a value that
has an insignificant effect on the implosion. This also suggests
that fast-electron preheat is less likely a cause for the apparent
shell decompression. Fast-electron preheat can be conclusively
ruled out only if the backlit trajectory is also well reproduced
at the low intensity and the trend in the discrepancy at the two
different intensities stays the same. This is being investigated
with a low-intensity implosion where a backlit trajectory is
also available.
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Figure 145.11
Trajectories from a low-intensity implosion (+ 4 # 1014 W/cm2 average on-target intensity at the initial target radius), N130128-001. Only the self-emission
trajectory is measured for this shot (red diamonds). The simulated trajectory,
including the effect of CBET, is shown as the black solid line.

LLE Review, Volume 145

Self-emission

800
Radius (nm)

0.20

Power (TW)

Radius (nm)

0.25
800

800
r (nm)

0.35

1000

200

400

5

6

7

8

Time (ns)

Figure 145.12
The effect of single-beam nonuniformity (laser imprint) is shown as (a) density
contours at the end of the acceleration phase and (b) trajectories extracted
from post-processed synthetic images of the simulation shown in (a).
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farther outward, leading to an apparent decompression of the
shell. This trend is consistent with experiments. A larger-scale
simulation including modes up to  # 600 is being performed to
study the influence of shorter wavelengths on the trajectory and
shell thickness. Of the three sources of modeling uncertainty
considered so far, only laser imprint shows the correct trends
of keeping the backlit trajectory relatively unchanged and causing an apparent slowing down of the self-emission trajectory.
The results from these sensitivity studies are summarized
in Fig. 145.13. The percentage increase in shell thickness over
the nominal implosion (defined as including CBET, nonlocal
transport, and FPEOS) is plotted against the percentage of
preheat energy in the fast-electron source. To explore the sensitivity to angular divergence, electrons are launched isotropically and with an angular divergence of 240°. Shell thickness
increases slowly with increasing preheat. The observed shell
thickness, shown for two shots, is significantly higher than
the increase caused by preheat, indicating that preheat alone
is insufficient to explain the observed thickness. The increase
in thickness from f CBET = 2 is also shown in Fig. 145.13. The
relatively small change in shell thickness resulting from any
possible error in the CBET model also suggests that energetics
are well modeled and is not likely the cause for the observed
differences. The increase in shell thickness caused by imprint
is shown in Fig. 145.13. Of all the sources considered, imprint

is the dominant contributor to the increase in shell thickness.
Imprint also leaves the backlit trajectory unchanged, which is
required for consistency with the measurements. It is hypothesized that some combination of the various sources of error
and imprint will explain the observations with imprint as the
dominant source.
A further indication that the laser drive is well modeled
is obtained from the shape of the imploding core. Simulated
and observed backlit images are shown in Fig. 145.14 for
approximately the same convergence. Note that the shapes
are far from round. This is a limitation of the available beam
profiles on the NIF. Significantly improved implosions can be
obtained with custom beam profiles.38 The observed shape
is very well reproduced by simulations. This is quantified by
the radial deviation about the mean radius in Fig. 145.14(c),
where the observed and simulated lineouts of the radial deviation are overlaid. Excellent agreement is obtained, suggesting
that energetics is well modeled. Small deviations are observed
near the pole. This difference is also observed on a lower-
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Figure 145.13
Increase in shell thickness (in %) over the nominal implosion defined as one
including the effects of CBET, FPEOS, and nonlocal transport. The symbols
with error bars correspond to measured values from framing-camera images.
The dashed and solid lines correspond to the simulated effect of preheat. The
circle indicates the effect of f CBET = 2 in the CBET model. The diamond
indicates the effect of imprint.
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Figure 145.14
(a) Measured backlit image using the Fe line at 6.7 keV. The blue line indicates
the surface of maximum absorption. (b) Simulated backlit image. The line
shows the surface of maximum absorption. (c) Lineout in polar angle of the
radial deviation about the mean at approximately the same convergence for
measurements (solid) and simulations (dashed) for shot N150118-002.
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intensity shot (Fig. 145.15). The measured and simulated
images at the low intensity show reasonable agreement in the
shape [Figs. 145.15(a) and 145.15(b)]. The deviation of the
lineout about the average radius versus polar angle is shown in
Fig. 145.15(c). The gross shape is well reproduced, although
the polar region is driven significantly more in the simulation
compared to experiment. Since this difference is systematic
between two shots, a plausible reason for this difference could
be incomplete knowledge of the calculated defocused beam
profiles. No measurements of these profiles are available at this
time. Moreover, as mentioned earlier, while different beam profiles are calculated for each cone, the same profile is used for all
of the beams within the cone. Beam-to-beam variations are not
included in the calculation since this information is unavailable.

1200 nm

(b)

1200 nm

(a)

1200 nm

1200 nm

Self-emission observed
Simulated self-emission shape
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c. Preheat. Estimates from FFLEX measurements in NIF
implosions indicate that +0.4% of the laser energy is converted
into electron energy at intensities of 8 # 1014 W/cm2 (the lowest ignition-relevant intensity).15 Preheat results inferred from
FFLEX for shots with varying intensity are summarized in
Fig. 145.16. In integrated implosion experiments, typically
only the preheat source is inferred from the measurement of
bremsstrahlung x rays emitted by the fast electrons. The energy
deposited in the cold shell, which is the relevant quantity for
designs, is usually calculated using models35 or estimated from
complementary experiments.39 It has been shown previously
from semi-analytic estimates that ignition fails if $1.5% of the
shell’s kinetic energy is deposited as the preheat energy into the
shell.40 A typical ignition design at 1.5 MJ of laser energy, with
+80 kJ of the shell’s kinetic energy, can tolerate a maximum of
1.2 kJ or 0.08% of the laser energy deposited in the cold shell
without significantly compromising ignition. A similar fraction
of K1% of the laser energy deposited in the cold shell has been
previously obtained from LILAC simulations.41
The deposited energy in experiments described in this work
is estimated using OMEGA implosions. A combination of
room-temperature and cryogenic implosions of equivalent mass
has been used to infer the energy deposited in the cold shell.39
This work estimates that +1/7th of the electron source energy is
deposited in the high-density shell. The same ratio is applied to
the NIF implosions; the same energy estimated from FFLEX is
0.14
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Figure 145.15
(a) Measured self-emission image. The blue line indicates the surface of steepest gradient of emission. (b) Simulated image. The blue line shows the surface
of maximum absorption. (c) Lineout in polar angle of the radial deviation
about the mean at approximately the same convergence for measurements
(blue solid line) and simulations (black dashed line) for shot N130128-001.
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Figure 145.16
Estimated deposited energy from energetic electrons from two-plasmon decay
(TPD) as a fraction of the total laser energy versus the polar-angle–averaged,
on-target laser intensity during the peak of the laser pulse (measured at the
initial target radius) for CH ablators (diamonds) and a target with an outer
Si layer (square). The shaded region shows the range of acceptable preheat
from fast electrons.
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multiplied by this ratio to obtain the hot-electron energy deposited in the shell. Figure 145.16 shows this energy as a fraction
of the total laser energy plotted against the on-target intensity
(calculated at the initial target radius). The shaded region in the
figure shows the acceptable range of intensity and deposited
energy based on the analysis presented above. The preheat
scales with the calculated values for the threshold parameter,
h TPD, consistent with OMEGA implosions. The figure shows
that preheat for CH ablators is tolerable at intensities closer
to 8 # 1014 W/cm 2, whereas it is clearly at an unacceptable
value for ignition at higher intensities. Simulations indicate
that with full CBET mitigation, hTPD will increase by nearly
60% to 2.6, possibly resulting in preheat closer to the value at
the higher intensity of 1.2 # 1014 W/cm 2. This would result in
failure of ignition.
The presence of a mid-Z layer such as Si at the quarter-critical surface during the time of TPD production (the latter part
of the main pulse) (Fig. 13 in Ref. 15) has been shown to reduce
the preheat source in OMEGA implosions.42 The reduction in
the preheat source is primarily from the higher temperature in
the corona because of the high atomic number of Si. A similar
NIF experiment with an outer 14 nm of Si overlaid on a CH
layer is also shown in Fig. 145.16. In this design, Si is present
in the quarter-critical surface throughout the implosion. This
clearly reduces the shell preheat to tolerable levels. A similar
implosion will be repeated after CBET mitigation to study
mitigation of fast-electron preheat.
Future Work
Future work related to NIF experiments will focus on continued model validation. As mentioned earlier, quantification
of scattered light is important to disentangle the various effects
discussed above and could potentially explain the discrepancy
in the self-emission trajectories. Further validation requires
larger-scale imprint simulations to isolate the effect of imprint.
Measurements of imprint in cone-in-shell geometry43 will be
performed over the next year on the NIF. These experiments
will also serve as platforms for future studies of imprint and
its mitigation when improved beam smoothing29 is installed
on the NIF. As Table 145.I shows, CBET decreases the mass
ablation rate and implosion velocity. Mitigation of CBET is
important to recover robust ignition designs. As Eq. (2) shows,
detuning the wavelengths of the pump and probe beams will
detune the resonance and reduce the volume over which CBET
can occur, reducing the magnitude of the effect. This will be
studied using the available tunable wavelength capability of the
NIF: a maximum of !2.3 Å in the UV.44 This value is smaller
than what is required to recover more than 50% of the CBET
12

energy lost in simulations (L6 Å in the UV).44 Simulations
predict, however, that differences in the shape, trajectory, and
the magnitude of scattered light should be observable in the
experiment.44 Other means to improve mass ablation rates such
as Be ablators45 will be explored in the coming year. Finally,
TPD mitigation will be studied with a mid-Z layer such as Si
after CBET has been mitigated.
The longer-term pre-ignition goal on the NIF is to implode
a multilayer target such as the one described in Ref. 21. A
mass-equivalent CH layer will replace the cryogenic DT layer
in the room-temperature equivalent of the cryogenic target
described in Ref. 21. A multilayer target will permit imprint
mitigation (through the use of doped ablators such as CHSi
or Au layers), the reduction of TPD through the use of a thin
Si layer that would be present at the quarter-critical surface
only during the latter part of the main pulse (where TPD is
evident from fast electrons), and a Be layer to provide an
improved mass ablation rate. A high-convergence implosion
is not expected from this design since the outer layers of Si
radiatively preheat the inner CH layer. This effect is small
when a DT layer is used instead of the inner CH layer because
of its low opacity. High-convergence direct-drive NIF implosions with CBET and TPD mitigation are possible only in
cryogenic DT layered targets.
Ignition attempts require additional investments in hardware
on the NIF including improved beam smoothing,29 custom
phase plates,38 cryogenic target layering, delivery systems, etc.
At this time, it is unclear if such an attempt would involve SDD
or PDD. A future study will explore the facility and mission
impacts of moving some of the NIF beams to enable spherical
illumination. The NIF target chamber has ports for such beam
placement. The results presented in this work apply to either
scheme. Estimating imprint and the effect of laser–plasma
interactions at long scale lengths on implosions and their
mitigation is a critical component of studying the viability of
direct drive as an ignition option.
Conclusions
Results from NIF PDD implosion experiments have been presented. The goal is to test the modeling of energetics and measure
the extent of preheat in NIF implosions that have longer coronal
density scale lengths than comparable implosions at the Omega
Laser Facility. Observables such as the shape of the scatteredlight spectrum, time-resolved scattered light, trajectories from
backlit images, and the shape of the imploding shell agree very
well with simulations. However, the trajectory from self-emission
images lags simulations, suggesting a slower trajectory from selfLLE Review, Volume 145
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emission or a thicker shell than simulated. While the cause for
this discrepancy is unknown, sensitivity analyses for the various
effects that might result in an effectively decompressed shell
indicate that errors in energetics modeling, such as those in the
CBET model, are likely not the cause. Laser imprint and subsequent Rayleigh–Taylor growth appear to be the dominant source
of the observed difference. The CBET model that best reproduces
the observations requires the same overall multiplier to the gain
factor for both OMEGA and NIF simulations. It is expected that
quantifying the scattered light on the NIF will help to identify, if
this is indeed the case, and further test model predictability. The
fast-electron preheat source in ongoing implosions is at a tolerable level (+0.4% of laser energy at an ignition-relevant intensity
of 8 # 1014 W/cm2 at the initial target radius) corresponding to
+0.06% of the energy deposited in the cold shell. While this is
believed to be tolerable for ignition, it is expected that with the
mitigation of CBET, the preheat source will increase, leading to
more energy deposited in the cold shell. Implosions with mid-Z
layers have been shown to reduce the preheat source (by nearly a
factor of 3). Future pre-ignition plans on the NIF include continued validation of models through measurements of imprint and
mitigation of CBET and TPD. All of these mitigation strategies
will be studied in an integrated room-temperature implosion
involving a target with multiple layers.
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Hydrodynamic Simulations of Long-Scale-Length Plasmas
for Two-Plasmon–Decay Planar-Target Experiments
at the National Ignition Facility
Introduction
Coronal plasmas of direct-drive–ignition designs with a baseline plastic ablator are characterized by long density scale
lengths Ln + 500 to 600 nm. Understanding and controlling the
impact of laser–plasma interaction (LPI) instabilities in such
plasmas are key requirements of inertial confinement fusion
(ICF) research. One of the instabilities driven by multiple laser
beams that can exceed the instability threshold is two-plasmon
decay (TPD).1–4 In TPD, the overlapping intense laser beams
excite large-amplitude electron plasma waves in the region near
the quarter-critical density (nqc) surface, leading to extra laser
absorption and hot-electron production. The extra absorption
at nqc may reduce, however, the laser intensity reaching critical density, thereby decreasing the hydroefficiency. The hotelectron generation from TPD may negatively affect target compression because of the possible preheat of the imploding shell,
which must remain on a low adiabat for efficient compression.
Other LPI instabilities, such as multibeam stimulated Raman
scattering (SRS), can also lead to anomalous laser-energy dissipation before the nqc surface and/or hot-electron generation.

summarized in Table 145.II. The coronal plasma parameters in
the NIF PDD-ignition design developed at the Laboratory for
Laser Energetics9 are also shown. Table 145.II shows that all
parameters in the previous experiments [the overlapped laser
intensity (I), density scale length (Ln), and electron temperature (Te) at the nqc surface] are still +1.5 to 2 # below that in
the ignition design. The empirical TPD threshold parameter
h = I 14 L n, nm _230 Te,keVi, often used to evaluate the effect of
TPD,2,10 is +2 # less than in the ignition design. Importantly,
cross-beam energy transfer (CBET) reduces the laser beam
energy, reaching the n qc surface in current NIF implosion
experiments, so that current implosion experiments do not
achieve ignition-relevant coronal plasma conditions.
In this article, hydrodynamic simulations using DRACO are
presented to show that coronal plasma conditions in the ignition
PDD design can be approached in planar-target experiments on
the NIF (Table 145.II). Since planar targets exhibit a very high
absorption efficiency, CBET seeded by backscattered light represents a negligible source of losses in laser energy. It is speculated
that because of the characteristics of the NIF beam overlap on
the target, the TPD instability will be able to share decay waves
most effectively along the polar axis and around the equatorial
region of a PDD implosion. Two planar-target simulations that
differ by the NIF beam irradiation geometry are presented:
(1) irradiation by the NIF inner-cone beams only (23.5° and 30°
incidence angle with respect to target normal) and (2) irradiation by the outer-cone beams (44.5° and 50°). The higher-angle
cones approximate irradiation conditions near the equator of
a PDD implosion, while the lower-angle cones correspond to
those near the poles.

To support direct-drive ICF experiments at the National
Ignition Facility (NIF) in its indirect-drive beam configuration, the polar-direct-drive (PDD) concept was proposed.5 The
impact of laser parametric instabilities on the PDD implosions
has been recently tested in experiments on the NIF.6 To investigate the scaling of TPD-induced hot electrons to the laser
intensity and plasma conditions, a series of planar experiments
has also been conducted at the Omega Laser Facility.7 The
plasma parameters at the nqc surface achieved in those experiments (as predicted by simulations using the code DRACO8) are

Table 145.II: Plasma parameters at the nqc surface and two-plasmon-decay (TPD) threshold in OMEGA and NIF experiments,
ignition NIF PDD design, and planar targets in this article, as predicted by DRACO simulations.

Parameters at nqc surface
I (W/cm2)

OMEGA
<4 # 1014

Current NIF PDD
<4.5 # 1014

Ignition NIF PDD
8 to 10 # 1014

Planar NIF
6 to 8 # 1014

Ln ( nm)
Te (keV)

<350 nm
<2.5 keV

<350 nm
<3.5 keV

600 nm
5 keV

550 to 600 nm
3.2 keV

h

<2.4

<2

4.7

4.5 to 5.5
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CH

ics Opacity Table was applied; the average-ion model, which
is a collisional-radiative-equilibrium model, was used for the
high-Z Mo.
The simulations used the actual measured focal-spot shapes
of the indirect-drive NIF beams. The beams are used at best
focus and pointed at the averaged-over-time longitudinal position of the nqc surface—320 nm in front of the target surface.
The simulations are designed to have similar plasma parameters at the nqc surface, with flattop total powers of 17 TW and
15 TW, durations of 5.5 ns and 7.5 ns in the inner- (32 beams
at 23.5° and 30°) and outer-cone beam (64 beams at 44.5° and
50°) simulations, respectively. The duration of the flattop used
in the inner-cone beam simulation is chosen to be the longest
allowable while still avoiding laser damage on the NIF.
Figure 145.18 presents the electron density and electron
temperature in the coronal plasma at t = 4.5 ns in the inner-cone
(a)
1500

r (nm)

Proposed Experimental Configuration
The planar-target design is shown schematically in
Fig. 145.17. The target is an +5-mm-diam, +500-n m-thick
plastic CH disk. A 30-n m-thick, + 4-mm-diam Mo disk is
buried 40 n m behind the target’s front surface. The target
is oriented in the equatorial plane of the NIF chamber and
irradiated by a subset of NIF beams from the south pole. Hot
electrons generated by the LPI instability in the coronal plasma
flow into the target. Time-resolved Ka line emission and the
hard x-ray bremsstrahlung from Mo are used as the main hotelectron diagnostics. The Mo thickness is equal to the range
of electrons of a typical energy of +120 keV. Hot electrons that
are not stopped in Mo are slowed down in the back CH, so that
electron recirculation is minimal in this experiment. The front
CH layer is chosen to be thick enough to avoid a burnthrough
to the Mo layer, while sufficiently thin to reduce collisional
energy losses of hot electrons on the way toward the Mo. For
the proposed target thickness, the laser-induced shock does not
reach the back of the target, and the target is not accelerated
when the laser pulse is on. The simulations use laser pulses with
a 2-ns linear power rise from zero to the maximum value and
flattop after that, with a total duration of 5.5 to 7.5 ns.

ne
(×1022 cm–3)
1.00
0.10
0.01

1000

500

MO

0
Ln + 600 nm

E24123JR

(b)

Figure 145.17
The proposed target design.

DRACO Simulations
The simulations were performed using the Eulerian version
of DRACO 8 in cylindrically symmetric geometry. DRACO
includes a full three-dimensional (3-D) laser ray trace, a fluxlimited heat-conduction model (with a flux limiter f = 0.1),
multigroup diffusive radiation transport, and SESAME equation of state. For the low-Z plastic CH ablator, the Astrophys16

r (nm)

The measurements can be performed using the NIF x-ray
spectrometer11 to measure the time-resolved Mo Ka emission
and the filter-fluorescer x-ray diagnostic12 to measure the
time-resolved hard x-ray emission. NIF optical spectrometers
can measure the half-frequency `~ L 2j harmonic of the
incident light, which is a characteristic signature of TPD, and
SRS spectra.

1500

Te (keV)
3
2
1
0

1000

500

0

TC12633JR

–500

0
z (nm)

500
Te + 3 keV

Figure 145.18
The (a) electron density and (b) electron temperature in the coronal plasma
at t = 4.5 ns in the inner-cone beam simulation.
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beam simulation. The outer-cone beam simulation predicts
similar results (with a slightly higher peak temperature of
3.15 keV) and is not shown.
Figure 145.19 shows the time evolution of the plasma
parameters at the nqc surface and TPD threshold parameter at
r = 0 in both simulations. The density scale length and electron
temperature are almost stationary at t > 2.5 ns with Ln = 500 to
600 nm and Te + 3 to 3.3 keV. Laser intensity slowly decreases
with time, with I = 5 to 6.5 # 1014 W/cm2 in the inner-cone beam
and I = 6 to 8 # 1014 W/cm2 in the outer-cone beam simulation.
Notably, the empirical TPD threshold is greatly exceeded in
these simulations— h + 4 to 5.
Discussion and Conclusions
Overall, a similar evolution of the plasma parameters at the
nqc surface is predicted by DRACO simulations for the inner(a)

10

I (#1014 W/cm2)
Ln (#100 nm)

8

h

I, Ln, h, Te

Te (keV)
6
4
2
0
(b)

10

I, Ln, h, Te

8
6
4
2
0

0

2

E24123JR2

4

6

8

Time (ns)

Figure 145.19
Time evolution of the plasma parameters at the nqc surface and TPD threshold parameter at r = 0 in the (a) inner- and (b) outer-cone beam simulations.
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and outer-cone beams. Planar-target experiments on the NIF,
therefore, can study the effect of a beam’s incidence angle
on TPD instability and hot-electron generation. Simulations
of TPD using the 3-D laser–plasma interaction code LPSE13
have been performed using the NIF irradiation geometry and
plasma parameters at the nqc surface predicted by DRACO.
LPSE models the TPD instability in a small volume of plasma
(200 n m # 30 n m # 30 n m) close to the nqc surface. LPSE
simulations confirm the onset of TPD instability when the
TPD threshold (h) exceeds unity in DRACO simulations for
both irradiation geometries. The mechanisms of saturation
of the TPD instability (such as pump depletion) are currently
under implementation in LPSE. LPSE will be used to study
hot-electron production and laser absorption at the nonlinear
stage of TPD.
Table 145.II shows that the plasma parameters at the nqc
surface in the present simulations are closer to the PDDignition design than in the OMEGA and current NIF PDD
implosion experiments, with the exception of the electron
temperature. In particular, the plasma density scale length is
as long as that in the ignition design. A relatively low temperature is explained by higher transversal thermoconduction
losses in planar experiments compared to those in spherical
implosions. The laser power can be further increased, provided the optics’ damage threshold is not exceeded. This can
allow one to study TPD at higher overlapped laser intensity
(equal or exceeding that in the ignition design) and electron
temperature at the nqc surface. The power can be increased
by up to a factor of 2 in the outer-beam configuration. The
power can also be increased at the expense of decreased pulse
duration in the inner-beam configuration.
In conclusion, hydrodynamic simulations suggest that
planar-target experiments on the NIF can be a powerful tool in
the study of TPD and other LPI processes in the plasma conditions relevant to the ignition direct-drive designs. While current
NIF PDD experiments suffer from CBET, which reduces the
laser absorption, planar NIF experiments can provide a first
look at the effect of TPD in NIF PDD implosions when CBET
has been mitigated. Subsequently, the NIF planar platform can
be used to study TPD mitigation strategies by using different
ablator materials.
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and Thermal Conductivity of Polystyrene (CH)
for Inertial Confinement Fusion Applications
Introduction
Controlled inertial confinement fusion (ICF) has been pursued in laboratories for decades, in both indirect-drive1–3
and direct-drive 4–6 schemes. A typical ICF target consists
of layered solid deuterium–tritium (DT) covered with an
ablator layer.7 The ablator layer is used to convert the laser
and/or x-ray energy to the kinetic energy of the imploding
shell (besides compressing it) by the rocket effect through
the ablation process. Polystyrene (CH) is often chosen as the
ablator material7 since it is inexpensive and easy to make.
Upon x-ray or laser ablation, the CH ablator can be shocked
to pressures up to tens of Mbars. The target convergence
can further bring the CH-layer pressure to Gbars, or even
hundreds of Gbars at peak compression. Besides ICF applications, CH is also often used as an effective ablator for
high-energy-density–physics (HEDP) experiments.8–10 The
properties of CH plasmas under such high-energy-density
conditions are essential for understanding ICF and HEDP
experiments involving CH ablators.
Because of its importance to ICF, the plasma properties of
polystyrene have been extensively studied in both experiment
and theory. For example, the principal Hugoniot of CH has
been measured using gas-gun experiments11 and laser/x-ray–
launched shocks.12–16 The measured pressures, temperatures,
and reflectivity of shocked CH compare well with state-of-theart calculations using first-principles methods17–19 along the
principal Hugoniot. The original SESAME model (Table 7593
for CH) gave a reasonable Hugoniot in the pressure range that
experiments explored, while it overestimated the Hugoniot
temperatures.18,19 Off the principal Hugoniot, we calculated the
equations of state over a wide range of CH-plasma conditions
and constructed a first-principles equation-of-state (FPEOS)
table of CH for ICF applications. The FPEOS of CH has shown
significant differences for warm-dense-plasma conditions19
when compared to the original SESAME model. Its effect on
ICF implosions has been examined in hydrodynamic simulations: a smaller mass ablation rate was predicted with the CH
FPEOS. This prompts us to consider other plasma properties
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such as ionization and thermal conductivity that can be selfconsistently extracted from such first-principles calculations
for ICF and HEDP applications.
Thermal conductivity (l) is an important plasma property
that is needed in ICF simulations because it determines the
heat transport in ICF plasmas and affects the hydrodynamic
instability growth in ICF implosions.20 In traditional ICF simulations, plasma-physics models of thermal conductivity were
adopted in hydrocodes. For example, the Spitzer model21 has
been extensively used for classical plasmas. However, such an
analytical model breaks down in warm-dense-plasma conditions since the Spitzer Coulomb logarithm becomes negative
for low-temperature and high-density plasmas. To overcome
this difficulty of computing l for warm dense plasmas, the
Lee–More model22 was developed in the 1980s with the firstorder approximation to the Boltzmann equation. The Purgatorio
model23 and the SCAALP model,24 developed about a decade
ago, are both based on the average atom model. In the past,
quantum-molecular dynamics (QMD) calculations of l have
been performed for ICF-relevant materials of deuterium25–29
and CH/CH2 (Refs. 30–32). These first-principles calculations
have indicated a larger l for warm dense D2 and CH plasmas
than the predictions of the Lee–More model that was widely
adopted in hydrocodes for ICF simulations. These QMD calculations, however, have been performed for only a few specific
density-temperature conditions of CH plasmas. To test whether
or not such an enhanced l of CH will affect ICF simulations,
one must extend such QMD calculations to a wide range of
plasma conditions, similar to the deuterium case in Ref. 29.
In this article, we report on such an endeavor to “gauge” the
global behavior of CH thermal conductivity from direct QMD
calculations of l for a wide range of CH plasma conditions.
The obtained analytical form of l, fitted with the generalized
QMD Coulomb logarithm, has then been used in hydrodynamic
simulations to explore its effect in ICF implosions. Our results
show that the lQMD simulations give an +20% variation in
neutron yield and peak hot-spot pressure when compared to
the use of the traditional Lee–More model.
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A brief description of the QMD method is presented that
combines the orbital-based Kohn–Sham molecular dynamics
(KSMD) method with the orbital-free molecular dynamics
(OFMD). Since all physics models of the thermal conductivity invoked the use of an effective ionic charge in single-fluid
ICF simulations, we first present the OFMD calculations of
the average ionization ` Z and Z 2 j of CH over a wide range
of plasma densities and temperatures. The obtained G ZH and
G Z 2 H are then fitted with a Saha-type model, while the KSMDderived thermal conductivities of CH are compared with the
Lee–More model and fitted with the generalized Coulomb
logarithm [(lnK)QMD]. The lQMD effects on ICF implosions
for both OMEGA and National Ignition Facility (NIF) targets
are presented, followed by the conclusions.
The Quantum-Molecular Dynamics Method
The QMD method is an effective first-principles method for
simulating warm dense plasmas,33–36 where quantum mechanics is used to describe the dynamics of electrons in combination
with classical molecular dynamics for the ion motion. To make
the quantum-mechanical computations of a many-electron
system feasible, the traditional QMD method is based on the
density functional theory (DFT).37–39 Depending on the choice
of DFT implementation, the QMD method can be either orbital
based or orbital free. For instance, the KSMD method uses the
plane-wave basis in a finite-temperature DFT format, which has
been implemented in the Vienna ab-initio simulation package
(VASP),40–42 while the OFMD method43 represents the electronic free energy as a direct function of the electronic density
through a semiclassical expansion of the Mermin functional.
The KSMD method can handle dense plasmas, but only up to
the Fermi temperature; the large number of basis functions
needed for high-T plasmas renders KSMD as computationally
impractical. In contrast, the OFMD method is suitable for high-T
plasma simulations. Combining the two first-principles methods
of KSMD and OFMD, we are able to simulate a wide range of
plasma conditions. Since both methods have been documented
elsewhere, only a brief description follows.
1. KSMD
The KSMD method implemented in VASP is based on the
finite-temperature density functional theory (FTDFT). To be
specific, the electrons are treated quantum-mechanically by
plane-wave FTDFT calculations using the Perdew–Burke–
Ernzerhof exchange-correlation functional44 in the generalized
gradient approximation. The electron–ion interaction is modeled
by a projector-augmented wave (PAW) pseudopotential.
The system was assumed to be in local thermodynamical
equilibrium with equal electron and ion temperatures (Te = T i).
20

The ion temperature was kept constant through simple velocity
scaling during a molecular-dynamics simulation.
A periodically replicated cubic cell is used with equal numbers of C and H atoms. The plasma density and the number of
atoms determine the volume of the cell. For the present simulations of densities below t = 17.5 g/cm3, we have employed
250 atoms in total, while a total of 432 atoms were used for
densities of t $ 25 g/cm 3. For each molecular-dynamics
(MD) step, a set of electronic-state functions for each k point
is self-consistently determined for an ionic configuration.
Under the Born–Oppenheimer approximation, the ions are
moved classically with a velocity Verlet algorithm, according
to the combined ionic and electronic forces. Repeating the two
steps propagates the system in time, resulting in a set of selfconsistent ion configurations and electronic-state functions.
These trajectories provide a consistent set of static, dynamic,
and optical properties of the simulated CH plasmas.
The C-point sampling of the first Brillion zone in the cubic
cell was employed and tested with a 2 # 2 # 2 Monkhorst–Pack
k-point grid. It was found that the resulting thermal conductivity varies <5%. To converge the plasma property calculations,
the plane-wave cutoff energy was set to Emax = 1000 eV and
the PAW potentials were adopted with tight cores (core radii
of 1.1 and 0.8 atomic units for C and H, respectively). A large
number of energy bands (up to Nb = 11,000) have been included
to ensure that the population of the highest energy band is
<10 –4. For the lowest temperature, 500 bands and a time step
of Dt = 0.5 fs were used, while at the highest temperature,
a larger number of bands (11,000) and a small time step of
Dt = 0.011 fs were used.
To calculate the electronic thermal conductivity of CH
plasmas, the linear response of the plasma to an electric field
E and a temperature gradient dT are considered, which induce
the electric current je and the heat flux jq:
j e = deL 11 E -

L 12 dT
n e,
T

(1)

j q = deL 21 E -

L 22 dT
n e.
T

(2)

For plasmas having no electric current (je = 0), the above equations in combination with the definition of j q = - ldT give the
thermal conductivity
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l=

L 12
1f
p
L T 22 L 11

(3)

with the Onsager coefficients given by L ij / L ij (0). The
frequency-dependent Onsager coefficients can be calculated
using the Kubo–Greenwood formalism45,46
L ij _~i = /

mn

#d

2r _- ei4 - i - j
2

3Vm e ~

Fmn D mn

2

i+j-2
Em + En
- Hn
d _E m - E n - ~i ,
2

(4)

where V is the atomic volume, Em (En) is the energy of the mth
(nth) state, and H is the enthalpy (per atom) of the system. Fmn
is the difference between the Fermi–Dirac distributions for the
involved states m and n at temperature T. The velocity matrix
elements Dmn can be evaluated from the VASP wave functions.
In practical calculations, the d function in Eq. (4) is approximated by a Gaussian function of width D E (-0.1 to 0.5 eV).
The resulting l was averaged over at least five snapshots of
uncorrelated configurations along the MD trajectories. The
convergence of l required a much larger number of energy
bands (+2 to 3#) than for the MD simulation.
2. OFMD
The development of OFMD has been documented elsewhere.43 In the OFMD method, the free energy is approximated
by a direct function of the electronic density through a semiclassical expansion of the Mermin functional. The leading- and nextto-leading-order expansions, in terms of the Planck constant h,
give the well-known finite-temperature Thomas–Fermi model.
To preserve the electronic density beyond the cutoff radius, the
OFMD method has introduced a norm-conserving regularization
by imposing an analytical form to the electronic density within
the cutoff volume. The local-density approximation (LDA) has
been used for the electron exchange correlation functional in our
OFMD simulations. The time steps used in these calculations
vary from 2.4 # 10 –2 fs to 4.8 # 10 –3 fs, depending on the density
and temperature of the CH plasma. The pressures calculated
from both KSMD and OFMD methods at the temperature
“boundary” of T - T F are matched well (within <1%).
Since the OFMD method is not based on the plane-wave
orbital expansion, it does not give wave functions as in KSMD;
therefore, the transport properties of plasmas at high temperatures cannot be extracted directly from the current OFMD simuLLE Review, Volume 145

lations. The OFMD method is used to calculate the static plasma
properties such as pressure and internal energy. The OFMD
simulations can be used to estimate the average ionization in
CH plasmas. It is noted that all electrons (core and valence) are
considered in the OFMD method. Although there is no operator for ionization in a quantum many-body system, the concept
of average ionization ` Z and Z 2 j is extensively adopted in
plasma physics models. To fit our KSMD-calculated thermalconductivity results with a generalized Coulomb logarithm for
its use in hydrocodes, we must apply the OFMD calculations
to obtain G ZH and G Z 2 H for a wide range of plasma conditions.
The OFMD calculations give the total pressure of CH
plasmas. As described in previous references,30,47 one can
use the orbital-free average atom model in conjunction with
the pressure-matching mixing rule to calculate the average
charge states for C and H atoms, respectively. For the case of
LDA exchange correlation, the pressure matching is equivalent
to equalizing the free-electron density of C and H atoms. Once
the effective charge states Z C and ZH are obtained, the average ionization quantities of Z and Z 2 of CH plasmas can be
computed as follows (as defined in our hydrocodes):
Z = _Z C + Z Hi 2 ,

(5)

2
2
j 2,
Z 2 = `Z C
+ ZH

(6)

for an equal mixture of C and H atoms. The effective charge
2
Z .
extensively used in hydrocodes is Z eff = Z
Results and Discussions
1. The Average Ionization Z and Z 2 of CH
As described above, the OFMD method was used to estimate
the average ionization of G ZH and G Z 2 H for CH plasmas of densities varying from t = 0.01 g/cm3 to t = 100 g/cm3 and temperatures of T - 10.8 to 344.7 eV. As an example, Fig. 145.20 shows
the comparison of G ZH as a function of CH density between the
OFMD prediction and the Astrophysics Opacity Table (AOT)48
for two plasma temperatures of T - 10.8 eV and T - 86.2 eV. It
is noted that the AOT model, usually patched with cold opacity in the warm-dense-plasma regime, is currently adopted in
our hydrocodes for ICF simulations.49 Figure 145.20 shows
that at relatively low densities (t < 1 g/cm3), the AOT model
gives similar values of G ZH as the OFMD calculation for both
temperatures, while significant differences are seen for higher
densities at both temperatures. For instance, at T - 86.2 eV
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there are discrepancies in G ZH between AOT and OFMD for
densities around t = 10 g/cm3. Drastic differences are found
for the case of a lower temperature at T - 10.8 eV: the coldopacity–patched AOT model does not give the correct behavior
of pressure ionization when the CH density increases, which
is in contrast to the OFMD prediction. Since low-temperature
CH plasma conditions (T # 10 eV) are often encountered in ICF
implosions,19 it is important that the correct G ZH be used for the
thermal conductivity models in hydrocodes.
As discussed above, the average ionization of CH plasmas
was calculated over a wide range of densities for four different
temperatures of T - 10.8 eV, 21.6 eV, 86.2 eV, and 344.7 eV. The
resulting G ZH and G Z 2 H are plotted in Figs. 145.21 and 145.22
as open symbols. To use these average-ionization quantities
in hydrocodes for ICF simulations, a “Saha-type” ionization
model for CH plasmas was derived in which the averageionization fraction p is defined as
2

1-p

=

a0

n i K e3

exp =-

fZ _t, T i
G,
kT

10–1
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Figure 145.21
The OFMD-predicted average ionization G ZH as a function of CH density for
plasma temperatures varying from T - 10.8 eV to T - 344.7 eV, which are
fitted with the “Saha-type” ionization model described by Eq. (7).
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Figure 145.22
The OFMD-predicted average ionization square G Z 2 H as a function of CH
density for plasma temperatures varying from T - 10.8 eV to T - 344.7 eV,
which are fitted with the Saha-type ionization model described by Eq. (9).

(7)

where the ion density is defined as n i = t A CH , the electron’s
thermal de Brogile wavelength is K e = h 2rm e kT , with the
22
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Figure 145.20
The orbital-free molecular dynamics (OFMD)-predicted average ionization
G ZH as a function of CH density for two plasma temperatures of T - 10.8 eV and
T - 86.2 eV, which are compared with the model predictions (open symbols)
by the Astrophysics Opacity Table (AOT) currently used in our hydrocodes.
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Planck constant h and the electron mass me, and the density/
temperature–dependent average-ionization potential has the
following form (kT in eV):
LLE Review, Volume 145

First-Principles Investigations on Ionization and Thermal Conductivity of Polystyrene (CH)
fZ _t, T i = a 1 + a 2 # kT # 9`1 + 3C 0 j

1/4

- 1C

a4

a5

0

r 20

+ a 3 # _kT i0.9 + kT # f r +

+

a6

r 30

p

(8)

with seven fitting parameters ai. In Eq. (8), the second term
accounts for the continuum lowering in the plasma similar
to the Stewart–Pyatt form,50 while the last term is for the
pressure ionization. In Eq. (8), the ion–ion interdistance r 0
in terms of the Bohr radius aB is defined as n i = t A CH and
r0 = `1 a Bj _3 4 rn ii1/3 with the ion density ni. The average
atomic weight A CH = _A C + A Hi 2 is used for CH. The quantity C0 is proportional to the ion–ion coupling parameter, i.e.,
C0 = 1/r 0 kT. Finally, the average ionization is expressed as
Z = Z max # p with the maximum ionization of Z max = 3.5
for the equal mixture of C and H. Performing a least-square
fitting to the OFMD data with the above Saha model, we
determined the following fitting parameters: a 0 = 87.222,
a 1 = 10.866, a 2 = –28.412, a 3 = 17.915, a 4 = −2.422,
a5 = 0.595, and a6 = –2.369 # 10 –2. The fitting is shown by
lines in Fig. 145.21 for different temperatures varying from
T - 1.35 eV to T - 1723 eV.
For the average ionization square G Z 2 H, we adopted a similar
model to fit the OFMD data, Z 2 = Z 2max # g with Z 2max = 18.5
for CH, and g is determined as
f 2 t,T
b0
>- Z _ iH
=
exp
kT
1 - g n i K e3
g2

(9)

with a different fitting function
fZ 2 _t, T i = b 1 + b 2 # kT # 9`1 + 3C 0 j

2/5

b4
# _kT i3/4 + kT # f
r0

b5

- 1C + b 3
b6

b7

+ r + 3/2 + 2 p .
0
r0
r0

(10)

The best fit to the OFMD results yielded the following parameters: b 0 = 2.055 # 10 –3, b1 = 27.851, b2 = –5.087, b3 = 6.018,
b4 = –7.908, b5 = 4.421, b 6 = – 2.893, and b7 = 0.961. The
model fitting of G Z 2 H is illustrated in Fig. 145.22 by colored
lines, which all compared well with the OFMD results. With
a fit for both G ZH and G Z 2 H, we can now derive the effective
charge of CH plasmas by Z eff = Z 2 Z over a wide range of
plasma conditions.
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2. Thermal Conductivity lQMD of CH
Using the KSMD calculations with Eq. (3), we have
calculated the thermal conductivity of CH plasmas for densities
ranging from t = 0.5 g/cm3 to t = 100 g/cm3. For each density
point, the lQMD calculations have been performed to the highest
temperature approaching T - TF [ the Fermi temperature
TF = &2 2mk # _3r 2 n ei2/3C . To test the effects of lQMD on
ICF implosions, these results must be fitted in an analytical
form. Similar to what we did for the deuterium case,29 the
following function is used for the fitting (in a similar format of
lLILAC currently used in our hydrocode LILAC):51

l QMD =

#

7/2 5/2
20 # _2 ri3/2 k T

m e e 4 Z eff

0.095 # _Z eff + 0.24i
1 + 0.24 Z eff

#

1

_lnKiQMD

,

(11)

with the same Spitzer prefactor as used in lLILAC. Z eff is the
effective charge of CH plasmas that was determined in The
Average Ionization G ZH and G Z 2 H of CH, p. 21. The generalized QMD Coulomb logarithm is a sixth-order polynomial
function of ion–ion coupling and electron degeneracy parameters (C i, i e), which has the following form:
_lnKiQMD = exp *c 0 +

6

/ 8c j _ln Cii j + v j _ln iei jB4 ,

(12)

j=1

with C i = Z 2 e 2 rS kT and i e = T TF , in which the Wigner–
Seitz radius is defined as rS = r 0 # aB and the free-electron
density of ne = ni # G ZH. Using a multivariable least-square fitting to the lQMD data, we can determine the parameters cj and
vj. To smoothly merge the lQMD results to the classical ideal
plasma conditions (Ci % 1 and i e & 1), we have added hightemperature lLILAC points into the dataset for the global fitting.
The resulting fitting parameters are c0 = −0.482, c1 = –0.150 or
+0.275, c2 = +0.193, c3 = +8.364 # 10 –3, c4 = –5.287 # 10 –3,
c5 = –3.191 # 10 –4, c6 = +2.666 # 10 –5, v1 = +1.00 or +1.20,
v 2 = –0.225, v 3 = −4.652 # 10 −3, v 4 = +3.805 # 10 –3,
v5 = –7.643 # 10 –5, and v6 = –1.391 # 10 –5. The choice for
the two values of c1 and v1, either (c1, v1) = (−0.15,1.0) or
(c1, v1) = (0.275,1.2), is to minimize the Coulomb logarithm
for a better fit to the QMD results. The fitting results of (ln K)
QMD are plotted in Figs. 145.23(a) and 145.23(b) as functions of
ln (Ci) and ln (i e), respectively. Overall, the global fitting with
the above parameters gives only a small error of 5% or less.
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Figures 145.24 and 145.25 compare the QMD-based thermal conductivities of CH plasmas with other models. The
“hybrid” Lee–More model (l LILAC), which combined the
Spitzer prefactor with the Lee–More Coulomb logarithm, is
currently adopted in our hydrocode LILAC. The two others
are the Ichimaru model52 for dense plasmas and the Hubbard
model53 for fully degenerate electron gases. Figure 145.24
compares lQMD with the different model predictions as a func-

tion of plasma temperature for CH densities of t = 1.05 g/cm3
(solid density) and t = 4.0 g/cm3 (shocked CH). It is seen that
lQMD is generally larger than lLILAC by a factor of +2 to 10 at
T < 20 eV. As indicated in Fig. 145.24(b), the Hubbard model
gives reasonably good results in the low-T regime, where the
electron degeneracy effect dominates transport behavior, while
the Ichimaru model gives the correct trend for plasma temperatures approaching TF and above. As seen in Fig. 145.23,
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Figure 145.23
The generalized Coulomb logarithm, derived from QMD calculations of thermal conductivity, is fitted with a polynomial function of (a) the ion–ion coupling
parameter (Ci) and (b) the electron degeneracy parameter (i e) of CH plasmas [Eq. (12)].
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Figure 145.24
Comparison of thermal conductivities of CH plasmas as functions of temperature between QMD calculations and different thermal-conductivity models, for
CH densities of (a) t = 1.05 g/cm3 and (b) t = 4.0 g/cm3. The hybrid LILAC model (green dashed lines) used in our hydrocodes adopted the Lee–More model
for the Coulomb logarithm with a Spitzer prefactor. The Hubbard model was based on fully degenerate electron gas, while the Ichimaru model considered
microfield corrections in dense plasmas.
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first simulate a typical cryogenic DT implosion on OMEGA.
Figure 145.26 shows the triple-picket laser pulse used for the
implosion, while the inset illustrates the target dimensions. The
cryogenic DT target on OMEGA has a 40-nm-thick DT ice
layer covered by a 7.5-nm-thick deuterated-plastic (CD) ablator. The total target radius is + 432.5 nm. In the simulations a
density scaling to obtain lQMD for CD from the above-derived
lQMD for CH is used. The triple-picket pulse shape has been
used extensively for implosions on OMEGA, 54–56 which
enables one to better control shock timing.57,58
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Figure 145.25
Similar to Fig. 145.24 but for CH densities of (a) t = 10 g/cm3 and (b) t =
25 g/cm3.

strongly coupled and degenerate plasmas (Ci > 1 and ie < 1)
lead to a smaller effective Coulomb logarithm that characterizes
the electron collisions in plasmas, while the Lee–More model
usually sets a minimum floor of (lnK)min = 2. The decrease in
(lnK)QMD means a larger mean free path for electrons, thereby
leading to higher thermal conductivity in QMD calculations
that account for coupling and degeneracy effects in warm dense
CH plasmas. Figures 145.25(a) and 145.25(b) show similar
comparisons for higher CH densities at t = 10 g/cm3 and
t = 25 g/cm3, respectively. Overall, it is seen that our current
hybrid Lee–More model (lLILAC) underestimates the electronic
thermal conductivity when compared with lQMD in the warm
dense plasma regime. The enhancement of l in the warm dense
CH plasmas may have implications in ICF simulations.
The Effect of lQMD on ICF Simulations
With the implementation of both Z eff and lQMD into the
hydrocode LILAC through the fitting formulas discussed
above, their effects on ICF simulations may be examined. We

40 nm

385 nm

8
6
4
2
0
0.0

TC12582JR

LLE Review, Volume 145

7.5 nm

DT ice

Laser intensity (×1014 W/cm2)

Thermal conductivity l (W/m/K) Thermal conductivity l (W/m/K)

First-Principles Investigations on Ionization and Thermal Conductivity of Polystyrene (CH)

0.5

1.0

1.5

2.0

2.5

3.0

Time (ns)

Figure 145.26
The pulse shape and target dimension for a typical cryogenic DT target
implosion on OMEGA.

The 1-D LILAC hydro simulation results are displayed in
Fig. 145.27. Figure 145.27(a) compares density profiles between
the lQMD simulation and the traditional lLILAC simulation at
the end of the laser pulse (t = 2.96 ns). At this time the thin CD
layer has been ablated away from the shell. The density of the
imploding DT shell is plotted as a function of target radius. One
sees that the lQMD simulation (solid red line) predicts the DT
shell being behind the lLILAC case (DT shell is moving inward);
the lQMD simulation also gives a slightly lower density than
the lLILAC simulation. In the two simulations, we have kept all
inputs the same except for the different thermal-conductivity
model. Namely, we have employed the FPEOS for both CH19
and DT,59 the first-principles opacity table for DT,49 and a fluxlimiter model for thermal transport. The larger value of lQMD
causes more heat to flow into the high-density CD layer, while
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(a)

145.29. The pulse shape is shown in Fig. 145.28, which is
hydro-equivalently scaled from the above OMEGA target. It
consists of a 180-nm-thick DT layer with a 35-nm CD ablator.
The target diameter is about 3.43 mm, illustrated by the inset
in Fig. 145.28. Results from the two simulations are shown in
Fig. 145.29 for comparison. Figure 145.29(a) displays the DT
shell’s density as a function of target radius for both lLILAC
(blue dashed–dotted line) and lQMD (red solid line) simulations. Similar to what was found for the implosion case on
OMEGA, the NIF simulation using lQMD also indicates a slight
slowdown in the implosion. This causes the difference seen in
Fig. 145.29(b) at the start of the ignition burn. The comparison
in target performance is summarized in Table 145.IV.
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Table 145.III: Comparison of target performance of a typical
cryogenic DT implosion on OMEGA simulated
with lQMD versus lLILAC of CD. The subscript “n”
represents neutron-averaged quantities.
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Figure 145.27
Comparison of density profiles and hot-spot pressures predicted by two
hydrodynamic simulations using the new l QMD (red solid lines) and the
traditional lLILAC (blue dashed–dotted lines), respectively. (a) The end of the
pulse (t = 2.96 ns) and (b) the implosion reaching its peak neutron production
(t = 3.14 ns). The overall target performances are compared in Table 145.III.

The effects of l QMD are tested for a symmetric directdrive–ignition design on the NIF, as seen in Figs. 145.28 and

26

1.6 # 1014

1.9

Ppeak

105 Gbar

84 Gbar

GTiHn

4.17 keV

4.07 keV

GPHn

78 Gbar
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GtRHn

213 mg/cm2

208 mg/cm2

CD
DT ice

10
Laser intensity (×1014 W/cm2)

the electron temperature is reduced somewhat between the
ablation front and the conduction zone when compared to the
lLILAC case. This reduces the ablation efficiency, thereby leading
to a slightly slower implosion. When the DT shell stagnates at
t = 3.14 ns, the two simulations lead to certain differences in
target performance. The comparisons are made in Fig. 145.27(b)
for both peak densities in the shell and pressures in the hot spot.
The peak density drops from tp - 220 g/cm3 predicted by the
lLILAC simulation to tp - 180 g/cm3 in the lQMD simulation.
Also, the hot-spot peak pressure decreases from P - 105 Gbar
(lLILAC) to P - 84 Gbar (lQMD). Table 145.III summarizes
the overall comparison in target performance from the two
simulations with a variation in yield of +20%.
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Figure 145.28
The pulse shape and target dimension for a symmetrical ignition design on
the NIF.
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Density (g/cm3)
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The target performance is overall degraded in the lQMD
simulation when compared with the predictions from the traditional lLILAC simulation. The lQMD simulation predicts that
the hot-spot radius Rhot spot is slightly bigger and the hot-spot
convergence ratio Chot spot decreases relative to the lLILAC case.
The final gain is reduced by +15% in the lQMD simulation.
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Figure 145.29
Simulation comparison of the NIF design in Fig. 145.28 using the new
lQMD (red solid lines) and the traditional lLILAC (blue dashed–dotted lines),
respectively. (a) The predicted density profiles at the peak velocity (t = 13 ns)
and (b) hot-spot pressure and peak shell density compared for the two cases
at t = 14 ns. The overall target performance is compared in Table 145.IV.

Table 145.IV: Comparison of a NIF ignition design simulated
with lQMD versus lLILAC for CD.
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35
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Conclusion
Combining the first-principles methods of KSMD and
OFMD, the ionization and thermal conductivity of CH plasmas
for a wide range of ICF plasma conditions were investigated. The
derived average ionization from OFMD calculations has large
discrepancies with respect to the astrophysics model predictions
in warm dense CH plasmas. The global behavior of GZH and G Z 2 H
has been fitted with a proposed Saha-type ionization model,
which takes the continuum lowering and pressure ionization into
account. The derived effective charge Z eff = Z 2 Z is then
applied to the global fitting of thermal conductivities lQMD of
CH plasmas, using a generalized Coulomb logarithm (lnK)QMD.
The QMD-based models of Zeff and lQMD are implemented into
our hydrocode for ICF simulations. Compared with the traditional simulations using AOT-based Zeff and lLILAC, the new
simulations with QMD-based Zeff and lQMD have shown a 15%
to +20% reduction in target performance (yield and energy gain)
for both OMEGA and NIF implosions. It is anticipated that these
plasma properties of CH, derived from first-principles calculations, will improve the predictions of ICF implosions and other
HEDP experiments involving CH ablators. It may also further
stimulate the ongoing experimental efforts to measure thermal
conductivity in high-energy-density plasmas.60
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Demonstrating Ignition Hydrodynamic Equivalence
in Direct-Drive Cryogenic Implosions on OMEGA

Significant progress has been made over the last several
decades in beam smoothing. This includes distributed phase
plates (DPP’s),6 polarization smoothing with birefringent
wedges,7 smoothing by spectral dispersion (SSD),8 and induced
spatial incoherence.9 In addition to these improvements,
implementing adiabat shaping techniques10,11 to significantly
reduce Rayleigh–Taylor (RT) instability12,13 growth during
shell acceleration and demonstrating imprint mitigation with
mid-Z–doped ablators14 and high-Z target overcoats15 make the
direct-drive approach very attractive. The progress in directdrive research and the challenges in achieving ignition on the
NIF using x-ray drive suggests that direct drive as a viable
alternative for developing a burning-plasma platform in the
laboratory be considered.
Compared to x-ray drive, direct-drive targets couple a larger
fraction of laser energy into shell kinetic energy and internal
energy of the neutron-producing central region of the target
(hot spot) at peak fuel compression. Larger hot-spot energy
relaxes the requirement on shell convergence and hot-spot pressure in an igniting target. This can be shown with the help of a
commonly used ignition condition according to which plasma
self-heating is initiated by both PdV work and alpha-particle
30

deposition inside the hot spot, given the product of areal density
and ion temperature satisfies1,2,16,17
_tRihs # T L 0.3 g/cm # 5 keV ,
2

(1)

where t, Rhs, and T are the hot-spot density, radius, and temperature, respectively. Substituting expressions for the pressure
t hs = (1 + Z) tT/mi (Z is the average ion charge and mi is the
average ion mass) and internal energy E hs = 3/2 phsVhs (Vhs
is the neutron-averaged hot-spot volume) into Eq. (1) gives a
minimum pressure requirement (threshold) for ignition,
p hs > p thr = 250 Gbar d

E hs -1/2
n
, or
10 kJ

p hs
p hs
E hs
n
> 1,
P = p =d
250 Gbar 10 kJ
thr

(2)

where P is the ignition pressure parameter.
Figure 145.30 shows the dependence of the threshold pressure pthr on the hot-spot internal energy. Spherically symmetric direct-drive cryogenic designs on OMEGA couple up
500
400
pthr (Gbar)

Introduction
The main approach to ignition by means of inertial confinement fusion (ICF)1,2 currently pursued at the National Ignition
Facility (NIF)3 is x-ray (or indirect) drive, where the laser
energy absorbed in a high-Z hohlraum is re-emitted in the
form of x rays that drive the fuel capsule. In the other ICF
approach—direct drive—the target is driven by laser irradiation directly coupled to the plasma blowing off the imploding
capsule. The main advantage of the indirect-drive approach
is reduced sensitivity of drive uniformity to short-scale beam
nonuniformities. The main advantage of direct drive is a higher
coupling efficiency (by factor of 3 to 5) of laser energy into
kinetic energy of the shell (hydrodynamic efficiency) compared
to that of x-ray drive. The OMEGA Laser System4 and the KrF
laser NIKE at the Naval Research Laboratory5 have been the
principal facilities for direct-drive experiments in the U.S.
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Figure 145.30
Threshold hot-spot pressure pthr as a function of the hot-spot internal energy.
A typical hot-spot energy in an indirect- and a direct-drive implosion for a
National Ignition Facility (NIF)-scale laser energy is shown by the blue- and
red-shaded regions, respectively.
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to 0.44 kJ (out of 26-kJ incident laser energy) into the hot-spot
internal energy. Hydrodynamically scaled to the NIF, with a
laser energy of 1.5 MJ to 1.8 MJ, these designs are predicted to
couple 5# to 10 # more energy into the hot spot (25 kJ to 40 kJ,
depending on laser coupling efficiency; see the red-shaded
region in Fig. 145.30) compared to that of indirect drive (4 kJ
to 5 kJ; see the blue-shaded region in Fig. 145.30), resulting
in 2.5# to 3# lower hot-spot pressures required for ignition
(+120 Gbar to 150 Gbar for direct drive versus 350 Gbar to
400 Gbar for indirect drive). The required hot-spot size also
becomes smaller with a reduction in E hs. According to Eq. (2)
the hot-spot size scales as a square root of the internal energy,
leading to a hot-spot size that is a factor of 2.5 to 3 larger in a
direct-drive implosion compared to an x-ray-drive implosion.
OMEGA Cryogenic Implosions
To separate 1-D factors limiting the target performance
(drive efficiency, adiabat, etc.) from 3-D effects, a series of
dedicated experiments was performed on OMEGA with the
purpose of improving the accuracy of 1-D code predictions.
To identify critical implosion parameters, the 1-D scaling laws
for peak pressure, hot-spot energy, and the ignition-pressure
parameter are written in terms of implosion velocity vimp
(defined as the peak mass-averaged shell velocity), the drive
(ablation) pressure pabl, and in-flight shell adiabat a (Ref. 18),
p 1hs-D a

/3 10/3
p 1abl
v imp

a

E 1hs-D a E kin

P1-D a

,

/3
v 4imp

a

2/5 4/15
p abl

,

4
1/5
E kin v imp
p abl

a

6/5

.

(3)

The implosion velocity and shell kinetic energy Ekin are inferred
in an experiment by measuring the ablation-front trajectory and
mass ablation rate using self-emission imaging.19 The ablation
pressure is inferred from simulations that match the measured
ablation-front trajectory, mass ablation rate, bang time,20 and
scattered-light power and spectrum.21 Finally, the shockinduced adiabat is inferred by measuring shock velocities early
in the pulse using VISAR (velocity interferometer system for
any reflector).22 An additional fuel-adiabat increase caused by
hot-electron preheat is estimated by measuring the hard x-ray
signal23 and areal density24,25 in mid- to high-adiabat implosions (the areal density in 1-D, for a given laser energy, depends
mainly on the shell adiabat,26 tR + a−0.5). The estimate of the
LLE Review, Volume 145

shell-preheat effect based on the areal-density measurement is
valid only for implosions with a L 3.5 since shell integrity and
fuel compression in lower-adiabat implosions are compromised
because of the short-scale mix. A detailed comparison of 1-D
simulation results using the hydrocode LILAC27 with the data18
shows good agreement between the two for a variety of target
designs and drive conditions. One-dimensional simulations
include the nonlocal thermal-transport model,28 the ray-based
cross-beam energy transfer (CBET) model,29 and first-principle
equation-of-state models30 for both DT ice and the CD ablator.
An analysis of direct-drive implosions on OMEGA has shown
that coupling losses caused by CBET29 significantly reduce the
ablation pressure (as much as 40% on OMEGA and up to 60%
on the NIF-scale targets), implosion velocity, and shell kinetic
energy. Including such losses, a demonstration of the hydrodynamic equivalence of implosions on OMEGA to ignition designs
on the NIF requires that the shell’s in-flight aspect ratio exceed
the current stability threshold level (+22) (Ref. 18). One of the
CBET mitigation strategies31 involves using laser illumination
with a laser-beam diameter smaller than the initial shell diameter.
This, as demonstrated both theoretically and experimentally,
recovers some coupling losses and increases the ablation pressure. Since the effect of CBET is small early in the implosion,
when the density scale length and laser intensity are small, beamzooming schemes32 can be considered when the beam’s focal
spot at an early time is at the initial target radius (to maximize
the illumination uniformity), then reduced down to 0.6# to 0.7#
of the size at the beginning of the main drive.
While the implementation of zooming on OMGEA is still a
few years away, a test of the CBET reduction strategy was performed using “static” DPP’s, which produces focal spots smaller
than the initial target size throughout the entire drive pulse. New
distributed phase plates (called SG5, after the super-Gaussian
order of the focal-spot profile being close to 5) were designed and
installed on OMEGA with the purpose of studying CBET mitigation techniques. These plates have a lower focal-spot nonuniformity level compared to the existing DPP’s (so-called SG4). The
focal-spot radius was fixed at Rb = 410 nm (95% of laser energy
is encircled within radius Rb). The ratio of Rb to target radius
(Rt) was changed by varying Rt from 400 nm to 500 nm. Also,
on-target UV energy (available to implode larger targets) was
increased by implementing multiple-pulse driver lines (MPD)
on OMEGA. In the MPD mode, SSD is turned off during the
main pulse, making it possible to increase the UV energy from
26 kJ up to 29 kJ. In this configuration, however, the focal spot
becomes slightly elliptical (or more accurately, the 2-D superGaussian fit of the focal-spot profile has an azimuthal variation in
31
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Figure 145.31 shows target performance for different target diameters. The hot-spot pressure is inferred33 by using
the measured neutron yield, burn duration Dtburn (using both
neutron time-of-flight and framing-camera measurements
of x-ray burn duration), neutron-averaged ion temperature
(T i)n, and hot-spot size R17 (defined as the radius of 17% of
the peak-emission contour for x rays in the 4-keV to 7-keV
energy range) at bang time using a time-resolved Kirkpatrick–
Baez framing camera.34 Assuming an isobaric hot spot and
fitting the burn history to a Gaussian with full width at half
maximum (FWHM) = Dtburn, the maximum burn rate Nmax
relates to neutron yield Y as Nmax = 2Y ln 2 r Dt burn , where
Nmax = n T n D T 2 #V dV vv T 2 . Therefore, pressure at bang
hs
time can be determined using
p hs - =8Y ln 2 r d fD fT Dt burn

#V

hs

dV vv

1/2

T 2nG

, (4)

where GvvH is the cross section for D-T reactions, and fD
and fT are the fractions of D and T in the fuel, respectively. In
evaluating the spatial integral in Eq. (4) the following spatial
profile for the ion temperature (obtained using simulation
results) is assumed:
T _ri = Tc :1 - `r R hsj2 _1 - 0.15

3/2i 2/3

D ,

where Tc is the maximum hot-spot temperature, determined
by matching
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the super-Gaussian order). The azimuthally averaged focal-spot
profile has nSG = 6.14 and Rb = 388 nm. Using the MPD configuration for larger targets with Rt = 450 nm, 480 nm, and 500 nm
and the SSD driver for targets with Rt = 400 nm, 430 nm, and
450 nm, the ratio R b R t changed from 1.025 to 0.78. According
to simulation results (that matched the observables), the smallest target (Rt = 400 nm) has a vimp = 3.5 to 3.6 # 107 cm/s and
hydrodynamic efficiency (the ratio of the shell’s kinetic energy
to the total laser energy) of fhydro = 3.5%, while the largest target
has a similar implosion velocity, vimp = 3.6 to 3.7 # 107 cm/s,
but more than twice the hydroefficiency, fhydro = 7.2%. Such
an increase in hydroefficiency is caused partially by smaller
refraction losses experienced by a larger target (smaller R b R t
and larger density scale length) and partially by reduced CBET
losses. To quantify each effect, a simulation was performed with
Rt = 500 nm, where Rb was increased to match Rt. In such a
simulation, the implosion velocity was dropped by 17% to vimp =
3 # 107 cm/s and the shell’s hydrodynamic efficiency was reduced
by 20% down to fhydro = 5.8%.
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Figure 145.31
(a) Hot-spot pressure, inferred from experimental observables, as a function of
target size. (b) Inferred hot-spot pressure normalized to 1-D code predictions
versus the predicted shell convergence at 1-D bang time.
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hs

Tn
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with the measured (Ti)n, and, as follows from code predictions,
Rhs and measured R17 are related using Rhs = 1.06 R17.
The following two conclusions can be made based on results
shown in Fig. 145.31: first, the hot-spot pressure (both absolute
and relative to 1-D predictions) degrades with the target size;
second, there is a threshold of the shell’s convergence ratio,
CR 1-D -18 , beyond which the hot-spot pressure normalized
to the 1-D prediction drops from between 0.5 to 0.7 to between
0.3 to 0.5.
To understand these trends, one must consider the effects of
shell nonuniformity. The evolution of long-wavelength nonuniformities seeded by target offset, beam geometry, beam power
LLE Review, Volume 145
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Simulations of cryogenic implosions on OMEGA show that
the bubbles (areas of low-density material from the central region
that protrude into the higher-density shell) developed because of
the RT growth of long-wavelength perturbations ( K 5) during
shell deceleration, increasing the volume of the central region
/3 and
Vcntr and reducing the hot-spot pressure _ p hs a 1 V 5cntr
i
neutron yield. As the shell converges further, the bubbles eventually break out of the shell, quenching hot-spot confinement
and neutron yield. This is shown in Fig. 145.32. Since the burn
truncates earlier because of the 3-D effects, the inferred hotspot pressure reduces as a result of two effects: sampling and an
increased volume Vcntr of the central region surrounded by the
cold shell. Shifting the peak burn to an earlier time because of the
nonuniformity growth samples earlier stages of hot-spot formation when shell convergence and the central pressure have not yet
reached the peak values. The 3-D effects also increase the central
region volume, preventing the fuel material from stagnating and
effectively converting the shell kinetic energy into the internal
energy of the hot spot. To account for the first effect (early pressure sampling), Fig. 145.33 plots the inferred hot-spot pressure
normalized to the predicted pressure at the observed (earlier)
bang time as a function of 1-D shell convergence calculated at
the experimental bang time. Figure 145.33 shows that implosions
with a fuel adiabat a > 3.5 proceed close to 1-D predictions up to
a shell convergence of CR + 17. Further shell convergence does
not lead to additional PdV work on the hot spot because of the
RT growth of low-  modes. An additional limitation on target
performance at a lower fuel adiabat is caused by compromised
shell integrity resulting from short-wavelength nonuniformity
growth during shell acceleration.
In summary, the cryogenic campaign with a reduced beam
radius relative to the target radius `R b R t < 1j , performed
on OMEGA to reduce CBET losses, demonstrated increased
laser coupling and hydrodynamic efficiency. This coupling
enhancement, however, did not improve the target performance.
Numerical simulations indicate that long-wavelength nonuniLLE Review, Volume 145
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Figure 145.32
(a) Neutron-production rate calculated using the code ASTER without (blue
solid line) and with (red solid line) the effects of long-wavelength nonuniformity growth. (b) Simulated shell density maps at times indicated by (1) and (2).
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imbalance, and mispointing is studied using the 3-D hydrocode
ASTER.35 This code includes 3-D hydrodynamics, ion and
electron thermal conduction (the flux-limited Spitzer model),
the CBET model, bremsstrahlung radiation losses, and nuclear
reactivities. A simplified 3-D model of laser deposition is used,
assuming a spherical symmetry of the plasma corona in the
laser-deposition region, when performing ray tracing of individual beams (this approximation is justified because of strong
lateral thermal-conduction smoothing in the high-temperature
corona in direct-drive implosions). The beam power, timing,
and pointing, however, can vary from beam to beam.
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Figure 145.33
Inferred hot-spot pressure normalized to the 1-D predictions calculated at
the experimental bang time versus 1-D shell convergence at the experimental
bang time.

33

Demonstrating Ignition Hydrodynamic Equivalence in Direct-Drive Cryogenic Implosions on OMEGA
formities caused by target offset and power imbalance lead to
an increased target central volume and early burn truncation.
This effect is exacerbated by reduction in beam overlap when
target size increases relative to beam size. Demonstrating
hydrodynamic equivalence on OMEGA will require minimizing large-wavelength uniformities seeded by power imbalance
and target offset and reusing target debris accumulated during
cryogenic target production.
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A Neutron Temporal Diagnostic for High-Yield
DT Cryogenic Implosions on OMEGA
Introduction
The temporal history of the neutron production in inertial confinement fusion (ICF) experiments1 is an important diagnostic
signature. In ICF experiments, shells filled with deuterium (D2)
or a deuterium−tritium (DT) mixture are compressed by either
direct laser illumination,2 soft x-ray radiation in a laser-heated
hohlraum,3 or strong magnetic fields4 to conditions under
which thermonuclear fusion occurs. The temporal width of the
neutron signal is usually of the order of 100 ps. Experimental
signatures from the temporal history of the neutron production are the rising edge of the measured neutron rate, which
is influenced by the shock transit through the capsule;5 the
peak of the neutron rate (bang time),6 a measure of the energy
absorbed in the imploding shell; and the trailing edge of the
neutron rate that encodes information about material mixing
during the stagnation phase of the implosion.7
Time-resolved neutron measurements on ICF experiments
generally use either a scintillator to convert the neutron energy
into visible light8 or chemical-vapor–deposition (CVD) diamond
detectors,9 which convert the neutron energy directly into an
electrical charge. The light from the scintillator is either converted into an electrical signal using a fast photomultiplier tube
(PMT) or recorded on a fast optical streak camera.10,11 The PMT
or CVD-based neutron bang-time diagnostics12–16 do not have
the temporal resolution to resolve the details of the neutron pulse;
they measure solely the neutron bang time. Only the streakcamera−based neutron temporal diagnostics (NTD’s)10,11 are
capable of resolving the details of the neutron temporal history.
High-performance, layered cryogenic DT implosions17 on
the OMEGA laser18 at the Laboratory for Laser Energetics
(LLE) present a particular challenge in measuring the neutron
history because of the high-DT neutron yields (+5 # 1013) and
a short neutron-production width (of the order of +50 ps). The
size of the cryogenic target shroud system11 prevents the placement of the scintillator of the NTD system sufficiently close
to the target to minimize Doppler broadening of the neutron
pulse, which severely compromises the time resolution of the
NTD.10 A dedicated cryogenic-compatible neutron tempo36

ral diagnostic (cryoNTD) was developed at LLE to provide
high-resolution neutron-emission measurements for D2-filled
cryogenic implosions,11 but the placement of the streak camera
close to the target chamber prevents recording data at high-DT
yields because of the excessive neutron background. This article
describes the setup of a new NTD system at LLE designed for
high-performance, layered DT cryogenic implosions mounted
in port P11 of the OMEGA target chamber (P11-NTD). The
next section presents the setup of this system. The scintillator
can be inserted as close as 9 cm from the target in cryogenic
experiments without interfering with the cryogenic target systems. The streak camera is placed in a well-shielded location
>10 m from the target, with an +16-m-long optical relay system
transporting the optical signal from the scintillator to the streak
camera. The remaining sections report on the performance of
the shielding setup, present the temporal impulse-response
calibration procedure of the P11-NTD system, and analyze the
first experimental results.
Setup of the Detector System
A CAD drawing of the P11-NTD system setup is shown in
Fig. 145.34. The front-end scintillator insertion mechanism is
a re-entrant into the OMEGA target chamber. A 6-mm-diam,
1-mm-thick plastic scintillator (Bicron BC422) (Ref. 19) is
placed in a tungsten-alloy–shielded nose cone,10 which can
be inserted between 2 cm and 25 cm from the target. The first
section of the optical relay system is housed inside the front
end. The second section of the optical relay, the Target Bay wall
periscope, is mounted to the OMEGA Target Bay shield wall.
The optical path then leads from the OMEGA building into
the OMEGA EP plenum, where the Rochester Optical Streak
System (ROSS)20 camera is mounted on an optical table.
1. Neutron Shielding
Historically, the streak camera of an NTD system has been
placed close to the target chamber to minimize the length of
the optical relay system.10,11 This approach works very well
for moderate yields (<1 # 1013 neutrons) but does not provide
enough shielding to suppress the backgrounds for the highDT neutron yields (up to 5 # 1013) produced in cryogenic DT
LLE Review, Volume 145
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2. Optical System
With the location of the streak camera in a separate building, a
relatively complex 16.2-m-long optical path had to be designed.
The light collection and transfer system (Fig. 145.36) transports
the light from the scintillator to the input plane of ROSS. A fast
three-element f/2 lens system collects the light from the scintillator with high efficiency. An optical system using a movable
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implosions on OMEGA.17 To improve the shielding, the streak
camera for the P11-NTD was placed behind the primary shield
wall of the OMEGA target area in the OMEGA EP plenum
(see Fig. 145.35). This location provides a standoff distance to
the target of +11.4 m, with +1.7 m of concrete in the direct line
of sight, which penetrates the OMEGA Target Bay floor, the
OMEGA Target Bay retaining wall, and a brick facing wall. It is
well known that the performance of a neutron shielding system
depends not only on the shielding thickness in the direct line of
sight, but also on the number and area of openings such as doors
and holes in the shielded volume, which allow scattered neutrons
to escape the target area.21 Since there is a large +1-m-diam hole
under the target chamber, an +1-m-diam beam tube that carries
the OMEGA EP laser pulse from OMEGA EP to OMEGA for
joint experiments,22 and a number of doors into the room under
the target area, the performance of this shielding will be worse
than a simple estimate using the thickness of the direct line of
sight would indicate.

ff:
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Figure 145.34
A CAD drawing of the P11-NTD (neutron-temporal-diagnostic) detector system integrated into the Omega Laser Facility. A front-end system re-entrant
into the target chamber positions the scintillator distances between 2 to 25 cm
from the target. An optical relay partially housed in the Target Bay wall
periscope structure transports the scintillator light through a penetration in
the OMEGA shield wall to a ROSS streak camera in the OMEGA EP plenum.
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Figure 145.35
A CAD drawing of the P11-NTD shielding setup. The ROSS streak camera
is placed 11.4 m from the target. The 60-cm-thick OMEGA target area floor
and 80-cm-thick Target Bay shield wall provide most of the neutron shielding.
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Figure 145.36
A drawing of the optical layout of the relay optics. A fast three-element f/2 lens
system collects (CL) the light from the scintillator. A zoom (ZL) and field lens
(FL0) relay the light through the vacuum window to an intermediate image
plane (IP0). A four-stage optical relay, each consisting of an achromatic
relay lens (RL1–4) and a field lens (FL1–4), transports the light from the first
intermediate image using seven mirrors (M1−M7) to a second image plane
(IP1). A three-element focus lens system (FS) focuses the light onto the slit
of the streak camera.
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zoom lens and a field lens relays the light from the scintillator
to an intermediate image plane outside the target chamber. The
location of the zoom lens is adjusted to keep the location of the
intermediate image plane fixed. A four-stage optical relay, each
consisting of an achromatic relay lens and a field lens, transports
the light from the first intermediate image plane to an image plane
close to the ROSS camera on the optical table in the OMEGA EP
building. A three-element achromatic f/4 lens system focuses
the light from the last image plane onto the photocathode of the
ROSS. Since the optical path is not a straight line, seven turning
mirrors were required to relay the light from the target chamber
through the OMEGA shield wall into the OMEGA EP building.
High-quality broadband antireflective (AR) coatings were used
on the lenses with a typical loss of +0.3% per surface, at normal
incidence and dielectric high-reflective (HR) coatings were used
on the mirrors with a reflectivity of >98.5% over the full spectral width of the scintillator emission from +350 nm to 450 nm
(Ref. 19). The total transmission of the system was estimated to
be +55%, with +20% losses in the lens material, +25% in the
AR coatings as a result of the incident angular range, and +10%
in the HR coatings.

comb generator onto the ROSS photocathode. The signal from
this comb generator can be used to linearize the sweep speed
of the streak camera.
Shielding Performance
Figure 145.37(a) shows the charge-coupled–device (CCD)
image recorded by the P11-NTD diagnostics from a high-yield
DT cryo shot (2.6 # 1013 neutrons). Four of the eight fiducial
pulses are visible at the top of the image and six of the pulses
from the 2-GHz comb generator are seen at the bottom. The
CCD image shows very little background compared to the CCD
image recorded with the previous-generation NTD system,
called H5-NTD [see Fig. 145.38(a)], at the same yield level. The
H5-NTD diagnostic also uses a ROSS streak camera, which
is mounted +3 m from the target in the Target Bay, shielded
by 50 cm of CH in the direct line of sight and 10 cm of CH in
all other directions. Figures 145.37(b) and 145.38(b) show the
respective horizontal lineouts through the signals summed over
the whole vertical width. Since the scintillator has a very fast
rise time of <20 ps and a decay time of +1.2 ns, the neutron(a)

Even though the optical system is corrected for chromatic
aberrations, the chromatic velocity dispersion caused by the
change in index of refraction with wavelength will introduce
a broadening of the impulse response. Using published values
for the index of refraction23 of the glasses used in the optical
system, this effect was estimated for the optical ray passing
through the center of all optics to broaden the full width
at half maximum (FWHM) of the instrument response by
+8 ps given the spectrum of the scintillator light emission.
This value should be considered an upper limit since most of
the light passes through thinner glass than the center ray and
consequently experiences less chromatic velocity dispersion.

A similar system to the one that images the OMEGA fiducial
on the photocathode is used to image the light from a 2-GHz
38

(b)
ADU’s (×105)

In addition to the signal from the scintillator, light from the
OMEGA fiducial system is delivered via an optical fiber and
imaged onto the streak camera using an optical system internal
to the ROSS camera. The OMEGA fiducial consists of a series
of eight pulses spaced 548 ps apart and is amplified separately
from the main laser pulse, split, and distributed to various
diagnostic instruments for precision timing. This fiducial is
also recorded on the P510 ultraviolet streak camera,24 which
measures the laser pulse shape. The common optical fiducial
serves as a reference for both the neutron signal and the laser
pulse, thereby enabling accurate timing of the NTD signal.
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Figure 145.37
(a) A charge-coupled–device (CCD) image from P11-NTD from a high-yield
DT cryo shot (2.6 # 1013 neutrons) and (b) a horizontal lineout through the
signal summed over the whole vertical width in analog digital units (ADU’s).
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Figure 145.39
Setup of the calibration of the P11-NTD impulse response using x rays from
an Au target illuminated by a short OMEGA EP laser pulse (10 ps). The
2-mm-thick Hevimet nose cone allows only hard x rays (>200 keV) to interact
with the scintillator.
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Figure 145.38
(a) A CCD image from H5-NTD from a high-yield DT cryo shot (2.6 #
1013 neutrons) and (b) horizontal lineout through the signal summed over
the entire vertical width.

production history information is encoded in the leading edge
of the pulse. The most-prominent feature of the background on
the H5-NTD signal is a spike at +2.5 ns, which is most likely
caused by scattered neutron background present during the
retrace of the streak, which starts a few microseconds after the
sweep. The signal-to-noise on the P11-NTD system is +50, which
is an +200 # improvement over H5-NTD with a signal-to-noise
ratio of + 0.25 at this yield level. As expected, this improvement
is less than the difference the line-of-sight shielding and solid
angle (10 # improvement resulting from distance) would indicate.
Impulse-Response Calibration
The impulse response of the full P11-NTD including the
scintillator, optical transport, and streak camera was measured
using x rays from a target illuminated by a short laser pulse
(10 ps) from OMEGA EP (see Fig. 145.39). The shielding from
the 2-mm-thick tungsten alloy nose cone allows only hard
x rays (>200 keV) to interact with the scintillator. Hard x rays
are a reasonable substitute for neutrons to generate light in the
scintillator because they interact mostly via Compton scattering
in the CH scintillator substrate, which generates fast electrons.
LLE Review, Volume 145

These >100-keV electrons generate electron-hole pairs similar
to the MeV protons produced by the elastic scattering from an
incident neutron. Even though the electron-hole pair density
for the fast electron is significantly lower than that for a proton because of the difference in stopping power, it is a better
substitute for neutron interaction relative to the excitation of
the scintillator by UV irradiation, which interacts mostly with
the dyes in the scintillator.25
For calibration, the OMEGA EP laser was defocused to
spot sizes between 150 and 175 nm and the pulse energy was
reduced to + 400 J to optimize the signal on the P11-NTD
streak camera. The target was an Au foil of 500 # 500 # 10-nm
size. Figure 145.40(a) shows the temporal history of the signal
from four laser shots with different focal-spot conditions for
a 3-ns streak-camera sweep window. This signal is obtained
by removing the effect of the long scintillator decay from the
recorded signal using a “physical-modeling” approach for the
deconvolution.11 The signal ni at the pixel location i is given
as the recorded signal si minus the sum of all earlier neutron
signals, which decay exponentially at the scintillator fall time
x, with Dtp as the time separation of two pixels:

ni = si -

i-1

/

j=0

_i - ji # Dt p
G.
x

nj exp =

(1)

The signals from the x-ray calibration show a stable center
section of approximately Gaussian shape with a FWHM of
+50!2 ps, as well as a shoulder (at the start of the signal) and
a tail, which both vary with focus condition [see Fig. 145.40(a)].
The shoulder ahead of the main pulse is most likely caused by
Cherenkov radiation from MeV Compton-scattered electrons in
the f/2 collection system since a MeV electron gains +20 ps/cm
on light in glass. The tail after the pulse could be from subrela39
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Figure 145.40
(a) Unfolded P11-NTD signals from the impulse response calibrations with a 3-ns sweep window at different focus conditions of the short-pulse laser. A 50-ps
FWHM Gaussian fit matches the central part of the signal well. (b) Unfolded P11-NTD signals from the impulse response calibrations with a 1.5-ns sweep
window; both a 30-ps and a 40-ps Gaussian are shown.

A single shot was taken with a faster sweep speed corresponding to a 1.5-ns sweep window [see Fig. 145.40(b)].
Because of the degraded signal-to-noise, a stable fit of a Gaussian to the peak of the signal is no longer possible; several different fits with 30- to 40-ps FHWM are consistent with the data.
To infer the impulse response of the P11-NTD system, the width
of the x-ray pulse must be subtracted. Since there is no independent
measurement of the x-ray pulse duration, simple estimates must
be used. A good estimate of the minimum x-ray pulse duration is
+15 ps because the laser pulse is +10 ps long and the hot electrons
generated in the laser–target interaction typically have a lifetime
of a few picoseconds.26 The maximum pulse duration cannot be
longer than the shortest measured pulse duration with the 1.5-ns
sweep of +35 ps. Consequently, a reasonable estimate of the x-ray
pulse duration is 25!10 ps. Subtracting the x-ray pulse in quadrature from the measured FWHM of the signal yields an impulse
response of +40!10 ps for the 3-ns sweep window and +25!10 ps
for the 1.5-ns sweep window, respectively.
Data Analysis
Figure 145.41 shows the inferred neutron rate from the
deconvolved P11-NTD signal recorded on a recent DT cryogenic implosion on OMEGA with a neutron yield of + 4 # 1013.
The measured neutron temporal history is broadened by several
40

1024
Neutron rate (n/s)

tivistic electrons generated in the laser–target interaction hitting
the high-Z nose cone, generating hard x-ray bremsstrahlung.
Both of these effects should scale with laser intensity since the
slope of the electron energy distribution should be steeper for
a lower laser intensity, which corresponds to a lower number
of high- and medium-energy electrons.
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Figure 145.41
Unfolded P11-NTD signal from a high-yield cryo shot (neutron yield of
+ 4 # 1013), compared to results from 1-D LILAC hydro simulations.

different mechanisms, which must be subtracted to measure the
actual width of the neutron pulse from the target. Broadening
the neutron energy spectrum caused by the high temperature
of the thermonuclear plasma leads to an arrival time spread in
the scintillator for DT neutrons:10
DT

Dt T = 122 T # d ,

(2)

where Dt DT
T is the FWHM of the spread in picoseconds, d is
the target-to-detector distance in meters, and T is the neutronaveraged ion temperature in keV. For a 10-cm distance of the
P11-NTD scintillator to the target, this effect broadens the
signal by +25 ps at a 4-keV ion temperature, which is typical for most of the high-yield cryo implosions on OMEGA.
Additionally, the finite neutron transit time through the scintilLLE Review, Volume 145
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lator Dt s = Dx v n broadens the signal by Dt DT
s = 20 ps for a
scintillator thickness of D x = 1 mm and a DT neutron speed of
vn = 5.12 cm/ns. Since the shape of the neutron rate is not far
from a Gaussian, the impulse response of the instrument, the
thermal broadening, and the transit time spread can be subtracted from the measured FWHM of the signal in quadrature
to infer the actual neutron pulse width. For a measured FWHM
of the neutron signal of 82!2 ps, the resultant neutron pulse
width is calculated to be 65!6 ps.
An alternative method of interpreting the experimental
data is to convolve the calculated neutron rate from a simulation with the experimental broadening and compare it to the
measured signal. Figure 145.41 compares the results of a 1-D
LILAC simulation of the cryogenic implosion17 convolved with
the experimental broadening and the P11-NTD data. Since the
absolute timing of the NTD instruments is typically of the order
of 50 ps (Ref. 11), the simulation data were shifted by +20 ps to
better align with the rising edge of the experimental data. The
simulation matches the experimental data very well on the rising edge over more than one order of magnitude in neutron rate.
The experimental and simulated neutron rates start to deviate
from each other close to the peak of the neutron pulse, with the
experimental rate significantly lower than the simulation. This
deviation is believed to be caused by 3-D effects, which mix
cold material into the hot core plasma, quenching the neutronproduction rate earlier than expected in the 1-D simulations.7
Summary and Outlook
A new neutron temporal diagnostic (P11-NTD) has been
developed to measure the temporal history of the neutron
production in high-yield, high-performance cryogenic DT
implosions on OMEGA. The ROSS streak camera recording
system was placed +11 m from target chamber center behind
the primary shield wall, which reduced the neutron background
by a factor of +200. The remote location of the streak camera
required the construction of a complex 16.2-m-long image relay
to transport the light from the scintillator to the streak camera.
The impulse response of the P11-NTD system was measured
using hard x rays generated from the interaction of the 10-ps
OMEGA EP laser pulse with an Au target. With the standard
3-ns sweep window an impulse response of + 40!10 ps was
inferred, which makes it possible to measure + 65-ps FWHM
neutron pulses with an accuracy of +10%. Preliminary measurements of the impulse response of the system using a
1.5-ns sweep window showed an improved impulse response
of +25!10 ps, which would enable the P11-NTD to measure
+50-ps FWHM neutron pulses with +10% accuracy once this
mode of operation is fully validated.
LLE Review, Volume 145

The technique of placing the streak camera of a NTD system outside the bioshield could be relatively easily adapted
to larger ICF facilities like the National Ignition Facility
(NIF)27 or Laser Mégajoule (LMJ).28 With a typical distance
of the shield wall of +15 m from the target, an NTD on these
facilities would need an +20-m-long optical relay, which could
be designed without compromising the temporal resolution.
Given the much-higher neutron yields at the NIF or LMJ, the
constraints on the optical transmission of the relay system are
significantly relaxed and a narrowband (2- to 10-nm) optical
filter at the peak of the scintillator emission spectrum could
be used to minimize the chromatic group velocity dispersion.
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The Role of HfO2 SiO2 Thin-Film Interfaces in Near-Ultraviolet
Absorption and Pulsed-Laser Damage
Introduction
It has been well established that nanosecond-pulse laser damage of multilayer coatings comprised of HfO 2 SiO 2 pairs
in the near-ultraviolet (near-UV) spectral range is initiated
in the high-index HfO2 component of the coating. Still, very
limited information about optical and structural properties of
interfacial areas between layers renders interfaces as a probable source of enhanced absorption and damage. The reduced
E-field design,1 which moves intensity peaks away from interfaces into the more-damage–resistant SiO2 layer, frequently
improves damage threshold2 but does not clarify the role of
interfaces in laser damage. The only (to our knowledge) study3
directly addressing interface absorption and its role in pulsed
laser damage used a 1064-nm laser wavelength, with e-beam–
deposited metal oxides (including HfO2) and SiO2 as high- and
low-index materials, respectively. In that study, based on comparative absorption and damage-threshold measurements for
half-wave stacks with numerous interfaces and a single-layer
high-index material, HfO 2 SiO 2 interfaces made a significant
contribution to total absorption and produced lower damage
thresholds compared to a single HfO2 layer. In this work a
similar approach is used, but with different coatings designs, to
study the contribution of HfO 2 SiO 2 interfaces to absorption
in the near-UV and their role in the nanosecond-pulse damage
initiation. One of the study goals is to explore how interfaces
perform in coatings with different porosity and packing density.
For this purpose the coatings were deposited using two techniques: (1) conventional electron-beam evaporation, typically
producing rather porous films, and (2) ion-beam sputtering,
which creates very densely packed films with sharp interfaces.4
Despite the difference in thin-film structure, we found that
in both cases the interfaces contribute insignificantly to total
absorption and are not the main source of damage initiation.
Experimental
The coatings containing HfO2 and SiO2 materials were
manufactured using either e-beam evaporation with a rate of
1.2 Å/s and 4.6 Å/s for HfO2 and SiO2, respectively, and an
oxygen backfill pressure of 2 # 10 –4 Torr, or reactive ion-beam
sputtering, with no assist ion gun, and post-deposition annealing at 300°C for 8 h. The two types of coating samples—single
LLE Review, Volume 145

HfO2 layer and HfO 2 SiO 2 multilayer—were manufactured
using a design shown schematically in Fig. 145.42. In the case
of e-beam deposition, both samples were prepared in a single
vacuum cycle run using shutters beneath the single-layer sample
during thin SiO2 layer deposition. This approach ensured that
exactly the same HfO2 material and deposition conditions
were used for either film formation. The ion-beam–sputtered

25 nm

Seven layers of HfO2
HfO2

17 nm

SiO2

500 nm SiO2
Fused-silica
substrate
Single HfO2 layer

HfO2

174 nm

500 nm SiO2
Fused-silica
substrate
G10628JR

Figure 145.42
Schematic of the film containing seven HfO2 layers separated by narrow SiO2
layers and a single layer of HfO2 film.
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coatings were prepared in two separate coating depositions
because of hardware limitations. Based on the high reproducibility of the sputtered-coating optical parameters measured
for a number of runs, we anticipate that it should not affect the
outcome of the experiment.
It is important to note here that a comparative laser-damage
study imposes a few stringent requirements on the thin-film
design and the resulting laser intensities inside the films. The
thin-film structure should not change with the increasing HfO2
layer thickness (the deposition conditions described above were
selected to accomplish this goal); the total integrated HfO2 layer
thickness should be the same for single-layer and multilayer
films, and E-field intensities inside both types of film samples
must be comparable (preferably very close in value). To fulfill
these requirements, HfO2 single-layer films and HfO 2 SiO 2
multilayer films were manufactured with a total HfO2 material
optical thickness equal to one wave at 355 nm, which corresponds to a physical thickness of 174 nm. The multilayer film
(a)

was comprised of seven HfO2 layers, each 25 nm thick, separated by 17-nm-thick SiO2 layers (see Figs. 145.42 and 145.43).
The thickness of the SiO2 layers in the multilayer film
(seven-layer film for future reference) was optimized to produce
an E-field peak and average intensity as close as possible to
the E-field intensity in the single-layer film (see Fig. 145.44).
High-resolution transmission electron microscopy (TEM) along
with x-ray diffraction (XRD) analysis (depicted in Fig. 145.45)
reveals a fully amorphous, highly homogeneous film structure
for both the seven-layer and single-layer sputtered films. The
seven-layer film’s interfaces [Fig. 145.45(a)] are sharp, have
a roughly estimated width of 2 nm to 4 nm, and indicate no
locally increased defect density. The e-beam–evaporated films
were also mostly amorphous, but interfaces were not as clearly
defined compared to the sputtered films [(see Fig. 145.43(c)].
The coatings were deposited on polished fused-silica
substrates with a 500-nm-thick SiO2 layer that served as an

(b)

(c)

(d)

HfO2
SiO2
170 nm
50 nm

HfO2

50 nm

100 nm

100 nm

G10670JR

Figure 145.43
Transmission electron microscopy (TEM) images of sputtered HfO2 films: (a) seven layer and (b) single layer. The top-most conductive layer in (a) and (b) is
for TEM imaging purposes only. Electron microscopy images of electron-beam–deposited HfO2 films: (c) seven layer and (d) single layer.
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Figure 145.44
E-field intensity distribution in (a) seven-layer and (b) single-layer films.
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(a)

(b)

SiO2

Figure 145.45
(a) A high-resolution TEM image of a seven-layer
sputtered film shows a homogeneous structure
with sharp interfaces and no evidence of local
increased defect density. (b) X-ray diffraction
(XRD) analysis confirmed a fully amorphous
structure in both types of sputtered film.

HfO2
5 nm

SiO2

50 l/nm
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insulator from defects introduced into the substrate during the
finishing process. While not fully suppressing damage initiation by these defects, introducing such an additional SiO2 layer
leads to distinct substrate defect-driven damage morphology,
which could be easily separated from damage initiated inside
the HfO2 film or interfaces (see Damage Thresholds, p. 46).
The absorption of the samples was characterized using a
continuous-wave, 355-nm laser along with the following two
methods: laser calorimetry (LC) and photothermal heterodyne
imaging (PHI). The LC method detects heat generated through
absorption of laser light and conducted by the film to the
calibrated detector located on the front sample surface.5,6 This
method delivers absolute absorption values with good accuracy.
The PHI method is a pump–probe laser technique based on
the scattering of the probe light caused by local heating of the
material by a tightly focused modulated pump beam.7,8 The
PHI method has high sensitivity and submicron spatial resolution but is more suitable for relative measurements because
it is very difficult to achieve absolute calibration. Also, since
this method is based on modulation of the refractive index of
the material, it might be sensitive to the presence of different
materials in the multilayer film. For that reason, we will consider LC as the main method of absorption characterization
and PHI only as a complementary method.
Laser irradiation of samples was conducted mostly in a 1-on-1
regime (single-pulse irradiation of each sample site) using either
351-nm, 1-ns pulses [at the Laboratory for Laser Energetics
(LLE)] or 355-nm, 5-ns pulses [at the Laser Zentrum Hannover
(LZH) facility]. The 5-ns pulses were also used with 100-Hz
frequency for the multipulse irradiation testing (10,000 pulses in
this case) of each site at a fixed laser fluence. In addition, to probe
changes in the interfacial structure as compared to the HfO2 film
LLE Review, Volume 145

structure (see Femtosecond Damage Behavior as a Sensitive
Tool to Detect Structural Changes and Its Application to
HfO 2 SiO 2 Interfaces, p. 49), single-pulse irradiation with
1053-nm, 600-fs pulses was conducted for both types of samples
in vacuum (to avoid the self-focusing effects in air). Damage
was detected using 110 #-magnification dark-field microscopy or
150 #-magnification Nomarsky microscopy. Laser-damage morphology was further investigated using atomic force microscopy
(AFM) and scanning laser microscopy (SLM) as high-resolution
tools. The high-spatial-resolution study of damage morphology
was essential for separating the contribution to damage from
film defects and defects residing in a subsurface layer of the
substrate. The latter defects gave rise to large damage craters of
up to +10 nm in diameter, which, after high-resolution mapping,
were excluded from damage statistics.
Results and Discussion
1. Absorption Measurements
Absorption-measurement data may provide guidance for
anticipated optical losses in the laser system and, in some cases,
for nanosecond-pulse damage performance of HfO2 films.8 For
this study, the total contribution to near-UV absorption in the
seven-layer film can come from two sources: structural defects in
HfO2 layers of the film and defects residing within the interfacial
structure (absorption inside SiO2 layers is negligibly small).
Considering additivity, total absorption Atotal may be
presented as follows: A 7total = A HfO 2 + A interface for the sevenlayer film, and A 1total = A HfO 2 for the single-layer film, where
the superscripts 7 and 1 represent seven-layer and single-layer
films, respectively.
Consequently, since the total thickness of seven hafnia layers
is equal to the thickness of the single-layer film, a large-enough
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contribution from interfaces should result in a larger total absorption for the seven-layer film as compared to the single-layer film.
Absorption-measurement results are summarized in Table 145.V.
LC measurement results show, within a margin of error, nearly
equal absorption in both seven-layer and single-layer film samples and almost two times higher absorption in the single-layer
e-beam film as compared to seven-layer film. This result points
to an insignificant contribution to absorption from interfaces.
The PHI method shows an even smaller relative absorption
for a seven-layer film containing numerous interfaces that might
be partially attributed (as discussed in Experimental, p. 43) to
different conditions for signal formation (not just absorption)
in single-layer and seven-layer films. Still, a 50% difference in
the case of sputtered films and an even higher ratio for e-beam
films indicates a small contribution from interfaces.

2. Damage Thresholds
The transparent nature of the coatings involved in this study
required the careful separation of damage originating from
film volume (seven-layer film or single-layer film) and from
substrate–subsurface defects introduced during the substratefinishing process. The presence of an isolating 500-nm-thick
SiO2 layer (see Fig. 145.42) leads to much deeper and larger
damage craters initiated by substrate defects, compared to
craters formed by absorption inside the HfO2 layers. AFM
mapping clearly reveals this difference (see Figs. 145.46 and
145.47) and allows one to exclude craters initiated by substrate
defects from damage statistics.
To find the 351-nm, 1-ns damage threshold, ten sample sites
were irradiated with a different laser fluence, and subsequent
AFM mapping enabled us to acquire the damage-crater statistics depicted in Fig. 145.48. The thresholds were obtained by

Table 145.V: The 355-nm absorptance of seven-layer and single-layer films measured by laser calorimetry (LC) and photothermal heterodyne imaging (PHI) signals produced with a 355-nm pump laser.

LC (%)

Film type

PHI signal (nV)
Ion beam
e-beam

Ion beam

e-beam

Seven layers

0.14±0.01

0.015±0.001

31.5±0.5

0.24±0.10

Single layer

0.13±0.01

0.027±0.002

47.0±0.5

1.28±0.16
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Figure 145.46
Atomic force microscopy mapping of damage morphology in sputtered films: (a) 30 # 30-n m image of the seven-layer film. Large (+10-n m-diam) craters originate
from a location corresponding to substrate–subsurface defects and much smaller (#2-n m-diam) craters originate from the film volume; (b) cross-sectional profile
through a crater originating inside the seven-layer film; (c) cross-sectional profile through a crater originating inside the single-layer film.
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linear fitting and extrapolation of the trend line to the fluence at
which the number of craters is equal to zero. It should be noted
that in the case of the e-beam–deposited, seven-layer film, only
the upper limit of the threshold value was estimated because of
collateral damage caused by substrate defects at laser fluences
exceeding 8 J/cm2. Below this fluence level no craters originating from the film volume were found using AFM mapping.
In the case of 355-nm, 5-ns pulse irradiation, damage
morphology was analyzed using 150 #-magnification optical
microscopy and, for crater profiling, SLM (see Fig. 145.49).
Similar to AFM mapping, SLM analysis made it possible
to separate the damage originating within the film volume
from the substrate-defect–driven damage. Damage thresholds
were obtained from the damage probability curves shown in

(a)

100

(b)

900

Fig. 145.50. The threshold measurement results are summarized
in Table 145.VI.
The thresholds increase only marginally with the pulse-length
increase (practically no scaling), which might be explained by
different methodology used to derive the thresholds at the two
Table 145.VI: Damage thresholds of ion-beam–sputtered and
e‑beam–evaporated films.

Film type
Single layer
Seven layer

Thresholds (J/cm2)
351 nm, 1 ns
Ion beam
e-beam
5.5!0.3
4.5!0.3
$8
6.5!0.3

(d)

(c)

2

355 nm, 5 ns
Ion beam
6.2!0.5
7.5!0.5
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0

nm
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nm

nm

nm
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1

0
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0

0
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0
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1
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Figure 145.47
Atomic force microscopy mapping of damage morphology in e-beam–deposited films: (a) 100 # 100-n m image of the seven-layer film irradiated with a 5.9-J/cm2
fluence. Damage morphology is dominated by craters initiated by substrate defects; (b) cross-sectional profile through a typical crater showing depth corresponding
to substrate–subsurface absorbing-layer location (+800 nm); (c) 2 # 2-n m image of the single-layer film irradiated with a 4.6-J/cm2 fluence, which shows a crater
originating from within the HfO2 film volume; and (d) cross-sectional profile through the crater shown in (c).
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Figure 145.48
The number of damage craters originating from sputtered HfO2 films as a function of 351-nm, 1-ns laser fluence for (a) seven-layer and (b) single-layer films.
The thresholds are obtained by linear extrapolation to the fluence at which the number of craters is equal to zero.
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Figure 145.49
Optical microscope images of damage morphology of sputtered films irradiated at close-to-threshold conditions: (a) seven-layer film irradiated at 7.7 J/cm 2 and
(b) single-layer film irradiated at 6.3 J/cm 2. (c) An example of crater cross-sectional analysis using scanning laser microscopy (SLM).
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Figure 145.50
Damage-probability curves resulting from 355-nm, 5-ns irradiation of sputtered films: (a) seven-layer and (b) single-layer film. The thresholds are obtained
by a linear extrapolation to zero probability.

different facilities (LLE and LZH). More importantly, these
results obtained for thin films with distinctly different morphology—densely packed ion-beam–deposited films and highly
porous e-beam films—demonstrate higher nanosecond-pulse
damage resistance for the film containing numerous HfO 2 SiO 2
interfaces as compared to a single-layer HfO2 film. Note that the
E-field peak intensity in the seven-layer film is slightly (+7%)
higher than that in the single-layer film, which means that the
threshold ratio normalized by internal intensity would be even
higher. Also, at close-to-threshold conditions, only a few damage
sites (craters) are initiated in the sputtered seven-layer film [(see
Fig. 145.48(a)], and at the same laser fluence of 6.5 J/cm2 the number of craters initiated in the single-layer film exceeds 20 [(see
Fig. 145.48(b)], therefore pointing to lower damage resistance
of the single-layer film. All of these facts lead to the conclusion that HfO 2 SiO 2 interfaces are not a source of enhanced
48

near-UV localized absorption and laser damage. One possible
explanation for these findings comes from the hypothesis that
the interfacial structure is similar to the film structure formed
during co-deposition of HfO2 and SiO2. It was convincingly
demonstrated that in co-deposited films, near-UV absorption is
reduced and damage resistance becomes higher in HfO2 films
with an increased SiO2 content.9
3. E-Field Intensity Distribution and Damage Morphology
A correlation between E-field intensity inside a coating and
damage initiation is well established. One example is damage
originating in nodular-coating defects where a large E-field may
be generated.10 To test the presence of such a link in this study,
crater-depth distributions obtained at +70% above threshold
conditions using SLM (see Fig. 145.51) were compared to the
E-field intensity distributions depicted in Fig. 145.44. One
LLE Review, Volume 145
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Figure 145.51
Crater-depth distributions obtained from SLM analysis for (a) seven-layer and (b) single-layer films.

can see that crater-depth distributions show no correlation
with E-field peak positions; this observation does not change
even when the depth bin size used to calculate the distribution
is varied.
There are several reasons why a correlation was not
observed: First, the intensity variation from the minimum to
maximum value was not high for both types of film; the normalized intensity ` E 2j varied from 40% to 70% and from 34%
to 65% in the seven-layer and single-layer films, respectively.
For comparison, in standard quarter-wave reflectors, E 2 might
vary from 0% to 100% (Ref. 11). Second, crater depth depends
not only on the location of the localized absorber but also on
the amount of energy locally deposited,12 which leads to a
distribution in the crater-depth values.
4. Femtosecond Damage Behavior as a Sensitive Tool
to Detect Structural Changes and Its Application
to HfO 2 SiO 2 Interfaces
The key to understanding the role of interfaces in pulsed
laser damage is a knowledge of how the electronic structure
changes during the spatial transition from HfO2 to SiO2 and
vice versa. An important parameter here is a band gap of
Eg and characteristics of the electronic defect states,13,14 such
as location in a gap (see Fig. 145.52), densities, and absorption
coefficients. In the absence of structural data for interfaces,
an alternative empirical approach is to study the interaction
of subpicosecond laser pulses with optical materials—in this
particular case, with a film containing numerous HfO 2 SiO 2
interfaces and a single-layer HfO2 film. Femtosecond-pulse
laser damage in dielectrics typically starts with the multiphoton
ionization (MPI) process, which is very sensitive to band-gap
LLE Review, Volume 145

and defect-state characteristics.15,16 The sensitivity is linked to
a possible change in the number of absorbed photons required
to promote an electron into the conduction band, which leads to
a dramatic change in the multiphoton absorption coefficient.17
Since the same defect states might participate in multiphoton
absorption of infrared light and single-photon absorption of
UV light (see Fig. 145.52), a femtosecond damage study may
indicate whether an interfacial structure is more or less damage resistant than an HfO2 structure in the case of UV light
and nanosecond pulses. In this study, the existence of such a
correlation was tested by 1053-nm, 600-fs pulse irradiation
(1-on-1 test) of single-layer and seven-layer samples. The
damage thresholds T, normalized by internal E-field intensity

Conduction band
351 nm
(3.5 eV)

1053 nm
(1.17 eV)
Eg
Defect states

Valence band
G10672JR

Figure 145.52
Schematic of the dielectric band structure with electronic defect states taking
part in single-photon and multiphoton absorption promoting an electron into
the conduction band.
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[(average intensity was used for normalization because of
slow changes across the film (see Fig.145.53)] showed a ratio
of Tseven layer Tsingle layer $ 1.1 for both ion-beam–sputtered
and e-beam–evaporated films.
This result points to a low contribution of interfaces to the
MPI process and correlates well with higher near-UV, nanosecond-pulse damage resistance of the interfacial structure as
compared to the HfO2 film, in agreement with the 351-/355-nm
threshold measurement results presented in Damage Thresholds (p. 46). This result also strongly supports the possibility
that initial absorption—single photon for nanosecond pulses
and multiphoton for femtosecond pulses—is initiated by the
same structural defects.

GEH2 (%)

5. Multipulse Irradiation
From a practical point of view, it is of interest to know how
interfaces respond to multipulse, fixed-fluence irradiation. The
typical behavior of coatings is characterized by the fatigue
effect manifested by a lower threshold and increased scale of
damage.18 For this purpose, 10,000-pulse (355-nm, 5-ns) irradiation at a fixed laser fluence and a 100-Hz repetition rate was
performed for seven-layer and single-layer films. The density of
produced damage sites (craters) was calculated and compared
with damage-site density produced using single-shot irradiation at a fluence slightly above the single-shot threshold. The
fatigue effect was observed for both types of films but with a
less-pronounced effect for the film with numerous interfaces.
The seven-layer film showed a seven-fold increase in damagesite density compared to a 12-fold increase for a single-layer
film. This result points to an interfacial structure that is less
susceptible to absorbing-defect formation under near-UV light
irradiation, as compared to the pure-HfO2 material.
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Conclusions
The role of ion-beam–sputtered and e-beam–evaporated
HfO 2 SiO 2 film interfaces in near-UV absorption and
nanosecond-pulse damage was investigated by comparing the
damage performance of a film with numerous interfaces (seven
HfO2 layers) and a monolayer HfO2 film. The films were characterized by an overall equal HfO2 material thickness, comparable E-field intensity, and fully amorphous material structure.
The study revealed a low contribution of interfaces to
near-UV absorption and higher nanosecond-pulse damage
thresholds for a film with numerous interfaces as compared to a
single-layer HfO2 film. These results indicate that HfO 2 SiO 2
interfacial structures have a higher laser-damage resistance
than a structure of a pure HfO2 film.
The similarity of an interfacial HfO 2 SiO 2 structure to
a structure formed during co-deposition of HfO2 and SiO2
materials, which is documented to have higher pulsed-laserdamage resistance as compared to a pure HfO2 film material,
may offer a possible explanation for these findings. A correlation found between near-UV, nanosecond-pulse and 1053-nm,
600-fs pulse damage of HfO2 coatings used for this study
allows one to suggest that the initial absorption (single photon
for nanosecond pulses and multiphoton for femtosecond pulses)
involves the same electronic defect states. The relevance of
these results to other high-/low-index film material pairs
requires additional studies.
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A Chromatic-Aberration Diagnostic Based on a Spectrally
Resolved Lateral-Shearing Interferometer
Spatiotemporal coupling in an ultrashort-pulse beam is an
important feature that must be characterized for laser–matter
interactions and focal-spot improvement. Pulse-front tilt (PFT)
arising from a misaligned compressor-grating pair or a simple
prism disperses the spatial and spectral envelope of the pulse at
focus with respect to wavelength, thereby lowering the available peak power density.1 Radial-group delay (RGD) arising in
a circularly symmetric, refractive-image relay similarly smears
the focal spot transversely and longitudinally.2 Compensation
schemes for PFT and RGD based on diffraction and refraction
were proposed in Refs. 3 and 4. Space-time coupling can be
beneficial in some experimental configurations. Spatial chirp in
the beam obtains maximum spatial and spectral overlap at focus,
creating a “temporal-focusing effect,” which has been useful in
the area of micromachining5 and microscopy.6 The wavefrontrotation effect introduced by focusing a pulse with PFT creates
an angularly separated burst of attosecond pulses reflecting off
the laser-induced plasma.7
A diagnostic is needed to compensate for and control the spatiotemporal effects, not only from well-defined optical systems
but also from nonuniform optical properties such as in dielectric
optical coatings. A second-harmonic, single-shot autocorrelator
can be used to measure the pulse-front tilt angle8 or the effect
of pulse broadening caused by RGD.9 Linear autocorrelation
methods infer the angle or the curvature of the pulse-front
delay by examining, in multiple steps, the fringes between two

beams.2 Other linear techniques are based on spectrally resolving spatial interference. These methods analyze the spectrum of
the interference between two laterally sheared fields of the same
test beam10 or between the test and reference fields,11 where the
carrier terms are introduced by either temporal delay or relative
tilt; direct fringe analysis can be employed for certain referenced
schemes.12 All these spectral interference methods require a
separate system of beam splitters and combiners external to
the spectrometer. Scanning the spectral interferogram with a
fiber tip13 or using phase diversity on a cylindrically symmetric
beam14 —both require multiple measurement steps and have
been demonstrated. A rather unique scheme called STRIPED
FISH15 provides discrete samples of spectral slices with full
two-dimensional (2-D) intensity and phase mapping at each slice
by interfering each slice with a reference beam; however, spatial
and spectral resolution of this method is poor.
A simpler, spectrally resolved lateral-shearing interferometer is proposed in this work. The separate preconditioning
system introducing delay or tilt is replaced by a single Ronchi
grating located in front of the entrance slit of a spectrometer. No
moving parts are involved; therefore, calibration is performed
only once. Full one-dimensional (1-D) chromatic aberrations
can be characterized in a single-shot measurement.
The side and top views of the setup are schematically shown
in Fig. 145.54, with the spectrometer system laid out linearly.
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Figure 145.54
A schematic of a spectrally resolved lateralshearing interferometer. The entrance slit
is spectrally resolved in a tangential plane,
whereas the sagittal image of the slit is interfered to create a sheared interferogram from
which spatial phase can be extracted. Only
zeroth- and first-order diffractions are shown
in the side view. For convenience, the rays
reflected by the spherical mirrors and the
spectrometer grating are shown on the other
side of the mirror as if they are passing through.
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where A(x0,y,~) is the spectral envelope and phase at position y
at the entrance slit. The index m is the diffraction order and h m
is the diffraction efficiency at the mth order. The spatial coordinate x0, hereafter, will not be shown. L is the distance from the
Ronchi grating to the entrance slit and x is the arrival time difference between the first- and zeroth-order diffraction beams;
x is sufficiently small that spectral fringes are not observed.
The 1-D Fourier-domain analysis of the interferogram along
the spatial axis can separate out the first harmonic H1 (i.e., the
interaction between fields at m = 0 and m = !1) from dc and
higher-order terms. With the phase of A(y,~) defined as {(y,~),
the first harmonic is
H 1 a A _y, ~i exp e i
2

2rcL 2{
2r
yl .
o cos _~xi exp bi
K
~K 2y

Pulse-front delay (PFD) and RGD are linear and quadraticphase components whose magnitudes vary linearly with the spectral deviation. The phase can be decomposed into chromatic and
achromatic components, denoted as g(y) and f(y), respectively:
(3)

where f(y) is an optical-path difference function in units of
distance and g(y) is a relative group delay in units of time;
f(y) can be represented as
f _yi = i y y + y 2 _2R yi + fHO _yi ,
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(4)

(5)

where r is the radius of the beam and a = PFD(r)–PFD(0) and
b = RGD(r)–RGD(0). Equations (3) and (5) suggest that the
PFD shifts the carrier-phase offset linearly with respect to
frequency change, and RGD modifies the carrier frequency
linearly with respect to frequency change. The fringe patterns with PFD or RGD dominant cases are illustrated
in Fig. 145.55.
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The phase of H1, except for the carrier term, contains a phase
derivative from which spectrally coupled 1-D spatial phase can be
integrated. Purely spectral phase without spatial dependence cancels out in the derivative so it is not measurable in this approach.
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where i y and Ry are the tilt and radius of curvature in the
y dimension, respectively, and fHO(y) is the remaining higherorder term. Likewise, g(y) is the sum of linear, quadratic, and
higher-order terms [gHO(y)]:

y axis (mm)

The top view representing the beam diffracting in the horizontal plane corresponds to a normal spectrometer system. The side
view shows the beam diffracting through the Ronchi grating in
the vertical plane. The detector images the spectrometer slit.
The Ronchi plane is imaged before the detector plane; therefore,
the first-order diffraction beams are sheared at the detector
plane. If the beam is sampled at a fixed horizontal coordinate
x0 by the spectrometer slit, the field at the detector plane going
through a Ronchi grating of periodicity K is represented by16
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Figure 145.55
Examples of fringe patterns. (a) The tilted fringe indicates pulse-front tilt and
(b) the fanning-out fringe indicates radial-group delay.

53

A Chromatic-Aberration Diagnostic Based on a Spectrally Resolved Lateral-Shearing Interferometer
The algebraic form of _2rcLi _~Ki : 2{ 2y , consistent
with Eqs. (3)–(5), is
2rcL 2{
_ D{ = c 1 + c 2 y + _c 3 + c 4 yi _m - m 0i .
~K 2y

(6)

Comparing Eqs. (4) and (5), the coefficients of Eq. (6) are
determined as
L

c 1 = 2r

i ,
K y

(7)

c 2 = 2r

L
,
Ry K

(8)

2rc La
,
m 0 Kr

(9)

c3 = -

4rc Lb
c4 = .
m 0 Kr 2

(10)

Extracting RGD and PFD information directly from the
low-order polynomial fit of D{ is less ambiguous than fitting
Eq. (3) to the numerically integrated data of D{ because of the
arbitrary integration constant.
A test bed was set up to measure RGD in a simple refractive system, as shown in Fig. 145.56. The broadband source is
a spectrally incoherent, superluminescent light-emitting diode
(SLED) with spectral density from 968 to 1076 nm. An actual
ultrashort pulse was not required for the demonstration because
only relative phases are required to characterize space-time
coupling. The SLED is coupled to a single-mode fiber whose
tip is used as a point source. A 200-mm-focal-length concave
mirror collimates the diverging beam from the fiber tip. The
off-axis configuration of the concave mirror introduces astigmatism, but it is not important since the wavefront must be
collimated only in the sagittal plane parallel to the spectrometer
SMF
Ronchi

slit. The collimated beam is sent to the test telescope (L3 and
L4) through a 5-mm input aperture. The aperture plane is
imaged to M2 and to the slit. The imaging requirement minimizes the chromatic effect on the beam size. The focal lengths
of L3 and L4 are 71.6 mm (fused silica) and 378.9 mm (BK7) at
1037 nm, respectively. The calculated RGD of the test telescope
in a double-pass configuration is 50.6 fs over a 5-mm aperture.
The input aperture is re-imaged through the beam splitter
(BS) to the spectrometer slit by an imaging telescope (L1, L2).
L1 and L2 have the same 61.0-mm focal length. The singlepass RGD in the imaging telescope is 0.9 fs over 5 mm. The
spectrometer is a Czerny-Turner type with a grating groove
density of 150 lines/mm (SP-2556, Princeton Instruments). The
chromatic aberrations in the imaging telescope are calibrated
using a reference interferogram by inserting a retroreflective
mirror (M1) behind the aperture. The reference phase is always
subtracted from the measured phase.
The distance between the spherical mirrors is shorter than
2f, so the collimated input beam slightly diverges at the detector plane in the side view. This is because the commercial
spectrometer is required to image only the horizontal dimension while keeping its size compact. The beam sizes at the
entrance slit and at the detector plane are, however, the same.
The period of the Ronchi grating is separately calibrated using
an independently collimated source. The period is found to
be 201.1 nm by analyzing the projected image of the Ronchi
grating in the Fourier domain.
The measured interferogram and the reconstructed phase
are shown in Fig. 145.57. The fringe spacing in Fig. 145.57(a)
increases slightly from left to right, indicating the presence
of RGD. The reconstructed phase in Fig. 145.57(b) shows the
wavelength-dependent quadratic phase, where the curves are
spaced out by arbitrary integration constants for visualization
purposes. The top curve corresponds to 1068 nm and the bottom to 970 nm. The distance from the Ronchi to the slit, L, is
30.08 mm. To maximize the fringe contrast, L is approximately
set to a multiple of the Talbot distance. The measured RGD is

CM
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M1

Spect
Slit
E24766JR
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L1
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Imaging telescope
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Figure 145.56
Experimental setup. SLED: superluminescent
light-emitting diode; SMF: single-mode fiber;
CM: concave mirror; BS: beam splitter; AP:
aperture; M1 and M2: mirrors; L1–L4: lenses;
Spect: spectrometer.

LLE Review, Volume 145

A Chromatic-Aberration Diagnostic Based on a Spectrally Resolved Lateral-Shearing Interferometer
51.1 fs using Eq. (10), which is within 1% of the direct calculation based on dispersion and lens curvature.17 Figure 145.57(c)
shows the sum of both chromatic and achromatic higher-order
terms, which is mainly the spherical aberration (i.e., fourthorder phase) in the system.
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A PFD measurement was demonstrated using a BK7 prism
(wedge angle of 11°20l) mounted on a rotation stage and placed
in front of the Ronchi grating. Since PFD is measured only in
the vertical direction (y axis) in this setup, the PFD along the
y axis can be varied according to the in-plane rotation angle.
Because of the beam deviation and pointing error on insertion
of the wedge, the beam centering and pointing must be restored.
A flipper mirror was installed between the wedge and the
Ronchi grating to send the beam to the pointing and centering
diagnostic cameras. The two mirrors between the wedge and
L1 were adjusted to restore the alignment. The beam position
was aligned within !50 nm and the pointing within !150 nrad,
with respect to the reference positions recorded without the
wedge. The rather large pointing inaccuracy comes mainly
from the mechanical instability of the flipper mirror. The
simulation suggests this level of fluctuation introduces only a
!0.5-fs error in PFD. The centering camera images the beam
at the equivalent imaging plane of the spectrometer slit. The
exact centering alignment becomes important in proportion to
the amount of RGD, because any centering shift mixed with
RGD [i.e., c4 of Eq. (10)] will result in additional c3 as calculated by Eq. (9), which is used to estimate PFD. The insertion
of retro-mirror M1 redirects the beam through only the imaging telescope (L1 and L2). The aperture diameter was set to
6 mm. The relative PFD with the wedge is shown in Fig. 145.58.
The PFD as measured at seven different angles shows good
agreement compared with the calculated PFD. The error bar
is the standard deviation of the measured fluctuation in five
independent sets of measurements. The PFD at 90° rotation
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Figure 145.57
Experimental results. (a) Interferogram image, (b) the lineouts of the reconstructed phase at different wavelengths, and (c) the higher-order phase.
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Figure 145.58
Experimental results of measuring the variable pulse-front tilt using an
11° prism.
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(wedge parallel to the slit) is 56.2 fs. The standard deviation of
the measured PFD with respect to theoretical values is 1.4 fs.
Both RGD and PFD are dependent on beam size; an exact
beam size must be specified for given RGD and PFD values.
The angle of pulse-front tilt (iDT) and the temporal radius of
curvature in the radial-group delay (RDT) could be useful alternatives that are independent of beam size. From the definition
of group delay (2 {/2 ~), iDT is found to be c a/r and RDT is
r 2/(2b c2); RDT is 682 ps in the above experiment.
A slightly different arrangement of the system could
provide greater flexibility. The Ronchi grating, for example,
can be placed directly in front of the detector rather than
in front of the entrance slit. Additionally, the input beam
rotated by 90° can provide the PFD and RGD information
in the orthogonal direction. The rotated beam can also be
stacked on top of the original beam to provide 2-D information in a single shot.
The form of Eqs. (6), (9), and (10) suggests that the absolute
calibration of the wavelength axis is not necessary for estimating chromatic aberrations (i.e., PFD and RGD) as long as the
center wavelength m0 is known. The error in the estimation
of the absolute wavelength will result in the estimation of the
achromatic term [f(y) in Eq. (3)] but not in the chromatic terms.
A compact setup made of a non-imaging, dispersive element
and a Ronchi or a similar grating might be able to provide the
same information.
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A simple, spectrally resolved, 1-D lateral-shearing interferometer that can be used to characterize spatiotemporal coupling
in a single shot has been demonstrated. The setup requires only
a single Ronchi grating attached in front of a spectrometer.
The calibration is done only once, and it can be easily transported. Its accuracy was experimentally demonstrated in the
measurements of RGD and PFD. Suggestions have been made
on different ways of implementing the basic idea and on the
possibility of improving and simplifying the system.
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Isolating and Quantifying Cross-Beam Energy Transfer in DirectDrive Implosions on OMEGA and the National Ignition Facility

The existence of CBET was first demonstrated by experiments using planar targets.8,9 In indirect-drive ICF experiments,
this mechanism was used to transfer kilojoules of laser energy
from the polar to the equatorial drive of an imploding target to
improve capsule symmetry,10–12 but uncertain plasma conditions and the large amplitude of the ion-acoustic waves driven by
high single-beam intensities (I + 1015 W/cm2) have challenged
the ability to obtain an accurate predictive model.11–13 These
experiments additionally identified the ability of CBET to rotate
the polarization of the beams, suggesting that polarization rotation should be included when modeling systems with multiple
CBET regions.14,15 Direct-drive experiments used scatteredLLE Review, Volume 146

This article presents measurements of CBET’s effect on
coupling laser energy to the ablation front of a target by comparing its effect on the mass ablation rate and ablation-front
trajectory in low- and high-CBET regions in the same implosion. A polar-direct-drive conﬁguration18 was used, in which
a ring of beams encircling the equator was dropped and the
remaining beams were repointed toward the equator, reducing
detrimental CBET at the poles while enhancing it at the equator.19,20 This combination of low- and high-CBET conditions
in the same target implosion made it possible to determine the
effects of CBET on hydrodynamic coupling (Fig. 146.1). The
simultaneous measurements of the angularly resolved mass
ablation rates and shell trajectories determine the kinetic energy
of the implosion by providing the instantaneous mass of the
target and the ablation-front velocity.
Two-dimensional DRACO 21 hydrodynamic simulations
performed with an implicit Schurtz–Nicolai–Busquet (iSNB)
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Laser beams crossing in the coronal plasma can drive the
stimulated Brillouin scattering (SBS) instability, which can
redirect a significant fraction of the incident energy out of
the plasma.3 Cross-beam energy transfer (CBET) is seeded
SBS facilitated by ion-acoustic waves driven by the beating
of two electromagnetic waves in a plasma.4 Depending on the
amplitude of the driven ion-acoustic wave, energy is transferred
from one electromagnetic (pump) wave to another (seed) wave.
In direct-drive fusion experiments, outgoing rays that have
refracted around the target beat with incoming rays from other
beams to transfer significant energy out of the plasma before
it can be absorbed. In simulations of direct-drive implosions,
where individual beam intensities remain low (I < 1014 W/cm2),
the amplitudes of the ion-acoustic waves are small. Nevertheless, significant energy transfer results from the net effect of
many beam crossings throughout the coronal plasma.5–7

light spectra and shell-trajectory measurements to demonstrate
the existence of CBET5 and estimate its level.6,16,17

Maximum power transferred
by CBET (×1016 W/cm3)

Introduction
In direct-drive inertial confinement fusion (ICF) experiments,
laser beams directly illuminate a spherical capsule to drive
an implosion. The capsule compression transfers the kinetic
energy of the converging shell into the internal energy of the
fuel, triggering fusion reactions in the hot dense core.1 The
laser energy that drives the implosion is absorbed in the plasma
corona and conducted to the ablation front of the target by
electron thermal transport, resulting into ablation of the shell
and its corresponding acceleration caused by the rocket effect.2

Polar angle (°)

Figure 146.1
The polar-direct-drive laser configuration results in greater power transferred
by cross-beam energy transfer (CBET) at the target equator compared to
the pole (black curve). The consequent difference in ablation pressure (red
dashed–dotted curve) was calculated from 2-D DRACO simulations with and
without the CBET model for the highest-intensity polar-direct-drive OMEGA
experiments (t = 0.8 ns).
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Experimental Setup
1. Target and Laser Configuration
a. Isolating CBET. Experiments were performed on
OMEGA25 using forty 351-nm laser beams with equal energies, arranged in the polar-direct-drive configuration, with
three rings of beams around each pole of the target chamber.
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The geometric ray-propagation model used in DRACO
transports energy while neglecting diffraction effects that produce small-scale structures (temporal and spatial). The CBET
model requires knowledge of the cumulative background pump
intensity distributed over the propagation angle and wavelength,
which is computed by accumulating the ray-energy path-length
product and weighting the sum by the cell volume to capture
the relevant hydrodynamic scale.23 Diffraction may vary the
energy transfer above or below the average value computed
using this ray model if there is a nonlinear CBET response, but
the net effect is uncertain given the small spatial and temporal
interaction scales involved. DRACO’s ray model does not currently track polarization, but the net effect should be captured
by assuming an even mixture, given the even distribution of
polarization states generated by the polarization smoothing24
processes on OMEGA.The correct formulation of the net
response of polarization, which depends on the ray-interaction
angles, is under investigation and may partially account for
the overestimated shell kinetic energy. When a multiplier on
the CBET gain was added to the model, excellent agreement
between the measured and simulated mass ablation rates and
shell trajectories was obtained at all angles. These measurements were performed on OMEGA25 and at the National Ignition Facility (NIF)26 to access a wide range of laser intensities,
plasma conditions, and laser-beam geometries. The need for
the CBET multiplier in all the tested configurations suggests
that additional physics effects, such as diffraction, polarization
effects, or shortcomings of extending the Randall model to
3-D, should be explored to explain the difference in observed
and predicted drives.

The beams were repointed toward the target equator by 5° for
the two inner rings of beams and 20° for the outer ring at each
pole, using the angle definitions and pointing description from
Ref. 27. The beam profiles were shaped with distributed phase
plates28 that provided second-order super-Gaussian laser spots
on target (1/e radius of 183 nm). Two-dimensional smoothing
by spectral dispersion (SSD)29 and polarization smoothing24
were used to treat the laser-intensity profiles. The laser pulses
consisted of a 0.7-ns foot, ramping up to a 0.6-ns square pulse
that drove the target to its final velocity (Fig. 146.2). The
total energy on target was varied among 8.1!0.2 kJ (I . 7 #
1014 W/cm2, where I is the peak overlapped intensity defined
as the maximum power during the laser pulse divided by
the initial surface area of the target), 11.8!0.1 kJ (I . 10 #
1014 W/cm 2), and 16.0!0.1 kJ (I . 14 # 1014 W/cm 2). The
targets were 19.6!0.3-n m-thick spherical CH shells. They
were coated with 2.4!0.2, 1.6!0.2, and 0.6!0.2-nm layers of
Si, with outer diameters of 639 nm, known to !1 nm with a
variation between experiments of !4 nm. The density of the
Si coating was 2.1!0.2 g/cm3 but had a significantly smaller
variation (<0.2 g/cm3) within a particular target batch. Each
experimental configuration discussed here used targets from a
single batch, so the density variation for a particular configuration was negligible.

Laser power (TW)

thermal-transport model, 22 but without a CBET model,
reproduced the measured trajectories at the pole of the target,
verifying that the coupling physics is well modeled when
CBET effects are negligible. These simulations, however,
overpredicted the velocity of the shell and ablation rate at the
equator. By including a 3-D ray-based CBET model adapted
from 1-D plane-wave equations developed by Randall4 in the
hydrodynamic simulations, the simulated equatorial trajectories agreed better with measurements, while having a minimal
impact on the polar trajectory. However, the simulations still
overpredicted the drive at the equator.
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Figure 146.2
The laser pulse shapes are shown for the OMEGA (green dashed–dotted
curve) and NIF (black solid curve) experiments.

b. Scaling to ignition conditions. Experiments were performed on the NIF using 192 laser beams (with one beam
missing on the 2.5-n m Si experiment) in the indirect-drive
configuration, with the polar-direct-drive beam-pointing design
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and ring energies described in Ref. 30. This pointing design
produced a round CH implosion in simulations when CBET
was considered without a gain multiplier. The total laser energy
was 660 kJ, giving a peak overlapped intensity on target of
+8 # 1014 W/cm2.
The laser pulse was similar in shape to the OMEGA pulse
but extended over 8 ns (Fig. 146.2). Targets were 90!2-nmthick CH shells with Si coatings of 2.5!0.1 nm and 5!0.1 nm
and outer diameters of 2314!2 nm. The density of the Si coating was reported as 2.1!0.2 g/cm3.
c. Symmetric direct drive on OMEGA. Symmetric directdrive experiments were performed on OMEGA using all
60 laser beams centered on the target. The same beam-smoothing methods, phase plates, pulse shape, total energies, and
intensities were used as in the polar-direct-drive experiments.
The targets were also similar to those used in the polar-directdrive experiments, with 20.1!0.3-nm-thick CH shells having
a variation between targets of !0.8 nm and Si thicknesses of
2.4!0.2, 1.4!0.2, and 0.7!0.2 n m. Outer diameters had an
average value of 637 nm, measured to !2 nm, and a variation
between targets of !11 nm. The density of the Si coating was
reported as 2.1!0.2 g/cm3.
2. Self-Emission Diagnostic
a. Configuration of the x-ray framing camera. The x-ray
self-emission was measured using four-strip x-ray framing cameras.31,32 Two-dimensional images of the coronal x rays were
formed using arrays of pinholes (8-nm diameter for OMEGA,
25-nm diameter for the NIF), placed to give 6 # magnifications
on OMEGA and 2 # on the NIF. The +50-ps time-gated images
(+100 ps for the NIF) were taken throughout the implosion, with
absolute timing known to !10 ps and the interstrip timing of
+250 ps known to !3 ps (Ref. 33). Five filters were used for the
images throughout the course of the experiments: (1) 25 nm of
Be, (2) 250 nm of Be, (3) 25 nm of Be with 23 nm of Saran,
(4) 25 nm of Be with 50 nm of Kapton, and (5) 25 nm of Be
with 75 nm of Kapton. Different filters were used to optimize
imaging of the ablation front and the interface between the Si
and CH in the corona. The 25-nm Be filter (blocking x rays
<1 keV) was found to optimally image the CH ablation front
late in time because of the lower ablation-front temperature.
The 250-nm Be filter (blocking x rays <2 keV) was optimized
to image the Si/CH interface as it expanded away from the
ablation front because of the higher temperature in the corona.
The combination of Be and Saran (blocking x rays <1.6 keV)
provided a good compromise between the two. The Be and
Kapton ﬁlters (blocking x rays <2 keV) were used on the NIF
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for the first three strips on each camera. Only 25 n m of Be
was used for the last strip in each camera to measure the CH
ablation-front position. Images were taken from the equator
and pole for all of the polar-direct-drive experiments, so that
both the variation in ablation rate and ablation-front trajectory
with polar angle and the azimuthal symmetry of the implosion
could be observed. Both configurations on OMEGA experiments had two equatorial cameras offset by 11° in polar angle
from the equator and one camera on the pole to measure the
azimuthal symmetry. The NIF experiments had one camera on
the equator and one on the pole.
b. Trajectory measurements. X-ray self-emission images
of Si-coated CH target implosions were used to determine
the mass ablation rate of Si and the ablation-front trajectory
of the target.34,35 While the laser is on, the coronal plasma
around the target is continually heated and emits soft x rays.
The x-ray intensity that is line integrated through the target is
imaged through a pinhole onto a time-gating diagnostic plane.
Figure 146.3 shows the x-ray self-emission technique at a time
shortly after the laser burned through the Si layer of the target,
when the corona consists of an outer Si plasma and an inner
CH plasma surrounding the unablated target.
Figure 146.3(b) shows the simulated x-ray intensity profile
at the diagnostic plane when two distinct features are observed.
Moving from the outside of the plasma toward the target center,
an increase in x-ray intensity is observed as the line-integrated
distance through the Si plasma increases. A rapid drop in
intensity occurs at the interface between the Si and CH as the
lower-emitting CH quickly dominates the integrated x-ray
emission region (outer feature). The intensity again increases
with further progress toward the center of the target until the
ablation front is reached. At the ablation front, the emission
quickly drops because the shell is optically thick (inner feature). These two features observed in the radial intensity at the
diagnostic plane are used to track the positions of the Si/CH
interface and ablation front.35
Figure 146.4 shows measured x-ray self-emission images and
their respective intensity profiles at three different times for a
symmetrically illuminated implosion. In the symmetric images,
these profiles are angularly averaged around 360° of the image
to obtain a measurement accurate to <1 nm for both the inner
gradient (ablation-front radius) and outer peak locations (Si/CH
interface position). In angularly resolved images, the profiles at
the pole and equator are each averaged over 40° (20° at each
pole or each side of the equator). The instrument function of
the x-ray diagnostic (defined predominantly by the pinhole size)
59
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tions with Spect3D36 and convolving with the instrument function to calculate self-emission images. The shifts are known to
!1 nm for the ablation front and !2 nm for the Si/CH interface.
Cold
shell
(a) Self-emission x-ray imaging
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introduced a small systematic shift (+2 nm) between the position of the inner gradient and the actual position of the ablation
front.35 This shift was determined by post-processing simula-
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Figure 146.3
(a) Line-integrated x-ray self-emission from the target is imaged through a pinhole and filter (transmits >1 keV) onto an +50-ps time-gated microchannel plate.
(b) Comparison of the calculated radial x-ray intensity profile measured at the diagnostic plane (black solid curve) with the simulated target-density profile in
the cold shell (gray solid curve), in the CH plasma (purple dotted curve), and in the Si plasma (blue solid curve). Two peaks in the emission correspond to the
positions of the Si/CH interface in the coronal plasma (black dashed–dotted line) and the ablation front of the imploding shell (green dashed line). No instrument function is included in the x-ray intensity profile calculation to illustrate the steep gradients at the ablation surface and Si/CH interface.
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Figure 146.4
Self-emission x-ray images, taken (a) before and [(b),(c)] at two different times shortly after the laser burns through the Si layer, are shown with their corresponding averaged radial profiles. The positions of the measured ablation front (green dashed line) and the Si/CH interface (black dashed–dotted line) are included.
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c. Measurements of mass ablation rate. The average mass
ablation rate of the Si from the start of the laser pulse to the Si
burnthrough time is determined by dividing the total ablated
mass (calculated from the initial Si mass) by the time it took
the laser to burn through the Si layer. The time-resolved mass
ablation rate was determined by varying the thickness of the Si
outer layer to determine the time-averaged mass ablation rate
at different times during the implosion.

mass could mask uncertainties in the equation of state, opacity,
and thermal-transport models, but tests show that these effects
primarily act symmetrically. Any changes in the models that
affect the trajectories symmetrically must be offset by changes in
another symmetric coupling model—not the CBET model—to
maintain agreement with the measured polar trajectories.
Experiments
1. Isolating CBET
To measure the effects of CBET in direct-drive experiments
on OMEGA, a laser configuration was used in which a ring of
beams around the equator was turned off and the remaining
beams were repointed toward the equator. This configuration
limits the intensity of the refracted outgoing light that interacts
with incoming polar beams, significantly reducing CBET at
the pole. The repointing increases the flux of unabsorbed light
propagating through the equatorial coronal plasma, which
enhances CBET at the equator (Fig. 146.1). The implosions
were designed to have nearly uniform drive around the target
when CBET was not taken into consideration, so differences
in measured drive between the pole and equator are attributed
to CBET.

To determine the burnthrough time in each experiment,
the measured Si/CH interface and ablation-front positions
from the series of images taken for a particular implosion
were plotted to generate the ablation-front and Si/CH interface
trajectories. The burnthrough time of the Si layer corresponds
to the time when the Si/CH interface trajectory separates
from the ablation-front trajectory. To accurately determine the
burnthrough time, a range of simulations was performed, varying the CBET multiplier. The simulation that simultaneously
reproduced both measured trajectories was used to determine
the Si burnthrough times around the target. The accuracy of the
measurement corresponds to the variation in the burnthrough
time for the simulated trajectories that are within the error bars
of the experimental measurements.

Figure 146.5 shows x-ray self-emission images taken from
the equator after the laser burns through the Si layer. The
intensity features visible in the images show the positions of
the ablation front and Si/CH interface, which form two concentric ellipses with opposite ellipticity. The ablation-front
ellipses show larger shell radii at the equator compared to the
pole, demonstrating that the ablation pressure is lower at the
equator compared to the pole. The smaller separations between
the Si/CH interface and ablation-front ellipses at the equator,

The Si/CH interface trajectory is sensitive to the initial Si
mass. For all experiments in a given target batch, the optimum
Si density used in the simulations was determined by finding the
density that minimized the differences between the simulated
and measured interface trajectories at the pole. The density
was varied within the measurement uncertainties (see Isolating
CBET, below). The absolute error in the mass largely results
from the uncertainty in density. This inaccuracy in the calculated

600 nm

(a)

(b)

+
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+

+
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Figure 146.5
X-ray images taken after the burnthrough of a thin Si layer at (a) t = 0.7, (b) 0.8, and (c) 0.9 ns in an experiment having the highest intensity (14 # 1014 W/cm 2)
are shown. The images indicate earlier burnthrough at the poles of the target (top and bottom of images) than at the equator. The increased separation of the
Si/CH interface (dotted line) and ablation front (solid line) at the poles implies a greater time of expansion for the Si from the ablation front. This increased
drive results in a smaller ablation-front radius measured at the pole than at the equator.
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compared to the pole, indicate that the laser burned through
the Si later at the equator. The expansion of the Si/CH interface
away from the target and compression of the ablation front as
a function of time can be seen through the series of images.
Figure 146.6 shows the ablation-front and interface trajectories used to determine the Si burnthrough times, i.e., the time
that each trajectory pair separated with values of 0.59!0.04 ns
for the equator and 0.52!0.04 ns for the pole. The later burnthrough time at the equator, compared to the pole, agrees
with the lower mass ablation rate at the equator suggested
by the individual images. The measured ablation-front radii
of 140!2 n m for the equator and 111!2 n m for the pole at
(a)
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Figure 146.6
Measured Si/CH interface (blue circles) and ablation-front (blue squares)
trajectories from three cameras are plotted for the (a) pole and (b) equator
for the highest-intensity OMEGA polar-drive experiment with a 2.4-n m
layer of Si. Error bars for the radius measurements are smaller than the data
points (!2 n m for the ablation-front measurements and !4 n m for the Si/
CH interface measurements). Simulations performed with no CBET model
(red dashed–dotted curve), the standard CBET model (blue solid curve), and
the CBET model with the best-ﬁtting gain multiplier (green dotted curve;
f CBET = 2.7) are shown. The time that the laser burned through the Si in each
simulation is marked with a dashed line of the corresponding color. Good
agreement between the measurements and all models was obtained at the
pole where CBET was minimal.
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a. Comparison with hydrodynamic simulations. Figure 146.6 shows good agreement between the trajectory
measurements at the pole and polar trajectories taken from
DRACO21 simulations that did not include CBET. This agreement at the pole suggests that the coupling physics is well
modeled when CBET effects are small. Calculated trajectories
at the equator are very similar to those calculated at the pole,
which suggests that without CBET, the implosion would be
symmetric. However, the measured equatorial trajectories
show later burnthrough and a larger final radius than were
calculated, indicating that the CBET significantly reduced the
drive at this location.
A 3-D ray-based model23 adapted from the 1-D Randall
plane-wave equations 4 was implemented in DRACO. Figure 146.6 shows that simulations run with this model calculate
a preferential decrease in drive at the equator, bringing simulations into better agreement with measurements. The addition
of this CBET model results in small changes in the calculated
polar trajectories at early times, verifying that CBET is negligible at the pole until the target radius is K250 nm (+0.9 ns).
An increased effect of CBET at the pole is observed at this
point because of an increase in the SBS seeds from rays that
were previously shadowed by the target and an increase in the
incident laser power (Fig. 146.2). Even late in time, however,
the ablation-front trajectories calculated without CBET are in
reasonable agreement with the measurements.

300

100

1.49!0.01 ns indicate a lower average ablation pressure at the
equator compared to the pole, which leads to a slower velocity.

The trajectories at the equator are slowed to a greater degree
than at the poles, indicating that CBET has a stronger effect
at this location. The simulated Si burnthrough time is still
too early and the ablation-front trajectory still too fast, however, to agree with the measurements. To estimate the CBET
modification required to bring simulations into agreement with
measurements, a multiplier (f CBET) was incorporated into the
CBET gain length:

1
L -s = fCBET

# >e1 +

2
k 0 n 0 mv q
f
p
4 en c Te

3 Ti o i - 1
o d nH P _hi,
ZTe ~ s

(1)

given by Eq. (18) in Ref. 4, where all other parameters are
defined within the reference.
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Figure 146.6 shows that excellent agreement with the measurements was obtained when a multiplier of 2.6!0.3 was used.
To determine the optimal multiplier, a |2 analysis was used
to minimize the differences between measured and simulated
trajectories (Fig. 146.7), where

2

| =

N

/

i =1

r -x t 2
1 8 i _ iiB
,
2
N
v

to the simulation gives an error bar on the multiplier of !0.4 ps
for high intensities to !0.6 ps for each low-intensity experiment.
All of the simulations described here were performed using
the code DRACO with the iSNB nonlocal thermal-transport
model,22 SESAME equation-of-state tables,37 and collisionalradiative opacity tables.38 The polar angle’s dependence on the
laser energy deposition, hydrodynamic efficiency, and thermal
conduction is generated by the polar-direct-drive configuration,
which invokes lateral thermal transport.

(2)

ri

Radius (nm)

and ri is the measured position, x(ti) is the simulated radius, v ri is
the uncertainty in the experimental measurement (!2 nm for the
ablation-front location and !4 nm for the Si/CH interface position), and N is the total number of points measured. The error bar
on the multiplier was determined from the uncertainty in absolute
timing (!10 ps)—shifting the experimental image timing relative

300

b. Intensity and Si-thickness scalings. Figure 146.7 shows
measurements of the polar and equatorial trajectories for the
2.4-nm Si experiment at three intensities. For each intensity,
simulations without CBET agreed well with experimental measurements at the pole, showing that the simulations reproduce
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Figure 146.7
Comparison of the measured ablation front (blue squares) and Si/CH interface (blue circles) with simulated trajectories generated by DRACO with CBET using no
multiplier (blue solid curves) and CBET with the best-ﬁt multiplier (green dotted curves) for targets with 2.5 nm of Si. Included are trajectories for [(a)–(c)] the
pole and [(d)–(f)] equator for I = 14 # 1014 W/cm2 (left column), 10 # 1014 W/cm2 (middle column), and 7 # 1014 W/cm2 (right column). The Si burnthrough times
are plotted (green dashed lines). The |2 minimization analyses are plotted for (g) I = 14 # 1014 W/cm2, (h) 10 # 1014 W/cm2, and (i) 7 # 1014 W/cm2 to determine
the optimal multiplier and error bars. For the highest intensity, the |2 values are shown for the optimal timing (green triangles), –10 ps (blue diamonds), and
+10 ps (red squares). The possible error in the CBET multiplier is determined from the shift in the location of the minimum |2 with the uncertainty in the timing.
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Figure 146.8 shows the mass-ablation-rate measurements at
the pole and the equator for the highest laser-intensity experiments. The experiments were performed using three different thicknesses of the Si outer layer (0.6, 1.6, and 2.4 nm) to
evaluate the average mass ablation rate of the Si at different
times during the implosion. For three intensities, good agreement between simulated and experimental burnthrough times
verifies the simulated time-resolved mass ablation rates taken
when the optimal intensity multiplier was used.
2. Scaling to Ignition Conditions
Figure 146.9 shows the trajectory results from direct-drive
experiments performed on the NIF to access ignition-relevant
conditions (Table 146.I). The images taken during the NIF
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Figure 146.8
Ablated Si mass as a function of the measured burnthrough time at the pole (red
triangles) and equator (blue squares) for a laser intensity of 14 # 1014 W/cm2 is
compared with simulations (dotted curve: 0.6 nm; dashed curve: 1.6 nm; and
solid curve: 2.4 nm) using the optimal multipliers. The small shot-to-shot variations in the simulated ablation rate result from minor variations in the laser pulse
and target size. Absolute error bars are shown for the Si mass. The relative error
in mass (shown on the sample point in the lower right corner) is reduced because
the density can be considered to be the same for all targets in a given batch.
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the hydrodynamic coupling when CBET is negligible, but the
ablation rate and ablation-front velocity are overpredicted at
the equator. With the introduction of the CBET model using
the optimized multiplier, excellent agreement at both the
pole and equator was found for each intensity. The optimized
values of 2.8! 0.5, 3.1! 0.5, and 3.9!1.0 were determined
for this configuration with overlap intensities of I = 14 #
1014 W/cm2, 10 # 1014 W/cm2, and 7 # 1014 W/cm2, respectively.
As the intensity decreases, the |2 curve broadens because of
the smaller effect of CBET at lower intensities.
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Figure 146.9
The measured ablation-front positions (blue squares) are compared with simulations (green dotted curves) for targets with [(a),(b)] 2.5 n m and [(c),(d)] 5 n m
of Si at the [(a),(c)] pole and [(b),(d)] equator.
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of 2, which has been shown for similar NIF experiments that
used CH shells.39 To mitigate the effects of shell decompression
on the ablation-front trajectories, the experiments were limited

to early times. Large perturbations at the ablation front can
expand the ablation-front surface away from the shell’s center
of mass.39 In the OMEGA experiments, the 2-D SSD limits
the imprint, and perturbations were shown to have minimal
impact on the trajectories.35 At both facilities the radiation from
the Si layer reduced the Rayleigh–Taylor (RT) growth, but on
the NIF, the RT growth caused by high levels of laser imprint
occurred in spite of the smoothing effects; this mixed the Si and
CH at the interface, reducing the contrast of the outer interface
peak in the x-ray images. As a result, the ability to measure the
Si/CH interface trajectory on the NIF was limited.

Table 146.I: Comparison of the laser energy (E L), electron temperature at the quarter-critical surface (Te), density scale
length (L n), and overlap intensity at the quarter-critical
surface (Iqc) near the end of the laser pulse for OMEGA
and NIF polar-direct-drive experiments.

Parameter
EL
Te

OMEGA
24 kJ
2.7 keV

NIF
660 kJ
2.9 keV

Ignition
1500 kJ
4 keV

Ln
Iqc

150 nm

350 nm

500 nm

3. Symmetric Direct Drive on OMEGA
Figure 146.10 shows the trajectory results for symmetric
direct-drive experiments on OMEGA. A CBET gain multiplier
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Figure 146.10
Comparison of the measured ablation-front (blue squares) and Si/CH interface (blue circles) positions with simulated trajectories (green dotted curve) for
[(a)–(c)] I = 7 # 1014 W/cm 2; [(d),(e)] 10 # 1014 W/cm 2; and [(f)–(h)] 14 # 1014 W/cm 2 for targets with Si thicknesses of [(a),(f)] 0.7 n m; [(b),(d),(g)] 1.6 n m; and
[(c),(e),(h)] 2.6 n m. The Si burnthrough times are plotted in the ﬁgure (green dashed lines).

LLE Review, Volume 146

65

Isolating and Quantifying Cross-Beam Energy Transfer in Direct-Drive Implosions
of 2 was found to reproduce the trajectories and burnthrough
times (mass ablation rates) for all combinations of laser intensity and Si thickness tested.

CBET multiplier ( fCBET)

Conclusions
The CBET physics in direct-drive implosions was analyzed
using simultaneous 2-D Si mass-ablation-rate and ablationfront-trajectory measurements. A polar-direct-drive configuration was employed, where beams were removed from the equator of a symmetrically illuminated target and the remaining
beams were repointed toward the equator. This configuration
suppressed CBET at the pole, while enhancing its effects at
the equator. Implosion trajectories simulated without CBET
were in good agreement with the measured polar trajectories
for all conditions tested. This suggests that the other coupling
physics is well modeled at the pole when CBET is small. The
calculated mass ablation rates and ablation-front trajectories
are in excellent agreement with the measurements at the pole
and the equator when a 3-D ray-based CBET model is included
in the simulations with a CBET gain multiplier. These measurements were performed on both OMEGA and the NIF to
access a wide range of laser intensities, plasma conditions, and
laser-beam geometries. The multiplier was necessary for all
laser conditions, and the optimal multiplier for each configuration is shown in Fig. 146.11. The multiplier is constant for
symmetric OMEGA experiments and decreases with increasing intensity in OMEGA polar-direct-drive implosions. The
presence of the CBET gain multiplier required to match the
data in all of the configurations tested suggests that additional
physics effects should be explored, such as intensity variations
caused by diffraction, polarization effects, or shortcomings of
5.0
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4.0
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Introduction
Optical pulses are used to transmit information, perform
remote sensing and metrology, and study physical processes
in matter. These optics and photonics applications require the
generation of pulses with control of their temporal characteristics, i.e., instantaneous power, timing, phase, and frequency
variations over the pulse shape. Numerous techniques can be
used to generate high-bandwidth optical waveforms.1–8 Direct
time-domain generation using high-bandwidth modulators is
common in telecommunication applications and has benefited
from the progress of high-bandwidth, direct-digital-signal
synthesis and amplification. Commercial arbitrary waveform
generators (AWG’s) with an analog bandwidth higher than
10 GHz, sampling rates up to 65 GS/s, and a sampling depth
of 8 bits can be used to drive electro-optic modulators and
generate high-resolution optical waveforms.9,10
The precise generation of shaped optical waveforms is paramount to high-energy lasers that must deliver on-target pulse
shapes optimized for laser–matter interaction. The front end of
these facilities must generate optical pulses with low relative
jitter and high-bandwidth pulse-shape control. The National
Ignition Facility (NIF) (192 high-energy beams) uses 48 AWG’s
to precisely shape 48 seed pulses sent along distinct optical
paths that include optical amplification, frequency conversion,
beam smoothing, and focusing.11,12 Full deployment of the
Laser Mégajoule Facility (240 high-energy beams) will require
60 pulse-shaping units to precisely shape 60 seed pulses.13
This article presents a time-multiplexed pulse-shaping
(TMPS) system generating up to eight synchronized optical
waveforms that can be sent to eight distinct optical systems,
e.g., sequences of optical amplifiers. A single pulse-shaping unit
composed of an AWG and an electro-optic modulator generates a waveform composed of the shaped optical waveforms
in different time slots. These waveforms are demultiplexed by
a precisely calibrated LiNbO3 1 # 8 demultiplexer and then
retimed. The use of a common pulse-shaping system significantly decreases the relative jitter between output waveforms,
resulting in a significant cost reduction. The OMEGA Laser
68

System now uses a single high-bandwidth AWG and a TMPS
system to generate three high-resolution shaped pulses that
can be propagated in different amplification systems.14 The
OMEGA EP Laser System will significantly benefit from the
implementing a similar pulse-shaping system; in particular,
higher-resolution waveforms with lower relative jitter will be
generated to seed the four beamlines. A tentative layout for a
redesigned fiber front end supporting direct drive on the NIF
includes six eight-channel TMPS systems to generate 48 highresolution shaped waveforms. The following sections describe
the principle and implementation of the TMPS system and
present experimental results focusing on the performance of
the demultiplexer.
Principle and Implementation
1. General System Description
The purpose of time-multiplexed pulse shaping is to generate a plurality of shaped optical waveforms on physically
distinct optical paths; for example, optical fibers, using a single
high-performance pulse-shaping system [Fig. 146.12(a)]. The
pulse-shaping unit generates a composite optical waveform
composed of the shaped waveforms in their respective time
slots. The composite waveform is sent to an optical demultiplexer configured to route different temporal slices to different outputs. In this work, the demultiplexer is configured to
maximize the transmission of time slot j from demultiplexer
input to output j while minimizing the transmission of other
time slots to the same output. Optical fibers after each demultiplexer output relatively delay the demultiplexed waveforms;
for example, when synchronized waveforms must propagate in
different sections of a laser system and arrive on target with a
predefined relative timing.
TMPS allows for significant performance improvement and
cost reduction compared to the implementation of multiple
pulse-shaping systems. The relative jitter between the generated
waveforms is limited only by the short-term variations of the
pulse-shaping system’s time base, without any impact from the
jitter between the pulse-shaping system and an external trigger.
Lowering the relative jitter between waveforms is an important
LLE Review, Volume 146
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Figure 146.12
(a) Schematic of a time-multiplexed pulse-shaping (TMPS) system. Shaped optical waveforms are generated by modulating a continuous-wave (cw) laser using
a Mach–Zehnder modulator driven by an arbitrary waveform generator, demultiplexed, and retimed relative to one another. (b) Timing diagram for the shaped
waveforms in the composite waveform generated by the pulse-shaping unit.

consideration when the shaped pulses must be recombined
into a single optical waveform later in the system or arrive on
target with well-controlled relative timing. Generating multiple
shaped optical waveforms with a single pulse-shaping unit
instead of several units can significantly reduce the overall cost.
2. Typical Parameters
The required TMPS performance is application dependent.
The application we focus on is the seeding of multiple highenergy laser systems. For the seed of each laser system, we
allocate a time slot in which the seed pulse can be arbitrarily
timed [Fig. 146.12(b)]. This ensures sufficient flexibility to
modify the relative timing between seed pulses without reconfiguration or recalibration. In this work, consecutive 700-ns
time slots are used because of an operation requirement for
OMEGA,14 where sub-10-ns seed pulses must be temporally
tunable by as much as !300 ns relative to their average timing.
The 700-ns slots allow one to tune the seed pulses in a 600-ns
range while leaving a 100-ns buffer window for transitioning
the demultiplexer between different demultiplexing states.
For an N-channel system (N outputs, N time slots), the
demultiplexer performance can be described by the N # N
transmission matrix (Tij), where Tij is the transmission of time
slot j from input to output i. Ideally, the diagonal elements are
equal to 1 (no loss) and nondiagonal elements are equal to 0
(infinite extinction ratio). In practical conditions (i.e., with
insertion losses, demultiplexer and driver imperfections), optiLLE Review, Volume 146

mal demultiplexer operation corresponds to maximizing the
diagonal elements while minimizing the nondiagonal elements.
3. Demultiplexer Technology
A custom lithium niobate (LiNbO3) waveguide structure
composed of fifteen 1 # 2 Db phase-reversal switches15,16 has
been procured from EOSPACE17 to demonstrate an eightchannel TMPS (Fig. 146.13). In the absence of propagation
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Figure 146.13
Layout of the 1 # 8 demultiplexer with three demultiplexing stages and one
extinction-enhancement stage. Possible optical paths are traced with thick
lines. The routing from input to output 4 is traced in red.
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losses, the coupling ratio between two adjacent waveguides of
length L is described by

T12 = T21 =

1

1 + aDbL c

rL
2
1 + `DbL rj F , (1)
sin 2 <
2
L
c
rk
2

where Db is the difference in propagation constant and L c is
the coupling length. The difference Db is controlled by applying a voltage that modifies the local refractive index via the
electro-optic effect. Figure 146.14 shows an example of the
measured transmission characteristics versus applied voltage
for a 1053‑nm monochromatic source propagating in a packaged LiNbO3 1 # 2 Db phase-reversal switch. Two voltages
corresponding to the bar (no coupling between waveguides, i.e.,
T12 = 0) configuration and cross (all light from each waveguide
is coupled to the other waveguide, i.e., T12 + 1) configurations
of each 1 # 2 switch must be identified for optimal routing.

4. Driver Technology
To operate the demultiplexer, one must apply control voltages to each of the fifteen 1 # 2 switches. The most-general
driver implementation consists of 15 AWG’s that provide a
time-dependent voltage to each switch, but this solution is
complex, expensive, and cumbersome to integrate. Because
demultiplexing requires operating each 1 # 2 switch in either
the bar or cross configuration, a custom driver that produces
two independent voltages and switches between them has been
designed (Fig. 146.15). The bar and cross voltages are generated by two 12-bit digital-to-analog converters (DAC’s) with
output voltage between 0 and 5 V, followed by a fast analog
switch. An operational amplifier level-shifts and amplifies the
analog-switch output to the [–13-V, +13-V] range. A field-programmable gate array (FPGA) drives the fast analog switches.
The FPGA uses a 200-MHz clock to specify the state of each
analog switch in any 5-ns time window.
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Figure 146.14
Measured transmission from the input to the cross and bar outputs versus
voltage for a 1 # 2 Db phase-reversal switch.

The 1 # 8 demultiplexer designed and fabricated by
EOSPACE17 is organized in four stages (Fig. 146.13):
• Each 1 # 2 switch in the first three stages (switches S11, S21,
S22, S31, S32, S33, and S34) can route its input to either of
its outputs for demultiplexing.
• Each switch in the fourth stage (S41 to S48) can route its
input to either an output connected to an optical fiber or an
unconnected output to enhance the demultiplexer extinction ratio.
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Fast analog
switch

Figure 146.15
Elementary block diagram of the driver for each of the fifteen 1 # 2 switches
in the 1 # 8 demultiplexer. The field-programmable gate array (FPGA) drives
the fast analog switch to produce the voltage value generated by either of
the 12-bit digital-to-analog converters (DAC’s) and drive the 1 # 2 switch
after amplification.

The state of the 15 analog switches, i.e., the state of each
1 # 2 switch in the demultiplexer, is defined in a routing table
for each output. For example, routing from input to output 4
requires that switch S11 be in the bar configuration, switch S21
in the bar configuration, switch S32 in the cross configuration,
and switch S44 in the bar configuration (red path in Fig. 146.13).
All other fourth-stage switches are set to the cross configuration to route unwanted light to their unconnected output and
enhance the extinction. The FPGA allows for arbitrary demultiplexing patterns, but the switch is sequentially driven for our
application, i.e., time slot j is sent to output port j for a given
number of cycles of the 200-MHz clock. When externally triggered, the FPGA runs through the defined sequence and waits
until the next trigger. The driver and demultiplexer have been
successfully operated at trigger rates up to 1 MHz. All results
presented here have been obtained at much lower rates (1 kHz
LLE Review, Volume 146
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In static operation, the voltages applied to the fifteen 1 # 2
switches are constant and the time-independent transmission
between the demultiplexer and its eight outputs is characterized
by an 8 # 8 matrix Tij. This matrix has diagonal elements Tii
and nondiagonal elements Tij corresponding to the transmission to output i when the demultiplexer is set to route the input
light to output i and to other outputs j, respectively. In dynamic
operation, the drives applied to the fifteen 1 # 2 switches change
between their two binary voltage values set by the respective
DAC’s following a pattern determined by the FPGA. The FPGA
keeps the drive voltages constant over time slots of specified
duration. When 700-ns time slots are used, the transmission
between input and each of the eight outputs is averaged over
600-ns intervals at the center of the eight time slots to quantify
the demultiplexing performance because no significant transmission variation was observed in these intervals. This allows
one to characterize the demultiplexer performance with an
8 # 8 matrix for specific dynamic conditions (demultiplexing
sequence and time-slot duration). Because of details of the
experimental implementation, each line of the transmission
matrix in dynamic conditions is scaled to the transmission
observed for the diagonal element; therefore, the extinction
ratios are defined relative to the outputs.
2. Eight-Channel Static Operation
The demultiplexer is first calibrated with static voltages
applied to all fifteen 1 # 2 switches. The static voltage applied
to a specific switch is varied and the transmission between the
input and one particular output is measured. The path between
input and the chosen output must contain the switch being calibrated (e.g., one can choose output 4 to calibrate switches S11,
LLE Review, Volume 146

The static transmission properties of the calibrated demultiplexer were characterized using a high-dynamic-range power
meter. With the power meter connected to output i, the driver
was sequentially configured to send light to each output j,
therefore leading to a measurement of the transmission Tij after
normalization by the input power. The measured transmission
matrix Tij (Fig. 146.16) has diagonal elements, i.e., insertion
losses, ranging from –4.6 to –5 dB and nondiagonal elements
ranging from –55 dB to –70 dB, the latter being the measurement detection limit.
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Experimental Results
1. General Information
The experimental results focus on the performance of the
1 # 8 demultiplexer supporting the TMPS system at 1053 nm.
A trigger and 76-MHz reference signals were provided to the
FPGA by a digital-delay generator (Stanford Research DG645)
and a waveform generator (Agilent 33250A), respectively.
The eight demultiplexer output fibers were connected to fibercoupled DSC30 photodiodes (Discovery Semiconductors)
connected to the two sets of four measurement channels of two
12-GHz oscilloscopes (Agilent). The oscilloscopes record the
temporally resolved transmission of the demultiplexer between
its input and each of its eight outputs.

S21, S32, and S44). This yields 15 transmission curves similar
to one of the curves plotted in Fig. 146.14. Each of these curves
is fitted with a second-order polynomial around its respective
minimum and maximum to identify the optimal operation voltages. This calibration leads to the 30 optimal DAC voltages for
static routing between input and outputs by the 15 switches.

Output port

and lower), which are more representative of the operating
repetition rates of fiber front ends for high-energy laser systems
(300 Hz at LLE and 960 Hz on the NIF).

−70

Selected output

Figure 146.16
Transmission matrix on a logarithmic scale for eight-channel static operation.
The transmission is measured at the eight output ports (vertical axis) when the
multiplexer is driven to route light to each of the eight ports (horizontal axis).

3. Eight-Channel Dynamic Operation
When the voltage driving a 1 # 2 switch quickly changes
between two different values, e.g., the values corresponding
to the bar and cross configurations, the time-resolved switch
transmission has a fast component and a slow component.
The fast component measured on our system is of the order
of 5 ns, including the response time of the custom driver. The
slow component is, in comparison, extremely slow (hundreds
of microseconds). The existence of these two components
implies that drive voltages optimized for static routing are not
optimal for dynamic demultiplexing. Non-optimal voltages
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increase the insertion losses and decrease the extinction ratios.
Drive voltages must be calibrated in dynamic operation, i.e.,
when driving the demultiplexer to route different time slots
(with +n s duration) of the input signal to different outputs.
A general formalism has been developed to ensure that the
calibration process is computationally efficient and exhaustive.
For a particular switch, the temporally resolved demultiplexer
outputs are measured and processed to identify the two drive
voltages that optimize the switch transmission in dynamic
operation. Optimization consists in maximizing transmission
for combinations of time slots and output ports where it must
be high and minimizing transmission for combinations of time
slots and output ports where it must be low.

Transmission (arbitrary units)

1

2

Output
ports
1
2
3
4
5
6
7
8

0.8
0.6
0.4
0.2
0.0

0

1000

2000 3000 4000
Time (ns)

Conclusions
A system architecture to efficiently extend the performance
of a single pulse-shaping unit by high-performance demultiplexing has been described. The time-multiplexed pulseshaping concept generates multiple waveforms in different
time slots that are demultiplexed and retimed relative to one
another. An experimental implementation of the demultiplexing
subsystem based on a 1 # 8 LiNbO3 demultiplexer based on four
stages of 1 # 2 Db phase-reversal switches has been described
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Figure 146.18
Time-resolved transmission measured on the eight output ports in dynamic
operation. The continuous and dashed lines correspond to the transmission
measured with voltages optimized in dynamic operation and static operation, respectively.
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The demultiplexer was optimized for dynamic operation with
eight output channels. The optimal voltages for dynamic operation were found to be significantly different from the optimal
static voltages. The 8 # 8 transmission matrix with these voltages
is shown in Fig. 146.17(a). The lowest observed extinction is
–46 dB, and all but five out of the 56 nondiagonal elements of
the extinction matrix are lower than –50 dB. For comparison, the
eight-channel TMPS system has been characterized when using
the drive voltages optimized for static routing [Fig. 146.17(b)].
The observed performance degradation confirms that adequate
operation in dynamic operation can be obtained only by calibration in dynamic conditions. The transmission properties of
the demultiplexer driven with the optimized static voltages are
clearly seen in the resulting time-resolved signals measured on
the eight output ports (Fig. 146.18).
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Figure 146.17
Transmission matrix on a logarithmic scale for eight-channel dynamic operation with voltages optimized for (a) dynamic operation and (b) static operation.
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and characterized. High-performance demultiplexing has been
demonstrated for an eight-channel system (50-dB extinction
ratio) by determining optimal values of the drive voltages for
each 1 # 2 switch for dynamic routing.
The demultiplexer was optimized for four-channel operation
to support its deployment on OMEGA and OMEGA EP. When
demultiplexing of the input waveform to only four output ports
is required, the third-stage switches can be used to enhance
the extinction ratio of the demultiplexed waveforms. This has
led to a measured contrast of the order of 70 dB in dynamic
conditions. Operation of the demultiplexer on signals generated at 1064 nm with drive voltages optimized for operation
at 1053 nm has led to no significant performance degradation,
indicating that the demultiplexer can operate with tunable
signals and signals with an optical spectrum broadened by
phase modulation.
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Continuous Distributed Phase-Plate Advances
for High-Energy Laser Systems
Introduction
The symmetric-direct-drive (SDD) and polar-direct-drive
(PDD) configurations utilized in inertial confinement fusion1,2
(ICF) driven by high-power lasers require target illumination
that conforms to the design shape or objective with a high
degree of fidelity. Nonuniformity in the lower sphericalharmonic  modes can have a significant impact on ICF target
performance since these modes imprint for the longest period
of time and are the most difficult to smooth.
Continuous phase plates are used in SDD and PDD ICF
applications because they offer control of the far-field intensity
envelope in the presence of typical laser system phase aberrations. The resultant time-averaged, far-field spot intensity has a
well-controlled shape. The goal is to design phase-dislocation–
free continuous phase plates that produce a speckled far field
whose envelope and spectrum are controlled, unaffected by
system aberrations and speckle that can be smoothed.
This article describes a novel distributed phase plate (DPP)
design process that achieves higher fidelity to the design objectives relative to existing methods. The novel DPP design code
is called Zhizhoo’ and is capable of producing a continuous
phase-dislocation–free DPP with low near-field modulation that
achieves a <1% to 2% weighted vrms error of the far-field spot
shape in a few minutes using a multicored personal computer
with optional GPU accelerations.
The versatility of the Zhizhoo’ design technique is evident
in its ability to craft far-field envelopes from simple superGaussian to rather arbitrary shapes.3 The phase-plate design
techniques presented here can be applied to phase plates with
or without constraining the far-field power spectrum to lower
spectral power in the long-wavelength band. The ability of this
technique to calculate phase-dislocation–free continuous phase
plates is closely linked to maintaining a correlation with the
speckle pattern and minimizing the phase gradient.3 Various
phase-plate designs will be presented for a few high-power
laser systems that highlight the various capabilities of Zhizhoo’.
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Zhizhoo’ DPP Design Tool
The MATLAB-based tool Zhizhoo’3,4 crafts continuous
DPP’s; the salient features of Zhizhoo’ are as follows:
(a) Employs a feedback loop: Unlike other methods currently in use, Zhizhoo’ employs a novel feedback technique as
a fundamental tool to generate DPP profiles with tight control
of the resultant far-field spot shape and phase plate; e.g., far-field
shape, arbitrary azimuthal and radial variations, DPP phase
gradient, DPP phase spectral control, and phase anomaly-free
designs.3 The algorithm employs a highly modified Fienup-type
algorithm as part of the whole feedback loop.5,6 The overall
technique is novel in its approach and is very fast because of
the feedback (which distinguishes Zhizhoo’ as it hastens convergence via augmentation) and the FFTW-based methods.7 In
addition, a robust phase-unwrapping algorithm is employed that
solves Poisson’s equation in the least squares sense (algorithm
adapted from Ref. 8).
(b) Designs far-field envelopes from simple super-Gaussian
to rather arbitrary shapes: Simple or exotic far-field envelope
shapes are effortlessly handled with Zhizhoo’. Wide design
objectives and/or steep profiles will require correspondingly
higher surface or phase gradients in the DPP. Zhizhoo’ can
maintain envelope control, even down to the +1% vrms level.
(c) Uses an optimal filter: An important aspect of the
Zhizhoo’ feedback loop is the Wiener or optimal filter.3 The
Wiener filter employs the well-known speckle statistics from
Goodman9,10 to model the speckle “noise” to create an optimal
filter that accurately extracts the true envelope shape.
Zhizhoo’ Intermediate NIF Polar-Direct-Drive
Distributed Phase Plate Designs
The National Ignition Facility’s (NIF’s) PDD asymmetric
far-field spot design objective is an ideal candidate to test
the shape control capabilities of Zhizhoo’. The NIF PDD
asymmetric spot shape is a composite spot consisting of a
primary super-Gaussian plus an offset secondary ellipse that
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is modulated by an offset aperturing function referred to as
“spot-masking apodization” (SMA). The asymmetric far‑field
spot objective for NIF PDD cannot be considered an ellipse
nor can it be accurately represented as a distorted ellipse. The
43 # 43-cm-sq–aperture intermediate NIF PDD design for one
of the equatorial spots is shown in Fig. 146.19(a) along with the
resultant speckled spot in Fig. 146.19(b). The effect of SMA is
clearly observed in Fig. 146.19(b), where the over-the-horizon
portion of the spot is occluded.
It is crucial to the success of NIF PDD experiments that
the DPP design prepared for the manufacturing process be as
close as possible to the design objective. Otherwise, the far-field
spot’s integrity severely degrades in the presence of both manufacturing phase error (MPE) and near-field wavefront error
(WFE). A DPP design that initially has the highest integrity
level will remain more intact, relative to an insufficient design.
NIF’s WFE was measured and imposed upon the DPP’s for a
worst‑case analysis via DRACO hydrodynamic simulations.
The strongest NIF beamline WFE was a weaker aberration than
a 25-nm-rms (root-mean-square) MPE, setting the acceptable
MPE tolerance to 25-nm rms.
During the NIF’s PDD (intermediate and ignition-scale)
DPP design process, a potential manufacturing problem
surfaced. The issue was the result of a combination of interferometric measurements and the machine’s internal phaseunwrapping algorithms. The resulting unwrapped phase would

produce areas of phase dropouts and occasionally large regions
of r discontinuities. However, the phase-unwrapping procedure
incorporated within Zhizhoo’ is designed to be immune to areas
of noise and regions of r discontinuities. It was demonstrated
that the phase-unwrapping algorithm was more than capable
of removing and correcting the corrupted phase data from the
instrument.11 Utilizing the phase-unwrapping algorithm from
Zhizhoo’ is a cost-effective alternative to procuring expensive
interferometers. The algorithm is able to correct the phase
errors from the intermediate energy scale up to the ignitionscale designs.
Steep-Profile, Low-Ripple, Flattoped Round Spots
Low-ripple, flattopped spots with steep profiles are additional design objectives compatible with the Zhizhoo’ DPP
design method. Traditionally, DPP’s have had difficulty designing low-ripple, flattopped spots because the designs tended to
ring as the spot shape rolls off to zero. In contrast, Zhizhoo’crafted DPP’s tend not to suffer the same fate because of the
feedback control with augmentation of the design profile.
The OMEGA EP laser required a redesign for its 1.8-mmwide spot because of damage that the turning mirror suffered
from high-level modulation caused by a retroreflection back
through the focusing lens. The close proximity of the turning
mirror posed a design challenge for Zhizhoo’ by mandating
wavelength control of the DPP’s feature size. The design for the
far-field envelope demanded a large flat area with a fast roll-off.
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Figure 146.19
The intermediate NIF polar-direct-drive (PDD) distributed phase plate (DPP) design crafted for (a) an equatorial beam profile and (b) the resultant speckled
spot. The speckled image on the log scale demonstrates the remarkable speckle rejection and smooth profile at low intensity not obtainable using other methods.
Note that the design objective function and the extracted envelope are nearly indistinguishable at a <1% rms (root-mean-square) error.
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Figure 146.20
(a) The OMEGA EP low-ripple, 1.8-mm-wide far-field extracted envelope.
(b) The resulting near-field low-level modulation from a retroreflection is
indicative of the large DPP feature sizes.

The Dynamic Compression Sector (DCS) laser also required
a low-ripple, flattopped spot but with two additional attributes:
decreased mid-range spectrum (high pass) and a flexible spot
shape via dispersion control. The high-pass DPP design procedure, similar to the method reported in Ref. 3, successfully
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The far-field speckled spot spectrum for the DCS Laser System. The Goodman
speckle model is shown as a reference to indicate the ability of the high-pass
DPP design to modify the far-field spot’s spectrum (blue curve). In the presence of predicted DCS laser WFE, the high-pass DPP design still maintains
a decreased spectrum over the spectral band (red curve). DCS: Dynamic
Compression Sector; WFE: wavefront error.
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reduced the power in the long- to mid-wavelength modes, even in
the presence of predicted DCS WFE (see Fig. 146.21). The DCS
DPP design provides a trade-off among several smoothing attributes, including spot shape and intensity on target, by adjusting
a differential grating that changes the dispersion experienced by
the 1-D, multi-FM smoothing by spectral dispersion system.12

Normalized power
spectral density (nm–1)

The low-ripple (2.5%) resultant extracted envelope is shown
in Fig. 146.20(a). The equivalent free-space back-propagation
was determined to be 6 m, which drove the DPP design to use
large feature sizes to minimize near-field modulations [see
Fig. 146.20(b)]. The larger feature sizes had the side effect of
driving up the peak-to-peak phase depth of the DPP because
of the smaller bandwidth distribution of the phase, which also
increased local phase gradients.

Conclusion
The continuous phase-plate design code Zhizhoo’ is capable
of crafting DPP’s for a variety of high-power laser systems,
each having different design constraints. Zhizhoo’ designs
continuous DPP’s with simple envelope shapes or exotic shapes
with asymmetry. The code Zhizhoo’ crafts DPP’s with a high
degree of fidelity to the design objective. A higher-fidelity DPP
design results in a more-faithful representation of the desired
objective function when the DPP is subjected to WFE and
MPE. The flexibility of the Zhizhoo’ design code makes it easy
to create multiple designs, even when the design requirements
change because Zhizhoo’ can respond in a short period of
time or produce multiple realizations to improve beam-overlap
nonuniformity reduction.
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Nanomechanics and Laser-Induced Damage
in Optical Multilayer Dielectric Gratings
Introduction
Multilayer dielectric (MLD) pulse-compressor gratings are
critical components used in a high-peak-power laser system’s
amplification system and have been a focus of recent research
and development efforts because of their low damage thresholds.1,2 At LLE, the peak-power capability—and, therefore, the
overall performance of the petawatt-class OMEGA EP Laser
System—is limited by the laser-damage resistance of diffraction
gratings in the chirped-pulse–amplification (CPA) pulse compressors for each beamline.3–6 Increasing the damage thresholds of these components is, therefore, an important objective.

walls are treated in detail. Nano-indentation and/or uniaxial
compression of patterned surfaces manufactured by techniques
such as focused ion-beam (FIB) milling and lithography9 have
shown tremendous potential in isolating the ductile response of
the material from its brittle response. These studies prominently
feature the uniaxial compression of metallic high-aspect-ratio
micro- and nanopillars,10–13 produced by FIB milling, with
diameters ranging from 75 nm to 7.5 n m. Such structures
are used to study the ductile deformation of metals, specifically size effects and their dependence on properties such as
yield strength.

A low-temperature chemical cleaning approach developed by Howard et al.7 to improve the performance of these
MLD gratings has demonstrated that grating coupons that
were cleaned using the optimized method consistently met
OMEGA EP requirements on diffraction efficiency (>97%)
and 1053-nm laser-damage resistance at 10 ps (>2.7 J/cm 2).
They also observed that, for samples with the highest damage threshold, there were minimal laser-conditioning effects,
suggesting a transition from a contamination-driven laserdamage mechanism to defect-driven damage for well-cleaned
components. Hereafter, this metric—laser-induced–damage
threshold (LIDT)—will be referred to as optical testing. Such
optical testing is the most common way to characterize the
performance and, therefore, the quality of an MLD grating
that has been cleaned for use in a high-power laser system.

Experiments on micropillars of amorphous silica subjected to uniaxial compression have recently been reported by
Lacroix et al.14,15 Their findings indicate that silicate glasses
are very suitable for micropillar compression because the
ratio of the yield stress to Young’s modulus is comparatively
high compared to a typical metal. They also demonstrated
the experimental conditions under which plastic flow can be
obtained in compression of these pillars without catastrophic
failure and accompanied only by minor, well-defined radial
crack patterns.

There is some concern that cleaning procedures and/or
fabrication techniques for gratings can mechanically weaken
the fragile grating pillars, possibly affecting the grating’s
resistance to laser damage and, therefore, warrant mechanical characterization. The development of a methodology to
monitor a grating’s mechanical properties will enable one to
better understand the fabrication and cleaning processes and
will point to appropriate modifications that will preserve or
enhance the grating’s integrity.
Nano-indentation of MLD gratings 8 is our adopted
approach, and the indents that invoke fracture of the silica
78

The LIDT of amorphous silica gratings for ultrahigh intensity laser systems has been studied extensively in literature.16,17
The electric field is known to be maximum at the top area of
the grating walls. It is in this region of local enhancement that
damage initiates, defining the ultimate damage threshold.
Both tests (laser-induced damage and nano-indentation),
although vastly different in nature and implementation, inherently measure the performance of the grating (optical versus
mechanical). Fracture, caused by a concentration of mechanical
stresses, is an integral part of these measurements. Therefore, it
is imperative and almost intuitive to explore mechanical testing
(nano-indentation) as a means to complement and even precede
optical testing to establish the “quality” and performance of
an MLD grating sample. We are guided by the observation
that both optical fields (electric and magnetic) and mechanical fields (stress and strain), when interacting with the grating
LLE Review, Volume 146
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geometrical features and with defects and inhomogeneities,
will show significant concentrations.
Materials and Methods
1. Fabrication of MLD Gratings
The process of manufacturing MLD gratings has been
detailed extensively in published literature7,8,18 and is summarized here for completeness.
The first step is to deposit the MLD coating on the glass
substrate (fused silica or BK7) by reactive evaporation at 200°C
as a thick, modified-quarter-wave thin-film stack19 with hafnia
(HfO2) and silica (SiO2) used as the high- and low-index materials, respectively. Next, a bottom antireflective coating (BARC)
layer (organic polymer) may be applied to the multilayer mirror, followed by a layer of photoresist coating. Interference
lithography is used to pattern the grating (grooves, 1740 lines
per mm). Once patterned, etching is performed to remove the
BARC and a portion of the top MLD layer, leaving the silica
wall geometry.
Finally, organic (BARC, photoresist layers, etch products,
and environmental contamination) and inorganic residues
(metallic contaminants) are stripped away in a final cleaning
process. For the grating samples used in this work, the silica
walls were + 440 nm high with a slightly tapered geometry
(+250 nm wide at the base and +150 nm wide at the top).8

2. An Optimized Procedure for Cleaning MLD Gratings
to Maximize Laser-Damage Thresholds
For this study, cleaning experiments were performed on
small-scale MLD grating coupons. Round hafnia/silica MLD
gratings (100 mm in diameter, 3 mm thick) were broken into
eight equally sized, wedge-shaped coupons. All cleaning experiments described in this section were performed on uncleaned
gratings with BARC and photoresist still intact (that is, they
were not subjected to any photoresist stripping or cleaning
operations other than those described here). Uncleaned gratings can be easily distinguished by their characteristic brown
and hazy appearance (which disappears when a grating is well
cleaned), attributed to the residual organic materials.
Acid piranha, the most widely used chemical cleaning
agent at higher temperatures,18 was insufficient for our lowtemperature (40°C) process; a multistep technique is warranted
to ensure a wide-range removal of performance-limiting contaminants. This cleaning methodology—discussed in Howard’s
work2,7,8,18–20 and adapted by improvising on existing literature
for cleaning gratings (such as Refs. 18 and 21) and semiconductor wafer processing—was split into two parts: a partial clean
consisting of six steps and a final clean that included a plasma
step. The cleaning process is summarized in Table 146.II.
The final clean, which is a third plasma treatment, can be
either an air plasma7 or an oxygen plasma (conventionally used

Table 146.II: Cleaning process for the MLD gratings used in this work.

Cleaning
Process

Process Steps
Step Temperature (°C) Time (min)
1
40
15
2
40
15

Partial clean

Final step

*buffer

3

23

10

4

40

10

5

23

10

6

23

5

7

23

15

Chemical
5:1 piranha spray
2:1 piranha spray
Air plasma
(6.8-W power)
1:1:6 SC-2 no-stir soak
Air plasma
(6.8-W power)
2800:1 BOE* soak
Air plasma
(6.8-W power)
OR
Oxygen plasma
(6.8-W power)

Purpose
Strip photoresist and etch residues
Strip photoresist and etch residues
Completely remove BARC
Remove metallic contamination
Remove light organic matter
Reduce grating duty cycle
Remove organics from grating
surface

oxide etch

LLE Review, Volume 146

79

Nanomechanics and Laser-Induced Damage in Optical Multilayer Dielectric Gratings
in grating cleaning procedures). As shown later, this choice can
have a decisive effect on the laser-damage threshold attained
by a grating sample.
3. Laser-Damage Testing
Damage testing was carried out at LLE’s damage-testing
facility on the short-pulse (10-ps) system with operating capabilities in both air and high vacuum (4 # 10 –7 Torr). The MLD
grating samples studied here were tested in air using s-polarized
light at 1053 nm at an incident beam angle of 61° with an irradiation spot size of 370 nm (e–1 in intensity) in the far field. Beam
analysis and fluence calculations were performed using the
Ophir–Spiricon commercial laser-beam profiler. Laser damage
was assessed in situ using a white-light imaging system (+100 #
magnification). Damage was defined as a feature on the sample’s
surface that was not observed before laser irradiation.20,22 Damage thresholds are reported as beam-normal fluences. An example of a damage site on grating 566-5 is shown in Fig. 146.22.
Our damage tests employed the N-on-1 testing regime performed in air. Particulars of this testing protocol and others,
such as 1-on-1, can be found in literature.23 N-on-1 (stepwise

ramped fluence) testing is conducted by irradiating the sample
site at a fluence that is well below the 1-on-1 threshold for ten
shots. If no damage is detected, the same site is irradiated with
five more shots at a slightly increased fluence. This is continued
until damage is observed in white light, at which point the
damage onset fluence is recorded as the N-on-1 threshold for
that site. The N-on-1 test is repeated for five sites on each MLD
grating sample to generate an average and a standard deviation,
which are reported as the N-on-1 threshold and measurement
error, respectively.
4. Nano-Indentation of MLD Gratings
An MTS Nanoindenter XP fitted with a conical tip (60°
included angle, 1-nm tip radius) was used in this work. The
system was calibrated by performing nano-indentation on
fused silica. Because of the limited imaging capabilities of
the instrument and given the submicron scale of the pillar
structures, it was not possible to resolve the impressions made
by the indenter using the nano-indenter’s built-in microscopy;
instead, the sample had to be transferred to a scanning electron
microscope (SEM) to observe the indents and “wall” damage.
Loads in the 0.1- to 0.5-mN range were used and three types
of indents could be produced by simply displacing the location of the indentation tip on the grating: centered, partially
off-centered, and mostly off‑centered indents.
Experimental Results
1. LIDT Results for Gratings and Cleaning Processes
In this study, the fabrication method of gratings was the same
across the three samples: 13P-11-56/#566-3, 13P-11-56/#566-5,
and 5P-12-56/#644-1. The cleaning procedures detailed earlier
were used to prepare these gratings before they were subjected
to laser-damage testing. The details of the cleaning methods
for our samples are included in Table 146.III. Hereafter, for
purposes of brevity, the grating samples will be addressed as
#566-3, #566-5, and #644-1.

1 nm
G10719JR

Figure 146.22
A scanning electron microscope (SEM) image of an N-on-1 laser-induced–
damage site on the multilayer dielectric (MLD) grating structure.

Two of the gratings (#566-3 and #566-5) that originated from
the same coating run were processed together until the cleaning
step. The third grating specimen (#644-1) was fabricated a year
later using an identical coating process (5P-12-56).

Table 146.III: Summary of LIDT results for gratings and specific cleaning methods used.

Grating
13P-11-56/#566-3
13P-11-56/#566-5
5P-12-56/#644-1
80

Cleaning Process
Partial + air plasma
Partial + O2 plasma
Partial + O2 plasma

Diffraction Efficiency N-on-1 LIDT
Results (%)
(J/cm2); air
97.3!0.2
3.66!0.51
97.3!0.5
4.30!0.25
97.9!0.5
1.82!0.08
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2. Nano-Indentation Data and Grating Brittleness
Nano-indentation tests were performed on all three grating
samples at loads of 0.1, 0.2, 0.3, 0.4, and 0.5 mN. For each
sample and at each load, nine indents were made at locations several microns apart. The aim here was to make as
many decentered indents as possible. As mentioned in detail
elsewhere,8,24 the centered indents are useful in measuring
the yield strength of silica at nanoscale corresponding to this
unique geometry. Conversely, off-centered indents are inherently related to fracture of the grating walls, which can now
be used to explore a connection with LIDT (associated with
fracture as well). This is shown in Fig. 146.23.
Therefore, after performing indentations on the samples,
we analyzed each corresponding load-displacement curve to
separate the off-centered indents from the centered ones. An
example for #566-5 indented at a load of 0.2 mN is shown in
Fig. 146.24. The load-displacement curves make a clear distinction between centered and off-centered indents. The centered

(a) Centered

indent looks similar to an indent in a bulk material8,24 and has
no wall fracture associated with it. The difference, however,
from bulk nano-indentation is that in bulk nano-indentation
the surrounding material laterally constrains the material
deformation. In grating (“wall”) nano-indentation, such lateral
constraint is reduced because of the small thickness of the silica
wall. The other two curves, showing the off-centered indents,
include fracture that is seen by the sudden break in the curve
(leading to a “plateau”) followed by additional loading.
For the purpose of extracting a metric that can be useful
in analyzing the mechanical performance of gratings, which
can then be compared to their optical performance (LIDT),
we located the point of fracture initiation for each of the loaddisplacement curves. This is illustrated in Fig. 146.25 for grating #566-3 at a load of 0.2 mN. The location of the fracture
initiation point (penetration depth D) for each indent depends on
the amount of decentering; naturally, this is different for each
indent (see Fig. 146.25). To evaluate the grating as a whole at

(b) Partially off-centered

100 nm

(c) Fully off-centered

100 nm

200 nm

G10720JR

Figure 146.23
Three distinct nano-indentation responses are seen in MLD gratings.

Centered indent
Partially decentered
Mostly decentered

0.25

Load (mN)

0.20
0.15

Figure 146.24
Load-displacement curves of nano-indentation
for grating #566-5 with a 0.2-mN load.
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that particular load, however, we chose the smallest penetration
depth across all indents to represent the value at which fracture
is initiated. In this example (Fig. 146.25), a penetration depth
of 81 nm is the weakest site for failure under a nanomechanical load of 0.2 mN and will be designated as Dmin. Similarly,
data can be collected across all three grating samples for a load
range of 0.2 to 0.5 mN.

corresponding to Dmin, we can determine the yield “strength”
of the grating and plot it against measurements of LIDT. The
yield strength is a stress found for the maximum load and the
impression area. The contact area radius a is found by
a = 2RD min

(1)

and the corresponding uniaxial yield strength by
We considered only those indents made at loads varying
from 0.2 to 0.5 mN since indentations made at the 0.1-mN load
did not yield any discernible instances of fracture.

vY =

P
.
2aw

(2)

The extracted yield stress is correlated to the LIDT in Fig. 146.27.
3. Brittleness, Deformation, and LIDT
The penetration depths corresponding to the weakest sites
for fracture initiation (Dmin) at each load and sample are plotted
against the measured values of LIDT in Fig. 146.26.

4. Geometrical Discontinuities and Surface Heterogeneities
The MLD gratings, after cleaning treatments, are observed
to have a distinctive type of surface defect as seen in SEM
images—disfiguration along the top of the wall (also referred
to as “undulations”).

Using the methodology discussed in literature8 based on the
geometry of the grating walls (width at the top of the wall, w +
150 nm) and contact area a (function of radius of indenter R
and load applied P) defined at the time of initiation of fracture
0.25

Indent 2
Indent 4
Indent 7
Indent 9

Load (mN)

0.20
0.15

Location point of fracture initiation = D
124 nm

Figure 146.25
The location of fracture initiation is measured using
the load-displacement curves for off-centered indents
made on MLD grating #566-3 with a 0.2-mN load.

81 nm

0.10

122 nm
116 nm

0.05
0.00

Observations from several SEM images such as the ones
shown in Fig. 146.28 reveal a direct correlation between the
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Figure 146.26
Relationship of laser-induced–damage threshold
(LIDT) and the minimum depth of penetration into
the MLD grating needed to initiate fracture.
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Figure 146.27
Relationship of LIDT and the extracted yield stress.
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Figure 146.28
Severity of the undulations on the grating walls
are related to the measured LIDT.
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sizes of the undulations, seen as disfigurement at the top of the
grating walls [circled in Figs. 146.28(a) and 146.28(b)], and
the measured LIDT. Stronger undulations are associated with
gratings that performed poorly in the optical testing, yielding
lower values of laser-damage thresholds. Such surface defects
(numerically modeled in the next section) are expected to play
an important role in determining the quality of a particular grating since they would concentrate electric fields and mechanical
stresses associated with nano-indentation. Therefore, they are
an important consideration to our experiments.

large deformation was modeled using a highly refined mesh
as compared to regions surrounding it.

These defects are thought to be regions of concentration of
both mechanical and optical fields and are, therefore, important
features to be included in our numerical modeling.

The grating structure is defined as an elastic–plastic material composed of silica with an underlying layer of hafnia
(+130 nm). The elastic modulus of silica was selected as 95 GPa
(Ref. 26) and a Poisson ratio of 0.17. Isotropic hardening was
implemented to model plasticity in the material corresponding
to a yield stress of 2.8 GPa (based on the work described in
Chap. 4 of Ref. 25). Hafnia was modeled as an elastic material with a Young’s modulus of 130 GPa and a Poisson ratio of
0.25 (Ref. 26). The indenter tip (+1400-GPa diamond, elastic
modulus) was modeled as an analytical rigid body since we did
not expect it to deform during the experiment.

Numerical Simulations
For the numerical simulations, we used the commercial
finite element package ABAQUS® (version 6.14-1). Guided by
2-D finite element analysis (FEA) performed previously,8,25 the
nano-indentation experiment was modeled as a 3-D problem
using hexagonal, eight-node linear brick elements for the grating structure. The indentation region was significantly smaller
than the size of the sample modeled; therefore, this area of

The nano-indentation problem was set up for simulation in four different ways as seen in Fig. 146.29. Since the
purpose of this work is to correlate optical and mechanical
damage fields in grating testing, we will mainly consider
simulations of off-centered indents—namely the 25%, 50%,
and fully decentered models (details of the centered model
are discussed elsewhere8,25). Our goal is to simulate the
nano-indentation testing. These analyses can then be used
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50% offcentered
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Figure 146.29
The ABAQUS® simulations were run using four setups to represent “centered”
and “off-centered” indents.

to evaluate the different regions in a grating structure where
stresses are concentrated.
1. Simulation of Off-Centered Nano-Indentation
We have observed (Sec. 4.3.1 of Ref. 25) that a high degree
of indenter tip off-center coupled with a relatively deep penetration depth (L150 nm) of indenter tip corresponds to catastrophic
indents on the grating structure. Such “slightly”-to-“mostly”
off-centered indents include effects of both ductility and
brittle deformation.
Figures 146.30(a)–146.30(d) show the evolution of localized deformation and damage for a 50% decentered indent as
the depth of penetration of the indenter tip is increased from
50 nm to 250 nm. The regions of highest concentration of
(a) 50-nm penetration

Smax, principal
(#103)
2.5

maximum principal stress are seen in the regions of the grating wall that are “stretched” at lower penetration depths. As
greater penetration depths of 170 nm and 250 nm are reached,
the highest concentrations of maximum principal stress also
extend to the adjacent wall since it is also now in significant
contact with the indenter tip. This not only causes both the
walls to stretch excessively but also affects the “foot” of the
wall, which is found to concentrate maximum principal stress.
It should be noted here that we have not modeled crack growth
in this simulation; therefore, it is highly likely that excessive
stretching seen in off-centered indents corresponding to high
depths of penetration would indeed fracture the silica walls. In
summary, the sequence of events in off-centered indentation
consists of mechanical stretching of the grating top, followed
by load shearing with neighboring pillars and load transmission
to the base of the grating.
2. Simulation of Geometric Discontinuities
The 3-D simulations discussed previously assume that the
shape of the grating is rectilinear. We now take into account
some of the inhomogeneities that are encountered with gratings
that can potentially act as regions to concentrate mechanical
stresses in a nano-indentation test and have a direct impact on
its laser-damage threshold.
The off-centered nano-indentation experiment is now modeled as a plane-strain simulation in 2-D and is meshed using
four-node bilinear plane-strain quadrilateral elements. Highly
refined meshing is used near the area of contact with a progressively coarser mesh away from the zone of maximum deformation (grating walls and the top few layers of the grating). The
grating structure is modified to include the effects of thickness

S
(b) 100-nm penetration max, principal
(#103)
3.0

0.9

1.2

–0.7

–0.6

–2.3

–2.4

(c) 170-nm penetration

(d) 250-nm penetration
3.0

3.3

1.1

1.3

–0.8

–0.7

–2.8

–2.8

Figure 146.30
Damage is restricted to a single wall for penetration of 50 nm but extends to the adjacent wall as
the penetration increases, eventually leading to
fracture (stress is given in MPa).
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discontinuity evident as disfigurement of the grating walls
(undulations shown in SEM images in an earlier section). The
results from the simulation are compared to those from an ideal
grating structure and illustrated in Figs. 146.31(a) and 146.31(b).

Smax, principal (#103)
3.2
2.3
1.4
0.5
–0.4
–1.3
–2.2

(a)
Before deformation

(b)

G10728JR

Before deformation

7.1
5.9
4.7
3.5
2.4
1.1
0.0

G10729JR

After deformation

Figure 146.31
Comparison of (a) an ideal grating (no defects) with (b) a disfigured grating
simulated for a penetration depth of 50 nm.

It is evident that, for a penetration depth of only 50 nm, the
“disfigured” grating concentrates maximum principal stresses
at the foot of the grating wall as well as along the undulation
(peak stress +3 GPa), whereas there is no significant accumulation of stresses along the wall of the ideal grating shape.
In addition to the stress concentration along the foot of the
grating, the thickness discontinuity includes an additional
effect, reminiscent of concentrated plastic shear deformation
(shear banding).
The plastic strain (maximum principal component) for ideal
and disfigured gratings at a penetration depth of 50 nm is plotted in Figs. 146.32(a) and 146.32(b), respectively. This helps to
further assess the areas of the grating structure that are exposed
to stress concentration in a nano-indentation test. It is seen that
there is a “banding” effect in the upper region of the grating
LLE Review, Volume 146

(a) Ideal grating

(b) Disfigured grating

After deformation

3.0
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1.1
0.2
–0.8
–1.7
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PEmax, principal
(#10–1)
6.9
5.7
4.6
3.4
2.3
1.1
0.0

Figure 146.32
(a) A shear band caused by the plastic strain is prominent only in the area of
contact with the indenter tip. (b) The shear band for the ideal shape is prominent
in the disfigured grating and extends across the top width of the grating wall.

wall where it makes contact with the indenter tip. This “band,”
or the region under plastic strain, is significantly evolved in the
disfigured grating as compared to the ideal grating structure.
We have also modeled nanometer-sized porosity at the
grating “floor.” A 100-nm pore is shown in Figs. 146.30(b)
and 146.31(b). Such pores also concentrate tensile mechanical
stresses, exactly as they concentrate electrical fields27–30 by
enhancing localized absorption effects.31
Discussion
1. Effect of Cleaning Procedures on LIDT
The cleaning procedure is widely reported to have a significant impact on the damage threshold of these pulse-compression gratings.18,20 Extensive research dedicated to studying
the effects of various cleaning processes (Piranha at different
temperatures, Nano-Strip)9,32–36 on the threshold at 10 ps,
1053 nm shows that the efficiency of the process (measured by
reduction in traces of photopolymers and organic contaminants
after cleaning) is linked to the LIDT measured for the grating.
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For our purposes, subtle differences in the cleaning processes (shown in Table 146.III), such as using air plasma over
oxygen plasma, cause significant changes in the measured
LIDT for the respective gratings. Specifically, this is the only
difference between gratings #566-3 and #566-5 (which were
processed identically until this point), and yet the latter performed much better in optical testing (LIDT 4.3!0.25 J/cm2).
The same is true in comparing #566-3 and #644-1. Therefore,
it must be emphasized that, although these differences in cleaning procedures might seem insignificant, they lead to critically
different optical performances.
It must also be noted that although we have shown that
changes in cleaning methods have led to vastly different values
of measured LIDT, this is not the main purpose of this study,
and they are discussed elsewhere.2,7,20
2. Thickness Undulation and Concentration
of Mechanical Fields
Guided by SEM images (in Fig. 146.28) and LIDT data,
an apparent relationship between the shape of the top of the
grating wall and the optical performance of the grating can be
summarized as follows:
• Undulations can amplify electric-field intensification in
those regions, leading to higher damage probability.
• Two-dimensional finite element analysis shows higher stress
concentrations and shear band development in a disfigured
grating for the same +50-nm penetration depths.
The primary purpose of the 3-D simulation was to identify the regions of the grating structure that are affected in a
nano-indentation test and then use these regions to compare
nano-indentation to the results from a laser-damage–threshold
test. Specifically, for a 50% off-centered indent, Fig. 146.30
shows that the highest levels of maximum principal stress are
concentrated in the stretched part of the wall at lower levels of
penetration depth. This region can be thought of as the site of
fracture initiation in the nano-indentation experiment.
The indentation depth at which the maximum principal stress
exceeds the fracture stress of silica corresponds to the location
of the point of fracture initiation (compare to Dmin indicated
in load-displacement curves; see Fig. 146.25). The numerical
simulations (Fig. 146.30) indicate that this indentation depth
is in the 50-nm to 100-nm range, which corresponds well with
experimental data. As indentation depths increase, fracture
becomes imminent and is suggested by the spatial increase in
86

stretched regions of the grating wall (near the top) as well as
adjoining areas where stress is concentrated—the stretched
region in the adjacent grating wall and foot of the grating.
It is widely reported in literature16,17,19,37,38 that in a laserdamage–threshold test, the damage to the MLD grating appears
to start at the upper edge of the silica walls—where the modulus
of the square of the electric field is highest.16,17 SEM images
of our gratings (Fig. 146.28) after cleaning show distinctive
disfigured regions at the top of the grating wall, which in some
cases have thinned the gratings to a great extent. Guided by
these SEM images and LIDT data, there is an apparent relation between the shape of the top of the grating (or, severity
of undulations created) and the respective values of damage
threshold measured in optical testing. Gratings with smaller
degrees of thickness disfigurement are associated with higher
values of laser-damage thresholds. Any inhomogeneity along
the top of the grating wall will amplify the catastrophic effects
of the laser energy used to irradiate these gratings.
Having established that analyzing these undulations is an
important aspect of understanding why gratings behave differently in LIDT, we can now discuss how nanomechanical
testing of these silica walls can be used to understand their
performance. For a penetration depth of 50 nm, it is observed
in the 2-D finite element model that the two highlighted
regions in the figure for the ideal [Fig. 146.31(a)] and disfigured
[Fig. 146.31(b)] grating concentrate the highest levels of (tensile) maximum principal stress. Based on the area around the
top of the grating wall, it is clear that for a given penetration
depth, the disfigured grating experiences much higher levels
of stress (+2.5 GPa) as compared to an ideal grating in the
same region (<1 GPa). This shows that mechanical stresses are
amplified greatly for a disfigured grating, and, as the severity
of undulations increases, it can be expected that stresses would
also increase, ultimately leading to a mechanical failure of the
grating wall.
Plastic strains are also useful in understanding deformation of these gratings, and it is seen that during the nanoindentation test, a “shear band” develops as contact proceeds.
Figures 146.32(a) and 146.32(b) compare the shear bands of
ideal and disfigured grating structures, respectively. Clearly, the
banding effect is more severe in the case of the grating with an
undulation and extends across the width of the wall along the
region where it is disfigured. Strains as high as 45% are seen in
regions away from the contact area and are highlighted in the
figure. The shear band in the ideally shaped grating is contained
mostly within the area that is in contact with the indenter tip.
LLE Review, Volume 146
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It must also be noted that the penetration depth chosen here
(50 nm) to model the nano-indentation stresses in the grating
is similar to the values of Dmin, from the load-displacement
curves, which represents the point of fracture initiation.
Therefore, it can be inferred that under nanomechanical testing, the gratings with more-severe undulations will fracture
before gratings that are relatively free of these features. This
result is critical in explaining why gratings with a lower Dmin
have a lower LIDT (shown in Fig. 146.26). We also note that
these simulations highlight that a nanomechanical test exposes
regions of the grating structure that are impervious to its laserthreshold performance statistics.
3. Correlation of Optical and Mechanical Tests
(LIDT and Dmin)
Figure 146.26 shows LIDT for the three differently cleaned
gratings against D min at various loads used to measure the
nano-indentation. It is apparent that there is a strong linear
dependence of D min on the measured LIDT (J/cm 2). LIDT
increases with increasing values of D min; that is, the more
“brittle” a grating, the lower its damage threshold. This correlation is novel and important for two different reasons. First, it
provides us with a quantitative metric that can be used to predict
optical performance of gratings based on nanomechanical tests
alone. Simply put, a grating that shows an earlier initiation
of fracture in an off-centered nano-indentation test (tracked
using load‑displacement curves) has a greater likelihood to
be associated with a lower LIDT value as compared to a grating that could absorb more mechanical stress before fracture
initiation. Second, this result can also be extended to correlate
yield stress in these gratings (at the time of first fracture) to
their respective laser-damage thresholds. The relation of LIDT
and yield stress in Fig. 146.27 indicates that a grating with a
higher LIDT will have a lower value of yield stress. This means
that for decreasing yield strength, the grating is more ductile or
can absorb more mechanical energy before it fractures. In summary, gratings with higher ductility demonstrate higher LIDT.
It is also worth noting from Fig. 146.26 that the correlating
lines, when extended, have intercepts near zero. Of course, all
gratings have a nonzero LIDT; however, this observation indicates that, if the deflection Dmin to fracture is practically nil,
the resulting LIDT also vanishes. Such a correlation of fracture
and LIDT is in agreement with the discussion in this section.
We will now discuss first-principles–based dimensionless
metrics for correlating our results between nano-indentation
and optical performance. Our goal is to cast our results in a way
that may extend their range of validity to experimental condiLLE Review, Volume 146

tions, other than the ones we have used here. In essence, we
are seeking appropriate ways to cast our experimental results
in a dimensionless form.
Higher ductility in grating structures can be considered in
terms of stretched zones as indicated in finite-element simulations [Fig. 146.30(c)]. This stretching before fracture initiation
in an off-centered indent is attributed to the (tangential) stress
(hoop) exerted by the indenter. This phenomenon is broadly
analogous to an internally pressurized cylinder. The pressure
causes the cylinder to expand or stretch and we can calculate
a hoop strain (f ii) associated with it. The fracture strain is
calculated for the penetration depth (Dmin) at which stretching
leads to fracture initiation and also depends on the indenter’s
radius and the grating pitch.25 We can now normalize Dmin by
the hoop strain (f ii).
We also need to normalize LIDT’s to some nominal
threshold fluence. It is reported in Ref. 39 that the damage in
the optical material is established once the temperature of the
defect-surrounding material reaches its melting point. Therefore, threshold fluence as a function of this critical temperature
(melting point of the optical material, which, in our case, is
silica) can be now estimated as

F0 =

3.1 Tc Kh x
c D

= 2.8 J/cm 2,

(3)

where F0 is the threshold damage fluence, Tc is the critical
temperature or the melting point of silica .1900 K, Kh is the
thermal conductivity = 1.4 W/(mK), x is the pulse duration =
10 ps, D is the thermal diffusivity (for silica) = 0.0075 cm2/s,
and c is the absorptivity at 1053 nm = 10 –3.
Therefore, the LIDT of the gratings can be normalized to
F0. The dimensional plot shown earlier in Fig. 146.26 is replotted in Fig. 146.33 by using dimensionless quantities. This plot
may be used to ascertain the trend that, for increasing fracture
strains, the normalized laser-induced–damage fluence will also
increase. As the correlating lines pass through the origin, the
implication is that high brittleness would lead to very low LIDT.
Conclusions
A novel analysis has been presented to show that nanoindentation testing, supported by SEM images and finiteelement simulations, can be effectively used to interpret the
quality of a grating post-cleaning. The most widely accepted
metrics to rate the performance of MLD gratings used in
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high-powered laser systems are expressed through optical
tests in the form of LIDT’s. Not only do nanomechanical
tests naturally complement laser-damage testing by providing
a fracture-derived metric (D min) that distinguishes between
grating samples based on their propensity to fracture, but
they also expose identical regions of the grating structure to
stresses as in a laser-damage test. The analogy is illustrated in
Fig. 146.34. Therefore, we have argued that nanomechanical
testing carried out in the proposed way (that is, identifying the
weakest mode of the grating deformation) can be implemented
as a rapid first test to predict how MLD gratings will perform
when subjected to more-rigorous and specialized optical tests
such as laser-damage testing.
In Fig. 146.34, we summarize schematically the analogy
between stress/strain field concentration and electromagneticfield concentration.
The main conclusions from this study are as follows: (1) Subtle changes in grating cleaning techniques lead to significant

Stretching

Contact Electric field
stress
near top

Shear
banding

Electric-field
amplification
Stress
concentration

G10731JR

Figure 146.34
Nano-indentation exposes the same areas of the grating structure as an optical
test by concentrating mechanical fields (stress, strain) in the regions normally
associated with amplified electric fields.
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Figure 146.33
Normalized plot showing the dependence of damage
thresholds on fracture strain developed in gratings during
nano-indentation testing.

changes in the measured LIDT. (2) Our work shows a strong
correlation between the nanomechanical fracture-based metric
Dmin and LIDT measured through optical testing for the grating
samples evaluated. It is observed that a smaller value of LIDT
is associated with a smaller Dmin or, simply, a grating that has
a tendency to fracture easily in a nano-indentation test will
most likely have the lowest laser-damage threshold. (3) LIDT
decreases as the measured yield stress for the grating samples
increases. In other words, the less-deformable gratings lead
to reduced LIDT. (4) The presence and size of undulations, or
surface heterogeneities, on the grating structure have a direct
impact on how the grating performs in both mechanical and
optical tests. A grating with severe disfigurement at the top
of the wall is more likely to have a low value of LIDT, as
compared to a grating that was relatively free of this artifact.
(5) Off-centered nano-indentation and LIDT measurements
expose the same regions of the structure of the MLD grating
and, therefore, can be seen as complementary tests.
In summary, we have presented a novel way of using
nano‑indentation testing, electron microscopy, and finiteelement simulations to interpret the LIDT’s of amorphous
silica optical gratings.
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Introduction
In inertial confinement fusion (ICF)1 a target capsule containing a cryogenic deuterium–tritium (DT) ice layer and lowdensity DT gases is imploded directly by intense laser pulses2
or indirectly by x rays in a hohlraum.3 During a typical implosion, intense illumination of the target rapidly heats and ablates
the outer capsule material. Conservation of momentum drives
the remaining capsule material and fuel toward the center of
the target sphere, where the initially gaseous fuel forms a “hot
spot” that ignites fusion reactions, which propagate radially
outward through the main fuel layer.3 The ultimate goal of ICF
is to ignite the imploding target capsule, producing net energy
gain; however, during an implosion, hydrodynamic instabilities
in the ablation front can reduce the energy yield by distorting
the hot spot or dispersing the main fuel layer.
Currently, two main methods are being used to fill the ICF
target capsule with DT fuel—fill-tube filling4 and permeation
filling.5 In fill-tube filling, a small fill tube provides a connection between the empty target capsule and a reservoir of
gaseous DT. A valve downstream of the supply is opened, and
DT flows into the target capsule. Once the desired amount of
DT is inside the target capsule, the supply is shut off.
Permeation filling has no fill-tube connection between the
empty target capsule and a reservoir of gaseous DT. Instead,
this method relies on the target capsule being permeable to
DT at the filling temperature and nonpermeable at some lower
temperature. A valve downstream of the supply is opened and,
at a controlled pressure ramp rate, DT flows into a heated pressure vessel containing an empty target capsule. The buckling
strength and permeability of the target capsule shell limit the
rate of DT pressure rise.6 Once the desired amount of DT has
entered the target capsule, corresponding to the maximum DT
fill pressure, the supply valve is closed. The pressure vessel and
target capsule are then cooled to a temperature at which the
internal pressure will not cause the target capsule to rupture
or leak extensively when DT in the chamber surrounding the
target capsule is evacuated.
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One common capsule material (i.e., ablator) used in permeation filling is made by using the glow-discharge polymerization
(GDP) process.7 Alternate ablators such as beryllium, silicon,
and high-density carbon are of interest in ICF experiments that
study hydrodynamic instabilities.8 Unfortunately, target capsules
made of these materials are not sufficiently permeable to DT
to be used in permeation filling. The current infrastructure at
LLE is based on permeation filling. To study alternate ablator
materials, a new cryostat design based on a fill-tube fill system
is required—a multiyear, multimillion dollar project. A novel
design combining the attributes of permeation and fill-tube filling is described next. This design requires no changes to LLE’s
current infrastructure, which will allow the study of alternate
ablator materials in cryogenic experiments to begin immediately.
Description of the Permeation Fill-Tube Design
The permeation fill-tube (PFT) target assembly is shown in
Fig. 146.35, while a more detailed image of the upper portion
of the assembly is shown in Fig. 146.36. The gravity vector
points down in these images. The geometry of the target support is driven by the requirement that the target capsule must
be at the same elevation or lower than the permeation cell, and
the support structure must not interfere with the laser beams.
Figure 146.37 shows a typical PFT assembly. The permeation cell is connected to the target capsule by a fill tube with
adhesive joints. The fill tube itself is made of two separate tubes
that are also glued together. The larger-diameter tube is fused
silica with an outer polymeric coating and has an outer diameter (OD) of 0.15 mm and inner diameter (ID) of 0.10 mm. The
smaller-diameter tube is borosilicate glass and is tapered from
an OD of 0.1 mm and ID of 0.080 mm to an OD of 0.030 mm
and ID of 0.022 mm. Smaller diameters for fill tubes will be
investigated in the future. The initial geometry was chosen
because of its high rigidity and strength for initial filling and
layering experiments.
The PFT method combines attributes of fill-tube filling4 and
permeation filling.6 Here the target capsule is nonpermeable to
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DT while the permeation cell is permeable to DT at the filling
temperature and nonpermeable at some lower temperature. A
valve downstream of the supply is opened and, at a controlled
pressure ramp rate, DT flows into a heated pressure vessel conDT permeation
cell

Fill-tube heater
Fill tube

Adhesive
joint

Nonpermeable
DT target capsule

Beryllium
support
Heater wire

taining an empty PFT target assembly (shown in Fig. 146.35).
The buckling strength and permeability of the target capsule
shell limit the rate of DT pressure rise.6 DT flows through the
permeation cell’s shell through the fill tube and into the target
capsule. At a steady state the gas pressure is equal in both
capsules. Once the desired amount of DT has entered the PFT
assembly, corresponding to the maximum DT fill pressure, the
supply valve is closed. The pressure vessel and the PFT target
assembly are then cooled to a temperature at which the internal
assembly’s pressure will not cause the target capsule or the
permeation cell to rupture or leak appreciably when DT in the
chamber surrounding the PFT assembly is finally evacuated.
The heater glued to the fill tube (shown in Figs. 146.35 and
146.36) is a microchip resistor (ERJ-XGNF1–1Y) capable of
delivering up to +1 mW. The heater creates a pressure delta to
drive more fuel into the target capsule than the permeation cell
during the layering process. Without this heater, the pressures
in the target capsule and the permeation cell would be equal.

Target support
Pin and
spindle joint
with electrical
contacts

G10808JR

Figure 146.35
Permeation fill-tube target assembly. DT: deuterium–tritium.

The initial PFT prototype did not use nonpermeable ablators, such as beryllium, silicon, and high-density carbon
(HDC), since, because of their opacity to visible light, the ice
layers would not have been visible. LLE uses optical backlit
shadowgraphic characterization of cryogenic target ice layers
with submicron resolution.9 The initial PFT assembly with a
HDC target capsule, used for our manufacturing studies, is
shown in Fig. 146.38(a). The PFT assembly in our layering
studies used GDP capsules for both the permeation cell and the
DT permeation cell
Heater

DT permeation cell

5.75 mm
Fill-tube heater
Adhesive
joint

3.50 mm
Largediameter
fill tube

Fill tube

Heater
wire

Nonpermeable
DT target capsule

Smalldiameter
fill tube

Nonpermeable
DT target capsule

0.025 mm

Beryllium support
G10809JR

Figure 146.36
Detailed view of the upper portion of a permeation fill-tube target assembly.
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Figure 146.37
Permeation fill-tube assembly. (All dimensions are in millimeters.)
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(a)

(b)

GDP capsule
Figure 146.38
(a) Image of a PFT target assembly
with a glow-discharge polymerization
(GDP) permeation cell and highdensity carbon (HDC) nonpermeable
target capsule; (b) image of a PFT
assembly with a GDP permeation cell
and GDP target capsule.

HDC capsule

G10811JR

target capsule [see Fig. 146.38(b)]. The target capsule was made
from GDP so the ice layer would be visible for layering studies.
Both capsules had an OD of 0.430 mm, with wall thicknesses
of 0.022 and 0.008 mm for the permeation cell and the target
capsule, respectively. A future fill will use a nonpermeable
multilayer (GDP/Si/GDP) target capsule shell.
PFT Layering Process
The PFT assembly is located inside a copper layering sphere
filled with helium (see Fig. 146.39). Initially DT in the PFT
assembly is rapidly cooled (+1 K/s) to several degrees below
its triple point. Next, the temperature of the copper layering
sphere is gradually raised until all of the solid DT in the target
capsule is gone and the solid DT in the fill-tube section nearest

the target capsule begins to melt. At this point the temperature
of the layering sphere is dropped +0.001 mK every 15 min.
This causes the DT to solidify and an ice crystal “seed” to grow
out of the fill tube into the target capsule. The initial growth
of a single ring (shown in Fig. 146.40) indicates that, as the
temperature continues to drop, the final ice layer will contain
a single hexagonal close-packed (hcp) crystal, as required for
high-yield ICF implosions.10
Layering experiments were successful using the same
layering protocol as existing stalk-mounted (non-fill-tube)
1000
800

Nonpermeable
DT target capsule

Target
viewing
window
Permeation
fill-tube
target
assembly

600
Pixel

DT permeation cell

Cross section of
copper layering
sphere

400
200
0
G10813JR
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Figure 146.39
PFT assembly located inside a copper layering sphere.
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Figure 146.40
Image of single crystal seed that grows out of the fill tube. The initial growth
of a single ring is indicative of a final ice layer that will be composed of a
single hexagonal close-packed (hcp) crystal, which is required for high-yield
ICF implosions.10
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targets. An image of the resulting single-hcp-crystal ice layer
characterized by optical backlit shadowgraphy is shown in
Fig. 146.41(a). The inner ice surface roughness is 0.98-nm rms
(root mean square) and the average ice thickness is 61 n m.
Figure 146.41(b) shows the inner ice surface radius in red and
outer ice surface radius in blue. The difference between the
blue curve and the red curve is the ice thickness. (A smaller
radius of the inner ice surface, shown in red, corresponds to
a thicker ice layer.) The image is unwrapped with the zero
position referring to the 3:00 position in Fig. 146.41(a). The
stalk position is +50°, leading to thick ice near the fill tube
(highlighted). The test ice layer is significantly thicker near the
(a) log10 (original image)
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Figure 146.41
(a) An image of a final single hcp crystal ice layer characterized by optical
backlit shadowgraphy; (b) the inner ice surface radius is shown in red and
the outer ice surface radius in blue.
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It is possible to control the relative pressure of DT in the two
capsules by using the PFT heater located near the permeation
cell shown in Fig. 146.36. With the heater turned on (+1 mW)
and the layering-sphere temperature above the critical point
of DT, + 40 K, gas is preferentially driven toward the target
capsule. Next, the DT in the layering sphere is rapidly cooled
(+1 K/s) several degrees below DT’s triple point, causing the
DT in the target capsule and the fill tube’s end attached to the
target capsule to freeze. At this point the PFT heater is turned
off and the layering process described previously can begin.
As long as the ice plug remains in the fill tube during the
subsequent layering process, the amount of DT in the target
capsule will remain constant.
Heat-Transfer Model
It is preferable to use a heat-transfer model to investigate
the effects of the fill tube, glue spot, target capsule geometry,
and material properties on layer-thickness uniformity for PFT
ICF targets. If the layer-thickness uniformity of the current
design can be accurately modeled, we are confident that we
will be able to numerically evaluate future ICF target designs.
Using models to design targets is more efficient than building
physical prototypes.

200
0

fill tube because of the higher (+6 #) thermal conductivity of
borosilicate glass compared to helium. From Fig. 146.41(b) it
appears that the maximum variation in ice thickness near the
fill tube is +7 nm, but it is actually larger because the fill tube
obscures the shadowgraph data, causing the image analysis to
fail in this area. From Fig. 146.41(b), the effect of the fill tube
is seen over + !23° on either side of the fill tube. The thick spot
will be discussed further in the next section.

The DT solid/gas phase boundary is represented by an
isotherm at DT’s triple point of +19.7 K. The PFT temperature
profile was modeled by a finite volume method (FVM) using
ANSYS FLUENT v16. A two-dimensional axisymmetric
model of the PFT target assembly inside a 1-in.-diam copper
layering sphere filled with +2 Torr of helium was constructed.
The model includes both capsules, the fill tube, the glue spot
connecting the target capsule to the fill tube, DT decay heating,
and sublimation/deposition of DT in the permeation cell, fill
tube, and target capsule. The layering sphere was treated as a
complete surface and is represented by a uniform-temperature
boundary condition. Holes in the layering sphere were ignored
so a computationally efficient axisymmetric model can be used.
Decay heating of DT causes the target to be hotter than its
surroundings. Helium was used to conduct the heat generated
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by DT to the surrounding copper sphere. In the model, DT
can exist in only one of two phases—solid or gaseous. The
sublimation/deposition temperature used for DT was 19.7 K.
Initial models used FLUENT’s two-phase routines. Since only
steady-state results were of interest, a more-efficient solution
procedure was developed. Using user-defined DT material
properties (density and conductivity) that were a function of
temperature yielded identical steady-state results as FLUENT’s
two-phase routine and were more efficient to run. Both solution
procedures model only heat transfer by conduction, and mass
conservation is not automatically taken into account. In either
modeling method, conservation of DT mass is controlled by a
manual iterative process. Knowing the actual total mass of DT
in the PFT assembly, the layering sphere’s fixed-temperature
boundary condition can be adjusted until the desired mass of
DT contained in the PFT assembly is obtained.
Figure 146.42 shows the model geometry. The outer portion
of the DT physically touching the target capsule shell uses a cell
size of 1 # 1 nm to resolve the gas/ice-phase boundary (shown
in Fig. 146.43). Other areas of the model use a coarser mesh for
a more-efficient solution. Based on a mesh refinement study, the
results presented are mesh independent. Thermal conductivities
at +20 K are 0.0255, 0.009, 0.35, 0.05, 0.333, 0.15, 0.15, and
59 W/m/K for He (Ref. 11), DT gas,12 DT solid,12 GDP plastic shell,13 Stycast 1266 (Ref. 14), fused silica,15 borosilicate
glass,15 and beryllium,16 respectively. Densities are 0.0065,
0.7, 260, 1420, 1120, 2640, 2640, and 1851 kg/m3 for He, DT
gas, DT solid, GDP plastic shell, Stycast 1266, fused silica,
borosilicate glass, and beryllium, respectively. A user-defined
function (UDF) was used for the 200-W/kg decay heat of DT
(Ref. 13). (Note: Borosilicate glass conductivity was used for
fused silica and polyimide conductivity was used for the GDP
capsule because of the lack of cryogenic material property data.)

He outside
solid boundary

DT inside
solid boundary

Helium

Shell
Adhesive
Fill-tube wall
DT
G10816JR

Figure 146.43
Image of the fine mesh required to resolve the solid/gas phase boundary near
the target capsule.

Figure 146.44 shows temperature contours predicted by the
model. The temperature is hottest at the center of the target
(radioactive decay) and coldest at the isothermal boundary condition representing the copper layering sphere. Figure 146.45
illustrates the resulting solid/gas phase boundary predicted
by the model (DT ice is shown in red). Figure 146.46 is an
unwrapped image of the model ice thickness overlaid on the
measured ice thickness of the layer in the experimental PFT
target; the fill tube is located at +50°. The model thickness
profile is very similar to experimental results. One difference
is that the actual ice layer shows a thick spot in the ice above
the hole in the layering sphere (required to insert the target

Isothermal boundary condition
representing Cu layering sphere

Permeation capsule

Target capsule
Kelvin

19.6610
G10815JR

Figure 146.42
Model geometry near the target capsule.
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Figure 146.44
Modeled temperature contours of the target and copper layering sphere.
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DT ice

He gas
DT gas

Ice/gas phase boundary
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Figure 146.45
The ice/gas phase boundary predicted by the model (DT ice is shown in red).
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Analysis
Experimental

Here we use the model to quantify the effect of alternate
target designs on ice-layer nonuniformities near the fill tube.
First we investigate the effect of a fill tube’s cross-sectional
area on the ice-thickness uniformity near the fill tube. The
effect of borosilicate fill-tube size on ice-thickness uniformity
with a GDP (low thermal conductivity of 0.05 W/m/K) shell is
shown in Fig. 146.47. The fill-tube size has a significant effect
on variations in ice-layer thickness near the fill tube. The variation decreases from +30% for the 30-nm-OD fill tube to +10%
for the 10-nm-OD fill tube.

Opening in
layering sphere

65
60
55
–200

G10819JR

–100
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Figure 146.46
Unwrapped image of the model prediction of ice thickness overlaid on actual
ice thickness; the fill tube is located at +50°.

into the layering sphere). The hole cannot be modeled since the
axis for the axisymmetric model is aligned with the fill tube.
The thermal model estimates the peak thickness variation to
be +17 nm near the fill tube, and the effect of the fill tube is
apparent + !20° on either side. The model accurately predicts
the uniformity of the actual ice-layer thickness. This verifies
the modeling methodology so good estimates of ice uniformity
for other ICF target designs can be made numerically.
The nonuniformity in the ice thickness near the fill tube for
the target design discussed above is too large for high-yield
ICF implosions. Three critical design parameters affecting this
nonuniformity are (1) the fill tube’s size, (2) the target shell’s
thermal conductivity, and (3) the fill tube’s thermal conductivity. The decay heat from the target is conducted (radially) away
LLE Review, Volume 146

OD = 30, ID = 22 nm; kshell = 0.05 W/m/K
OD = 20, ID = 10 nm; kshell = 0.05 W/m/K
OD = 10, ID = 5 nm; kshell = 0.05 W/m/K
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DT ice thickness (nm)

DT ice thickness (nm)

80

from the target shell. Nonuniformities in this conduction path
distort the isotherms, resulting in ice-thickness nonuniformity.
If the isotherms were perfectly concentric about the target shell,
the ice thickness would be uniform. The thermal conductivity of borosilicate glass is +6 # higher than helium, causing a
cold spot near the fill tube that results in locally thicker ice.
Minimizing the borosilicate glass cross-sectional area or its
thermal conductivity will minimize this effect. Less obvious
is the effect of shell conductivity on ice-thickness uniformity.
The fill-tube causes temperature variations in the i direction in the axisymmetric model, resulting in nonconcentric
isotherms. When the shell has high thermal conductivity, it
“short circuits” the i temperature variations, resulting in
more-concentric isotherms.
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Figure 146.47
Unwrapped image of the model prediction of ice thickness for three different fill-tube cross sections with a GDP shell having a thermal conductivity
of 0.05 W/m/K.
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The effect of the shell’s thermal conductivity for a 20-nmOD, 10-nm-ID borosilicate fill tube with 20 nm of penetration
into the shell is shown in Fig. 146.48. The shell’s thermal
conductivity has a significant effect on variations in ice-layer
thickness near the fill tube. Bulk beryllium at +20 K has a thermal conductivity of +59 W/m/K. If a target shell has a thermal
conductivity approaching that of bulk beryllium, it would almost
completely negate the ice-thickness variations near the fill tube.
OD = 20, ID = 10 nm; kshell = 0.05 W/m/K
OD = 20, ID = 10 nm; kshell = 1.00 W/m/K
OD = 20, ID = 10 nm; kshell = 59.00 W/m/K
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Figure 146.48
Unwrapped image of the model prediction of ice thickness for three different
shell thermal conductivities with a 20-nm OD, 10-nm ID borosilicate fill tube.

Conclusions
An ICF target has been successfully filled and a <1-nm-rms
DT ice layer has been developed using a novel fill design that
combines attributes of permeation and fill-tube filling. This
new filling method allows LLE to immediately begin the study
of nonpermeable cryogenic target capsules with their current
infrastructure. A numerical model has been presented that
accurately predicts the ice nonuniformities near the fill tube
as seen in empirical data. Using this model, target designs
with better ice-thickness uniformity have been proposed. One
key but less obvious factor that improves ice uniformity is the
target shell’s conductivity. Numerical simulations show that
high-conductivity shells (e.g., shells with the conductivity of
bulk beryllium at +20 K, 59 W/m/K) completely negate the
fill-tube–induced ice nonuniformities.
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Acidic Magnetorheological Finishing
of Infrared Polycrystalline Materials
Introduction
Magnetorheological finishing (MRF) is a polishing technique
used to produce high-precision optics. It is known for its
relatively high material-removal rate (mrr);1 subnanometer
surface roughness on various materials, especially glass;2–4
good figure/shape accuracy;5 deterministic nature;1 and the
ability to polish complex shapes at a large size range.6 For
some materials, however, the conventional alkaline waterbased magnetorheological (MR) fluid tends to leave noticeable
artifacts and a relatively high roughness on the surface;7–10
e.g., Jacobs et al.7 talked about the difficulties in using a
conventional MR fluid to polish calcium fluoride (CaF2) and
potassium dihydrogen phosphate (KDP). It was shown that
since CaF2 is a soft material [H V = 1.65 GPa (Ref. 11)], it
is easily chipped and tends to experience a large number of
fine scratches. On the other hand, KDP is particularly soluble
in water; therefore, any water-based MR fluid is not recommended when polishing this material. The alternative MR
fluid for finishing CaF2 was based on a lubricant component
(PEG 200) instead of water to soften the MR fluid and prevent fine scratches. The magnetic-field strength on the MRF
machine was also reduced to further soften the MR fluid. The
results showed a root-mean-square (rms) surface roughness
of +1 nm for this material. For KDP, the water component
was replaced with dicarboxylic acid ester. Surface-roughness
results (when using nanodiamond as a polishing abrasive)
were as low as +20-nm peak-to-valley (p–v) and +1.6-nm
rms. Similarly, Menapace et al.12 [Lawrence Livermore
National Laboratory (LLNL)] successfully polished a 50 #
50-mm 2 KDP substrate using an optimized nonaqueous MR
fluid. The surface microroughness achieved was in the midangstrom level, along with a 5 # improvement in the surface
figure. More recently, Pattanaik et al.13 described the use of
an MRF setup for polishing a nonmagnetic copper substrate
using an oil-based MR fluid. By modifying both the MR
fluid composition [mainly the concentration of carbonyl iron
(CI), a polishing abrasive, and an oil-based medium] and the
experimental setup (relative rotational movement between the
workpiece and MR fluid), they found the optimal conditions
at which a smooth surface roughness is achieved.
98

Another group of materials that is relatively challenging to
finish by using MRF [and other techniques (see Refs. 14–16)]
consists of crystalline8,17 and polycrystalline materials.9,10,18
The difficulty arises because of the material anisotropy in the
unit cell regime (mostly found at the less-symmetric lattice systems, such as hexagonal) and/or in the grain-array regime.19–21
Kozhinova et al.9 (and later Hallock et al.10) demonstrated
the use of an altered MR fluid to finish an infrared (IR)
polycrystalline material—chemical-vapor–deposited (CVD)
ZnS. They showed that when this material is processed with
a conventional alkaline MR fluid, surface-artifact phenomena
known as “pebbles”9,22 (in the mesostructured regime) and
“orange peel” (in the grain-structure regime)23 are raised on
the finished surface; furthermore, the more material removed
by MRF, the rougher the surface. They experimented with the
MRF process by using a modified MR fluid in which the CI
particles were replaced with a “soft” CI type and the carrier
medium was modified from alkaline to acidic. When using this
type of modified MR fluid, the surface artifacts and roughness
can be minimized.
In our ongoing research, we investigate the role of chemical
and mechanical effects on the mrr during MRF of IR polycrystalline materials, with considerable focus on CVD ZnS. Seeking an explanation to Kozhinova’s findings, we investigated19
the anisotropy of ZnS during MRF using four dominant singlecrystal orientations of ZnS (100, 110, 111, and 311). The relative
mrr’s between the different orientations were examined during
MRF, using three chemomechanically modified MR fluids:
pH 6 with viscosity (h) of +197 cP, pH 5 with h . 117 cP, and
pH 4 with h . 47 cP. We used unique CI particles coated with
a thin layer of zirconia to protect the iron particles from rapid
corrosion in acidic conditions.24–26 We found that the minimal
variation in the removal rate between the four crystalline orientations was obtained with a pH 4 and low-viscosity (+ 47-cP)
MR fluid. This suggested that during MRF, most of the grains
within the polycrystalline material are polished at relatively the
same rate (uniformly), leaving a few surface artifacts (pebbles)
and a relatively low surface roughness. When this formulation was tested on several CVD ZnS substrates, we found that
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pebble artifacts were minimal with this composition; however,
surface microroughness was relatively high at +44-mm rms.
The missing part in our previous work19 was lacking polishing
abrasive in the acidic MR fluid. In this article we describe our
efforts to further reduce the appearance of pebbles and improve
surface roughness on several CVD ZnS substrates and other
important IR polycrystalline materials using an acidic, lowviscosity MR fluid. A modified version of zirconia-coated CI
particles to further increase the acidic MR fluid’s lifespan at
pH 4.5 (Refs. 27 and 28) is used. We first examine the effect of
two polishing abrasives—alumina and nanodiamond—on the
removal-rate uniformity of single-crystal orientations of ZnS
and then examine the surface finish of several IR polycrystalline materials that were polished with two acidic, low-viscosity
MR fluids containing these two polishing abrasives.
Experimental Details
1. IR Optical Substrates
The crystalline materials and their relevant properties are
listed in Table 146.IV. All single-crystal ZnS samples were
grown, cut, and supplied by the same supplier.29 Polycrystal-

line CVD ZnS materials were obtained from different suppliers, each providing one sample (samples A, B, C, and D in
Table 146.IV). Technically the material is listed as CVD ZnS;
however, differences are anticipated because of variations in
detailed manufacturing conditions with each supplier.20,30
Also, samples A–C are forward-looking IR (FLIR) ZnS, while
sample D is elemental ZnS.
Hot isostatic pressed (HIP) ZnS, CVD ZnSe, and MgF2
were also provided from different suppliers. All materials were
ground and pre-polished in-house, as described in Ref. 9, to
a flatness of 1 to 2 m , a p–v roughness of <40 nm, and an rms
of <4 nm.
2. Acidic MR Fluids
The MR fluids we used are based on the “advanced zirconiacoated CI particles.” The particles’ synthesis and characterization are widely described in Refs. 27 and 28. The use of the
coated particles in an acidic suspension greatly improves the
MR fluid’s lifespan by suppressing oxidation of the carbonyl
iron particles. The primary formulation of the acidic MR

Table 146.IV: Characteristics and properties of IR crystalline materials.

Sample ID
ZnS (100)
ZnS (110)
ZnS (111)
ZnS (311)
ZnS A†
ZnS B†
ZnS C‡
ZnS D‡
HIP ZnS
ZnSe
MgF2

Sample Type
Single crystal
Single crystal
Single crystal
Single crystal
Polycrystalline;
CVD; FLIR
Polycrystalline;
CVD; FLIR
Polycrystalline;
CVD; FLIR
Polycrystalline;
CVD; elemental
Polycrystalline;
CVD; HIP
Polycrystalline;
CVD

Crystal Structure
Cubic
Cubic
Cubic
Cubic

HV (GPa)*
1.89!0.03 (Ref. 19)
1.71!0.04 (Ref. 19)
2.93!0.04 (Ref. 19)
2.17!0.12 (Ref. 19)

Grain Size ( nm)
N/A
N/A
N/A
N/A

Cubic

1.86!0.02 (Ref. 28)

1.18!0.34**

Cubic

1.72!0.02 (Ref. 28)

2.03!0.64**

Cubic

1.61!0.14 (Ref. 28)

—

Cubic

2.00!0.03 (Ref. 28)

1.94!0.46**

Cubic

1.33!0.05 (Ref. 28)

75 to 150
(Ref. 22)

Cubic

0.90!0.06 (Ref. 28)

43!9.00 (Ref. 31)

Polycrystalline

Tetragonal

2.29!0.05 (Ref. 28)

+ 0.45*** (Ref. 32)

*Taken

with a Tukon 300 BM Micro-Indenter at 100-g force for single-crystal samples and 400-g force for all
other samples.
**The lineal-intercept method for determining average grain size was used.
***An image-analyzing software was used.
†From U.S. vendors
‡From Chinese vendors
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Table 146.V: Acidic MR-fluid formulation showing the different
components, their original form of supply, and their
relative portion in the fluid (in volume percent).

Component
Advanced zirconia-coated
CI particles
DI (de-ionized) water
Polyethylene-imine
Acetic acid

Form of Supply

MR Fluid
(vol %)

Powder

27.97

Liquid
50 wt% in water
+16-M solution

49.30
20.71
2.02

of a lack of part movement. An example of an MRF spot and
the removal function is shown in Fig. 146.49. The acidic MR
fluids (containing different abrasive types and concentrations)
were used in a screening spotting experiment on single-crystal
orientations of ZnS. Each single-crystal substrate was spotted
twice with a given acidic fluid for 1 min. The peak removal rate
(prr) was then measured. Following the screening experiment
with single-crystal ZnS, the fluids with the highest abrasive
concentration (i.e., 3 vol% alumina and 0.18 vol% diamond)
were used in the second spotting stage of polycrystalline IR
materials. Each polycrystalline substrate was spotted once for
15 min to remove between 0.7 to 1.0 nm of material at the deepest depth of penetration (ddp). The spotting time was chosen

y

x

+0.0

MR fluid flow direction

Pre-polished
surface
MR ribbon grooves

MRF spot’s ddp

–1.5

(b)
Peak removal

0.0
–0.3
–0.6
0

G10736JR

3. MRF Spotting Experiment
An MRF spotting experiment was conducted on a research
MRF machine, referred to as the “spot-taking machine”
(STM).7 The STM has features similar to a conventional MRF
machine; however, it is not designed to perform a full run of
polishing. It is capable of taking single spots at a time because

nm

(a)
z

Height (nm)

fluid, given in Table 146.V, was blended off-line using a shaft
mixer. Small portions of powder were incrementally added to
a mixture of water and a particle-dispersant agent [polyethylene-imine (PEI), Sigma Aldrich] to form a slurry. The acid
(glacial acetic acid, Sigma Aldrich) was added last. Polishing
abrasives—alumina and diamond (see Table 146.VI for more
details)—were added (to separate fluids) at a different stage of
the experiment, when the fluids were circulating on the MRF
machine. This had no effect on the fluids’ viscosity or pH value.
For the alumina-based MR fluid, the abrasive concentrations
evaluated, in volume percent (vol %), were 0 vol %, 1 vol %,
2 vol %, and 3 vol %. For the nanodiamond-based MR fluid,
the abrasive concentrations evaluated were 0 vol %, 0.06 vol %,
0.12 vol %, and 0.18 vol %. Note that the diamond-abrasive
concentration is one order of magnitude lower than that of
alumina because the nanodiamond abrasive is more aggressive
than alumina. The acidic MR fluids had an off-line viscosity of
+ 45 cP. The pH of the fluids throughout the experiments was
4.53!0.09 and 4.54!0.11 for the alumina and diamond-based
fluids, respectively. One liter from each fluid was prepared and
loaded on the MRF machine.

2

4
6
Distance (mm)

8

Figure 146.49
(a) A 3-D white-light interferometer image (12 # 8 mm2) of a magnetorheological finishing (MRF) spot taken on a pre-polished chemical-vapor–deposited
(CVD) ZnS substrate (sample A) designating the spot’s depth of deepest
penetration (ddp), MR ribbon grooves, and MR fluid-flow direction. (b) The
MRF removal function shows the peak removal around the spot’s ddp.

Table 146.VI: Polishing abrasives, their source, and characteristics.

Polishing Abrasive
Alumina (alpha)
DIANAN® nanodiamond

Source
NanoTek

Form of Supply
Dry powder

Particle Size* (nm)
d15 = 19; d50 = 52; d80 = 169

Straus Chemical

Dry powder

d15 = 13; d50 = 28; d80 = 143

*Particle-sized

data were obtained with the AcoustoSizer IIS-Particle size and zeta potential analyzer.33 Samples
contained 0.5 wt% of abrasive in DI water. All suspensions were dispersed using a sonication bath for 20 min prior
to measurement.
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based on Ref. 9, which states that pebbles on a pre-polished
CVD ZnS surface are exposed after +0.5 nm of material has
been removed. Machine settings were 1.3-mm ribbon height,
0.2-mm (for single crystals) and 0.3-mm (for polycrystalline)
penetration depth, 220-rpm wheel speed, 110-rpm pump speed,
and a 15-A electric current.
4. Metrology
a. Material removal rate of single-crystal ZnS substrates.
Peak removal rates for all spots taken on the single-crystal
substrates were obtained with a Zygo Mark IV laser interferometer34 by subtracting the spotted area from the original surface
and dividing the difference by the spotting time, i.e., 1 min.
The peak removal is measured as the deepest vertical depth of
material removed by MRF (see Fig.146.49).
b. Surface artifacts and microroughness of polycrystalline materials. The submillimeter- and millimeter-sized
pebbles on the spotted polycrystalline materials, which are
a direct result of the CVD growth technique,9,22,35,36 were
evaluated using a Zygo white-light, non-contact interferometer—the NewView™ 100 (Ref. 37). A 5 # objective (with
a 1.39 # 1.04‑mm 2 field of view) was used to capture two
areal-roughness measurements at the ddp of the spots. These
measurements were analyzed, using a low-pass filter option
in MetroPro, to screen out the roughness and leave only the
surface waviness.38 An example of a low-pass filtered measurement is given in Figs. 146.50(a)–146.50(c), where (a) the original
measurement is decomposed to (b) a waviness plot and (c) a
roughness plot. The waviness data provide an indication on
the pebbles’ severity on the surface. Surface microroughness,
which captures submicron- and micron-sized features, such as
pits, scratches, and grain boundaries (known as orange peel23),
was measured using the NewView 100™ with a 20 # objective
nm

mm

nm

0.06

0.06

(b)

1.39

0.00

(c)
–0.06
1.04

–0.06
1.04

–0.06
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Results
1. Material Removal Rate of Single-Crystal ZnS
The average prr for all four single-crystal ZnS substrates
finished with various amounts of alumina and diamond abrasives in the acidic MR fluids is given in Table 146.VII and
Figs. 146.51(a) and 146.51(b). Both sources indicate that the
addition of abrasives increased the overall prr of the acidic
fluids. When alumina was first added to the acidic fluid, the
average prr of all four orientations increased by +59%—from
+0.029 nm/min to +0.046 nm/min (see the highlighted line in
Table 146.VII); when diamonds were first added to the acidic
fluid, the average increased by +46%—from +0.026 nm/min to
+0.038 nm/min. For the acidic fluids with alumina, an additional
amount of abrasive has no real effect on the prr. Observation of
the data within the standard deviation shows little change in the
average prr with increased abrasive concentration after the first
dose is added [Fig. 146.51(a)]. For the acidic fluid containing
the diamonds, however, an additional amount of abrasive linearly increases the average prr of the fluid [Fig. 146.51(b)]. The
highest average prr of the fluid is achieved when 3# the amount
of diamond abrasive is used—i.e., 0.18 vol %.
nm

0.06

(a)

0.00

(a 0.35 # 0.26-mm2 field of view). Four areal measurements
were taken at the ddp of each spot. Within each areal measurement, five lineout scans were collected in the direction of the
MR fluid flow. This helps to avoid the grooves created by the
MR ribbon during MRF (see Fig. 146.49), which are a direct
result of the workpiece being stationary and not rotating on the
STM. We believe that the lineout data better reflect the roughness one would obtain if a conventional MRF machine with
a full run would have been used. All p–v and rms-roughness
data were averaged and are presented in Tables 146.VII and
146.VIII for CVD ZnS and Tables 146.IX and 146.X for the
other IR materials.

mm

0.00
1.39

0.00

mm

0.00
1.39

Figure 146.50
A set of 3-D white-light interferometer images (1.39 # 1.04 mm2) of a CVD ZnS (sample A) substrate finished with a conventional alkaline MR fluid. (a) Original
measurement showing both surface waviness and roughness, (b) low-pass filter analysis showing surface waviness (indication of pebbles), and (c) screened-out
high-frequency roughness.
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Table 146.VII: Average peak removal rate ( n m/min) for single-crystal substrates of ZnS finished with acidic MR fluids that contain various
amounts of alumina and nanodiamond abrasives. Note that the alumina-abrasive concentration is an order of magnitude higher
than the nanodiamond.

SingleCrystal
Orientation
100
110
111
311
Average

Acidic MR Fluid with Alumina Abrasive
0 vol %

1 vol %

2 vol %

3 vol %

0.030!0.002
0.028!0.000
0.032!0.003
0.028!0.001
0.029!0.002

0.045!0.001
0.046!0.004
0.045!0.000
0.048!0.002
0.046!0.001

0.040!0.001
0.048!0.002
0.049!0.003
0.040!0.003
0.044!0.005

0.041!0.000
0.039!0.000
0.041!0.002
0.045!0.002
0.042!0.002

Acidic MR Fluid with Nanodiamond Abrasive
0 vol %

0.06 vol %

0.12 vol %

0.18 vol%

0.029!0.000 0.035!0.000 0.046!0.007
0.029!0.002 0.043!0.003 0.050!0.003
0.020!0.002 0.036!0.008 0.046!0.003
0.025!0.001 0.037!0.001 0.040!0.007
0.026!0.004 0.038!0.004 0.046!0.004

0.053!0.001
0.056!0.004
0.051!0.005
0.053!0.000
0.053!0.002

Table 146.VIII: Surface waviness as p–v and rms collected with a 5# objective at the spots’ ddp of four polycrystalline, CVD
ZnS substrates provided by different suppliers. Data were obtained using a low-pass filter.

Acidic MR Fluid with Alumina Abrasive
CVD ZnS
Sample ID
Sample A
Sample B
Sample C
Sample D

ddp ( nm);
removal rate
( nm/min)
0.76; 0.051
0.77; 0.051
0.69; 0.046
0.79; 0.053

p–v
(nm)

rms
(nm)

62.26!33.02
54.83!13.33
194.67!42.24
147.85!1.91

7.06!1.76
7.22!1.34
24.14!0.82
16.43!0.72

Acidic MR Fluid with Nanodiamond Abrasive
ddp ( nm);
removal rate
( nm/min)
0.95; 0.063
0.84; 0.056
1.10; 0.073
0.94; 0.063

p–v
(nm)

rms
(nm)

64.51!1.31
47.29!0.48
55.47!.91
71.46!12.43

9.24!0.86
5.51!0.22
7.35!1.76
7.81!2.34

Table 146.IX: Surface microroughness as areal and lineout p–v and rms collected with a 20 # objective at the spots’ ddp of four polycrystalline, CVD ZnS substrates provided by different suppliers.

Acidic MR Fluid with Alumina Abrasive
Sample
Areal
Lineouts
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
A
694.23!8.10
18.53!1.58
75.70!7.88 14.22!1.35
B
694.68!25.87 20.38!1.79 79.39!15.19 15.58!2.75
C
903.72!110.06 39.48!1.80 111.67!52.06 29.83!4.47
D
1160.39!343.47 36.08!4.74 136.03!20.64 28.39!4.32

Acidic MR Fluid with Nanodiamond Abrasive
Areal
Lineouts
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
1361.11!147.15 14.33!1.01 28.46!4.54 6.10!1.24
775.50!285.04 10.32!2.54 27.66!4.38 5.93!0.76
1364.06!53.33 26.94!1.70 32.87!7.58 7.79!1.98
1215.28!138.67 18.35!2.91 30.08!4.26 6.94!0.85

Table 146.X: Surface waviness as p–v and rms, collected with a 5 # objective at the spots’ ddp of three polycrystalline IR
substrates. Data were obtained using a low-pass filter.

Sample
HIP ZnS
ZnSe
MgF2
102

Acidic MR Fluid with Alumina Abrasive
p–v (nm)
rms (nm)
331.37!84.21
58.52!14.01
377.94!21.65
53.06!0.71
45.69!8.01
5.76!1.33

Acidic MR Fluid with Nanodiamond Abrasive
p–v (nm)
rms (nm)
379.21!13.35
58.35!3.04
236.33!83.42
29.31!6.67
9.81!0.75
4.84!4.15
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Figure 146.51
Average peak removal rate (prr) of all four single-crystal orientations versus
abrasive concentration in the acidic MR fluid. (a) Alumina-based acidic MR
fluid and (b) nanodiamond-based acidic MR fluid. Note that the aluminaabrasive concentration is +10 # higher than that of the nanodiamond abrasive.

fluid resulted in less pebbles on the surface and improved surface microroughness. At a spatial frequency below 100 mm–1
(corresponding to a lateral distance of 0.1 mm and higher),
all CVD ZnS samples show a flatter and lower power density
(PD) trend line. This indicates a reduction in pebbles on the
surfaces that are finished with an acidic MR fluid containing
nanodiamonds. At a spatial frequency above 100 mm –1 (a
range that represents microroughness), samples A and B reach
the lowest PD value, indicating that their microroughness is
lower compared to samples C and D. Overall, the PSD results
support the waviness and roughness analyses presented in
Tables 146.VIII and 146.IX.
White-light interferometer micrographs taken with a 20 #
objective (given in Figs. 146.53 and 146.54) show the different
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2. Surface Finish of Polycrystalline CVD ZnS
The surface finish at the spots’ ddp for all CVD ZnS samples (A–D) measured with 5# and 20 # objectives is shown in
Tables 146.VIII and 146.IX, respectively. Pebbles were studied
using data from Table 146.VIII representing surface waviness (original roughness data are provided in Appendix A,
p. 107). Surface microroughness was studied using data from
Table 146.IX. Table 146.VIII indicates that the alumina-based
acidic MR fluid produced less waviness on the surface of
samples A and B than on samples C and D, in which the waviness was +50% higher. When the samples were finished with
a nanodiamond-based acidic MR fluid, similar surface waviness was observed for samples A and B. For samples C and
D, however, the level of waviness is closer in value to that of
samples A and B. Surface microroughness data in Table 146.IX
show a similar trend to what was seen with surface waviness.
When finished with an alumina-based acidic MR fluid, the
microroughness of samples A and B was similar; the microroughness of samples C and D was similar, but + 40% higher
than that of samples A and B. When the samples were finished
with a nanodiamond-based acidic MR fluid, all samples showed
a remarkable surface microroughness as a lineout of +30-nm
p–v and + 6-nm rms, and the large difference in roughness
among samples A–D was diminished. A power spectral density (PSD) analysis of samples A–D, given in Fig. 146.52, also
shows that MRF using the nanodiamond-based acidic MR

105
103
101
Sample D

Power density
(nm3)

For the next stage of the experiment—MRF of polycrystalline IR substrates—acidic formulations that contained the
maximum amount of alumina and nanodiamond abrasives were
used (i.e., a concentration of 3 vol % of alumina and 0.18 vol %
of nanodiamonds).

Power density
(nm3)

Sample A

105
103
101
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1
10
100 1000
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Figure 146.52
Power spectral density (PSD) for CVD ZnS samples A–D. The solid curves
designate an acidic MR fluid with an alumina abrasive; the dotted curves
designate acidic MR fluid with a nanodiamond abrasive.
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Figure 146.53
White-light interferometer (Zygo NewView™ 100) micrographs (20 # objective; 0.35 # 0.26 mm 2) at the ddp of CVD ZnS samples A–D finished with
an acidic MR fluid containing an alumina abrasive. The top micrographs
designate “slope x surface maps;” the bottom micrographs designate “slope y
surface maps.” Pits on the surface (seen in the x slope maps) correspond to MR
ribbon grooves (seen in the y slope maps) in the direction of the MR fluid flow.

Figure 146.54
White-light interferometer (Zygo NewView™ 100) micrographs (20 # objective; 0.35 # 0.26 mm 2) at the ddp of CVD ZnS samples A–D finished with an
acidic MR fluid containing a nanodiamond abrasive. The top micrographs
designate “slope x surface maps;” the bottom micrographs designate “slope y
surface maps.” Pits on the surface (seen in the x slope maps) correspond to MR
ribbon grooves (seen in the y slope maps) in the direction of the MR fluid flow.

textures on surfaces finished with the two acidic MR fluids.
For the alumina-based MR fluid (Fig. 146.53), a pitted pattern
appears on all CVD ZnS samples (A–D). These pits seem to
be a result of the grooves created by the MR ribbon in the
direction of the MR fluid flow (“slope y surface map” micrographs in Fig. 146.53). A similar observation was found when
nanodiamonds were used in the acidic MR fluid. In this case,
however, the amount of pits and grooves is significantly lower,
especially for samples A and B.

talline CVD ZnS (p. 103), were also used on CVD HIP ZnS,
CVD ZnS, and MgF2—which is not a CVD-grown material.
Tables 146.X and 146.XI show the surface waviness and surface
microroughness, respectively, of these materials (original data
collected with a 5# objective are given in Appendix A, p. 107).
Table 146.X indicates that CVD HIP ZnS and CVD ZnSe share
similar values of waviness when finished with alumina-based
acidic MR fluid. The pebbles on the surfaces are of the same
order of magnitude. No change is seen in the emergence and
size of pebbles on the CVD HIP ZnS surface when using nanodiamond abrasives instead of alumina in the acidic fluid. The
surface waviness of CVD ZnSe, however, improves by + 40%
when using a nanodiamond abrasive in the acidic MR fluid,
indicating a reduction in the appearance of pebbles on the sur-

3. Surface Finish of Other Polycrystalline
IR Optical Materials
The two acidic MR fluids used with polycrystalline, CVD
ZnS substrates A–D, described in Surface Finish of Polycrys104
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Table 146.XI: Surface microroughness as areal and lineout p–v and rms collected with a 20# objective at the spots’ ddp of three polycrystalline
IR substrates.

Acidic MR Fluid with Alumina Abrasive
Acidic MR Fluid with Nanodiamond Abrasive
Areal
Lineout
Areal
Lineout
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
HIP ZnS 1180.68!158.00 47.48!8.72 160.62!31.7 36.39!9.56 1476.20!251.10 58.80!15.90 191.30!57.67 54.30!20.60
ZnSe
1734.16!230.39 81.49!9.57 193.55!38.2 46.37!9.77 2270.10!351.85 66.80!8.31 87.39!26.31 21.20!5.72
MgF2
554.91!142.89 7.72!0.72 38.81!5.881 6.68!0.75 43.54!12.72
1.32!0.13
6.06!0.92
1.09!0.18
Sample

HIP ZnS

The microroughness of CVD ZnSe finished with the acidic
MR fluid and alumina abrasive is relatively high. A significant
reduction in surface roughness, however, was found when this
material was finished with nanodiamonds in the MR fluid.
CVD ZnSe

MgF2

Slope y

0.26 mm

Slope x

HIP ZnS

0.35 mm
G10742JR

Figure 146.55
White-light interferometer (Zygo NewView™ 100) micrographs (20 # objective; 0.35 # 0.26 mm2) at the ddp of CVD HIP ZnS, CVD ZnSe, and MgF2
finished with an acidic MR fluid containing an alumina abrasive. Pits on the
surface (seen in the x slope maps) correspond to MR ribbon grooves (seen in
the y slope maps) in the direction of the MR fluid flow.
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MgF2

Slope y

0.26 mm

Surface microroughness results seen in Table 146.XI show
that better surface roughness for the CVD HIP ZnS surface was
obtained when an alumina abrasive was used in the acidic MR
fluid. This is also seen in Figs. 146.55 and 146.56, in which the
substrate’s roughness is somewhat less pronounced and defined
in Fig. 146.55 than in Fig. 146.56. When avoiding the MR ribbon grooves by taking roughness measurements as lineouts (see
“Lineout” columns in Table 146.XI), a remarkable reduction in
the p–v and rms values is observed. Overall, the alumina-based
MR fluid provided better surface roughness for HIP CVD ZnS
than the nanodiamond-based fluid.

CVD ZnSe

Slope x

face. Magnesium fluoride does not experience the pebble-like
structure seen in CVD-grown materials. However, an +80%
improvement is seen in p–v and rms values of this material
when using the acidic MR fluid with nanodiamond abrasives.

0.35 mm
G10743JR

Figure 146.56
White-light interferometer (Zygo NewView™ 100) micrographs (20 # objective; 0.35 # 0.26 mm2) at the ddp of CVD HIP ZnS, CVD ZnSe, and MgF2
finished with an acidic MR fluid containing a nanodiamond abrasive. Pits on
the surface (seen in the x slope maps) correspond to MR ribbon grooves (seen
in the y slope maps) in the direction of the MR fluid flow.

Figure 146.56 demonstrates the diminished small-scale pebbles
on the surface of a CVD ZnSe substrate finished with an acidic
MR fluid containing nanodiamonds. PSD data (Fig. 146.57)
show similar observations. The power-density versus spatialdensity plot of the surface finished with nanodiamonds shows
significantly lower values than the alumina abrasive, indicating a reduction in the surface roughness (and pebbles) on the
surface. For the MgF2 substrate, finishing this material with
an acidic MR fluid containing alumina provided a relatively
good surface roughness (+38-nm p–v and +7-nm rms as lineout). Roughness was significantly improved by more than
80% when using fluid containing nanodiamonds (+7-nm p–v
and +1-nm rms as lineout), with similar improvements in PSD
results for this material obtained with the acidic MR fluid
containing nanodiamonds being substantially better than that
of an alumina-based MR fluid.
Discussion
Adding polishing abrasives to the acidic MR fluid increased
the overall material removal rate of the fluid, while maintaining
relatively good uniformity among the different single-crystal
orientations of ZnS. Adding an alumina abrasive to the fluid
105
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Figure 146.57
Power spectral density (PSD) for (a) CVD HIP ZnS, (b) CVD ZnSe, and
(c) MgF2 samples. The solid curves designate an acidic MR fluid with an
alumina abrasive; the dotted curves designate an acidic MR fluid with nanodiamond abrasive.

caused saturation in the material removal rate with the first
addition of a 1-vol % abrasive. With a nanodiamond abrasive,
a constant increase in the material removal rate of +18% was
seen with any additional portion of abrasive. Surface waviness
and PSD results show a significant reduction in the emergence
of pebbles on the surface of several CVD ZnS substrates
(samples A–D) finished with an acidic MR fluid containing
nanodiamonds. The surface microroughness achieved was as
low as +30-nm p–v and +6-nm rms. Furthermore, the variation
in surface artifacts and roughness among the different CVD
ZnS substrates, which is known to result from differences in
detailed manufactory conditions of different suppliers,30 was
also resolved when a nanodiamond abrasive was used in the
acidic MR fluid. The pronounced pits and MR grooves on
the finished surfaces are believed to contribute to the overall
roughness data collected and presented in this work. Since
these grooves result from parts being stationary and not
rotating during the process, we assume that lower roughness
data, especially p–v, could be obtained if these surfaces were
polished on a commercial MRF machine. The nanodiamondbased acidic MR fluid seemed to reduce the surface artifacts
and microroughness of CVD ZnSe and MgF2, but not those of
CVD HIP ZnS. This finding was unexpected since CVD HIP
ZnS is most similar to CVD ZnS; therefore, we would expect it
to show similar surface waviness and roughness findings. This
led us to the conclusion that the ceramic’s crystallite (grain)
size might have an effect on the resultant finish of the samples.
Among the four types of polycrystalline evaluated here, CVD
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ZnS and MgF2 have a smaller grain size. For these two materials, a good surface roughness and a minimal level of surface
artifacts and pebbles were observed. The CVD ZnSe has an
intermediate grain size (+ 45 n m) among the four evaluated
materials. For this material some degree of surface artifacts
and a surface microroughness of +87-nm p–v and 21-nm rms
were observed. The CVD HIP ZnS has the highest grain size
of all four materials (+75 nm) because of the high temperature
(+1000°C) reached during the HIP process, where recrystallization of the grains occurs.22 With this material, a high degree
of surface artifacts and pebbles was found on the MR-finished
surface with both acidic fluids containing alumina and nanodiamonds. The surface microroughness was fairly high as well
(>160-nm p–v and >36-nm rms). Further investigation of this
assumption is required.
Conclusion
The addition of a polishing abrasive to the low-pH, low‑viscosity MR fluid did not seem to affect the relative mrr among
the different single-crystal orientations of ZnS. The overall mrr
of the single-crystal orientations increased with an increasing
nanodiamond concentration in the fluid but remained more or
less the same when the concentration of alumina abrasives was
increased. Surface-waviness and PSD results have shown that
the emergence of pebbles on the surface of several CVD ZnS
substrates (samples A–D) finished with the acidic MR fluid
containing nanodiamonds was significantly reduced and the
surface microroughness achieved was as low as +30‑nm p–v
and +6-nm rms. Furthermore, the variation in surface artifacts
and microroughness among the different CVD ZnS substrates
was also resolved with this type of abrasive in the acidic MR
fluid. The pronounced pits and MR grooves observed on the
finished surfaces contributed to the overall roughness data we
collected; we believe that lower roughness data, particularly
p–v, can be obtained if these surfaces were to go through a
complete finishing run on a commercial MRF machine. The
acidic MR fluid with nanodiamonds seemed to reduce the
surface artifacts and microroughness of CVD ZnSe and MgF2
but not that of CVD HIP ZnS. We speculate that the ceramic’s
grain size might have some influence in this matter. Further
investigation is clearly required.
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Appendix A: White-Light Interferometer Roughness Data Collected with a 5 # Objective
The data in Tables 146.XII and 146.XIII were used to perform the waviness analysis described in Results (p. 101).
Table 146.XII: Surface roughness (areal and lineout) collected with a 5 # objective at the spots’ ddp of four CVD ZnS substrates.

CVD ZnS
Sample ID
Sample A
Sample B
Sample C
Sample D

Acidic MR Fluid with Alumina Abrasive
Areal
Lineouts
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
287.56!180.42 13.42!2.00 72.93!12.18 12.56!1.16
737.48!486.54 15.12!2.32 76.91!13.84 13.60!1.46
1292.91!1241.49 29.37!0.94 146.63!19.77 26.98!2.10
918.48!599.05 36.52!0.76 184.47!27.50 32.05!5.13

Acidic MR Fluid with Nanodiamond Abrasive
Areal
Lineouts
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
525.96!177.97 12.53!0.91 55.78!12.35 10.64!2.53
360.24!10.53 8.21!0.45 36.27!7.01 7.08!0.94
379.23!27.48 10.46!2.13 39.90!5.40 7.99!1.08
529.31!155.43 11.85!3.54 50.42!9.49 9.19!1.74

Table 146.XIII: Surface roughness (areal and lineout) collected with a 5# objective at the spots’ ddp of CVD HIP ZnS, CVD ZnSe, and MgF2.

Acidic MR Fluid with Alumina Abrasive
Acidic MR Fluid with Nanodiamond Abrasive
Sample
Areal
Lineouts
Areal
Lineouts
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
p–v (nm)
rms (nm)
HIP ZnS 1254.13!641.29 72.67!14.50 290.56!60.10 65.26!18.10 868.02!47.76 71.70!2.95 262.40!53.54 62.90!10.40
ZnSe
1528.77!784.67 74.25!1.96 308.96!43.77 68.19!10.90 1714.70!0.76 46.70!5.98 178.90!31.38 36.00!7.02
MgF2
237.10!1.55
8.33!1.55 46.06!8.35
7.81!1.31
37.89!4.85 2.16!0.15
7.19!1.59
1.22!0.29
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in Direct-Drive Implosions on OMEGA
In inertial confinement fusion (ICF), laser beams are used to
implode a spherical shell of deuterium and tritium. To reach
maximum compression and achieve fusion conditions, the fuel
entropy must be minimized (close to the Fermi-degenerated
limit).1,2 This requires accurate control of the shocks and compression waves launched during the implosion.3 The entropy
in ICF is commonly characterized by the shell’s adiabat (a)
defined as the mass-averaged ratio of the shell’s pressure to
the Fermi-degenerated pressure.4,5 One-dimensional (1-D)
simulations suggest that reducing the adiabat increases the shell
density and reduces shell thickness. At a low adiabat, however,
short-scale nonuniformities amplified by the Rayleigh–Taylor
(RT) instability lead to shell decompression, which increases its
effective adiabat.5–9 Therefore, optimizing the implosion performance requires a balance between minimizing the adiabat
and reducing the RT growth to maintain a compressible shell.
The effect of the adiabat on shell compression has typically
been studied by measuring its effect on integrated performance
parameters (e.g., neutron yield and areal density). Recently,
several studies have shown that increasing the adiabat of the
shell improved the neutron yield in both direct-10,11 and indirect-drive12,13 configurations. For low-adiabat implosions, the
nonuniformities were shown to result in the ablator mixing into
the hot spot, which cooled the hot spot and reduced the fusion
performance.14,15 A threshold was observed in the calculated
adiabat where, above the threshold, the measured areal density
was recovered by 1-D simulations.16 Previous research aimed
at studying integrated implosions has used flux-limiter models,11,17–19 but these models did not reproduce the mass ablation
rate and the conduction-zone length correctly, which led to errors
in the calculation of the laser imprint and the RT growth.20
This article presents the first measurements of the effect
of adiabat on the shell decompression and the first hydrodynamic simulations21 that reproduce the detailed experimental observables by including laser imprint17 and cross-beam
energy transfer (CBET)22 models. The maximum in-flight
shell thickness was obtained using a novel technique where
the outer and inner surfaces of the shell were simultaneously
LLE Review, Volume 147

measured using self-emission images of the imploding target. When the calculated adiabat of the shell was decreased
from a = 6 to a = 4.5, the shell thickness was measured to
decrease from 75!2 nm to 60!2 nm, but when the adiabat was
decreased further to a = 1.8, the shell thickness was measured
to increase to 75!2 nm. Over this adiabat range, the measured
minimum core size continued to decrease, demonstrating that
the decompression of the shell measured for low adiabats was
not caused by errors in the adiabat calculations, but a result
of the increase in the RT growth. The optimum performance
(minimum shell thickness and maximum neutron yield) was
obtained for a = 3. In simulations that did not include laser
imprint, the simulated thicknesses were close to measurements for a > 3, but they significantly underestimated the shell
thickness for a # 3, which confirmed that the decompression
measured for low adiabats was a result of laser imprint. The
simulations that included state-of-the-art models reproduce
the measured outer-shell trajectory, maximum in-flight shell
thicknesses, inner-shell deceleration, minimum core size, and
neutron yields and show that the increased shell thickness for
a # 3 is caused by laser imprint.
The experiments employed 60 ultraviolet (m0 = 351 nm) laser
beams on the OMEGA laser.23 The laser beams uniformly
illuminated the target and were smoothed by polarization
smoothing,24 smoothing by spectral dispersion (SSD),25 and
distributed phase plates (fourth-order super-Gaussian with 95%
of the energy contained within the initial target diameter).26 On
some shots, the laser imprint was increased by turning off SSD.
A 100-ps-long picket and a 1.7!0.2 # 1014-W/cm2 foot on the
rise of the drive pulse were used to set the adiabat of the shell.9
They were followed by a 2-ns-long drive pulse that accelerated
the target to its final velocity of +200 km/s. The picket intensity
was varied between 0.85 # 1014 W/cm2 and 5.5 # 1014 W/cm2 to
vary the adiabat of the shell between 1.8 and 6. The total laser
energy was 21!0.3 kJ, which resulted in a maximum on-target
overlapped intensity of 4.7!0.06 # 1014 W/cm2. The shells were
made of 26.5!0.2-nm-thick glow-discharge polymer (CH with
a density of 1.03 g/cm3) with an outer radius of 433!4 nm and
filled with 11!0.5 atm of deuterium.
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The recently developed self-emission x-ray imaging technique27 was adapted to simultaneously measure the outer- and
inner-shell trajectories (Fig. 147.1). The soft x rays emitted by
the imploding target were imaged with an array of 10-n mdiam pinholes onto a four-strip, fast x-ray framing camera28
using a magnification of 6. With this setup, the point-spread
function (PSF) of the diagnostic had a diameter at full width at
half maximum of d PSF = 12 n m. The images were integrated
over 40 ps. A 25.4-n m-thick Be filter was used to select the
soft x rays above +1 keV. The absolute timing between the
laser pulse and the images was known to an accuracy of
20 ps and the interstrip timing was determined within 5 ps
(Refs. 29 and 30).

in the electron temperature and a rapid start of the emission
of x rays from the hot spot with energies above 1 keV. The
maximum emission occurs close to the inner edge of the shell,
where the shell is ablated and the plasma has a high density.
To account for the PSF of the diagnostic, the edge position is
measured using the 10% intensity point [0.1 # (Imax – Imin) +
Imin, where Imax and Imin are the maximum and minimum
emissions inside the coronal emission]. During the deceleration
phase, this outer edge corresponds to the inner side of the cold
shell where the temperature drops below 400 eV.
Figure 147.2 shows the self-emission images measured at the
end of the laser pulse and at maximum compression. Accurate
measurements of the positions of the outer- and inner-shell radii
were obtained by averaging the positions of the inner edge
of the outer peak and the outer edge of the hot-spot emission
determined at each angle. To reduce the noise, self-emission
images were angularly averaged over the spatial resolution of
the diagnostic (i avg = d PSF R . 20c, where R is either the
outer- or inner-shell radius). With this method, the standard
deviation in the variation (as a function of the angle) of the
position of the outer edge (inner edge) of the shell was vouter =
!2 n m (vinner = !3 n m), resulting in an error in the 360°
Np . 0.2 nm (Ref. 30)
averaged radius of dR outer = v outer
(dRinner . !0.5 nm), where Np = 2rR/dPSF is the number of
independent measurements and R is the averaged radius. To
measure the inner-shell radius, an additional error was introduced by the difference between the 10% intensity point and
the inner radius. A maximum error of +2 nm was determined

Figure 147.1(c) shows the x-ray self-emission profile at the
beginning of the deceleration of the shell calculated by postprocessing the hydrodynamic simulations [Fig. 147.1(b)] with
Spect3D.31 The inner edge of the outer peak generated by
the coronal plasma was used to determine the position of the
outer surface of the shell, while the outer edge of the central
emission (hot spot) was used to determine the position of the
inner surface of the shell. The emission of the coronal plasma
is maximum near the outer surface of the shell because the
plasma has a larger density and the integration distance to the
detector is maximum. Just inside the outer surface of the shell,
the emission drops by a factor of 2 over a few microns as the
emission from the back of the target is absorbed into the cold
shell. When the shell begins to decelerate, the pressure of the
hot spot rapidly increases (P hs ? 1/R5), resulting in an increase
10
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Figure 147.1
(a) The x-ray emission above 1 keV from the coronal plasma
and the hot spot was imaged by a pinhole through a Be filter
and measured by an x-ray framing camera. A synthetic image
calculated for an implosion with an adiabat of 6 is shown.
(b) The temperature (green curve) and density profiles (red
curve) of the target are compared with the (c) self-emission
profiles measured at the diagnostic plane with (dotted curve)
and without (solid curve) convolving with the point-spread
function (PSF) of the diagnostic. The positions of the outer
(dashed–dotted vertical lines) and inner shell (dashed vertical
lines) are indicated.
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Figure 147.2
Comparisons of the [(a),(b)] measured and [(c),(d)] calculated self-emission
images at the end of the laser pulse (2.6 ns) and at the maximum compression
(3 ns), respectively. The positions of the [(a),(c)] outer and [(b),(d)] inner shell
are shown as dashed black lines and dotted black lines, respectively.

by comparing those two quantities in hydrodynamic simulations performed with and without nonuniformities (Fig. 147.3).
Figure 147.3 shows the simultaneous measurement of the
outer and inner surfaces of the shell, which determined the
maximum in-flight shell thickness, the deceleration of the shell,
(a)
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Figure 147.4(a) shows that when SSD was used, the maximum in-flight shell thickness was measured to decrease from
75 nm to 60 nm when the adiabat was decreased from a = 6 to
a = 4.5, but when the adiabat was reduced to a = 1.8, the thickness of the shell increased to 75 nm. This is not consistent with
the reduction of the shell’s adiabat. For each experiment, the
measured outer-shell trajectory was nearly identical, indicating
that the ablation pressure was similar among these shots. This
increase in shell thickness is not explained by an error in the
adiabat calculation because the measured minimum core size
continued to decrease as the adiabat was reduced [Fig. 147.4(b)]
and the neutron yield was up to 5# larger for the lower-adiabat
(a = 1.8 to a = 3) implosions compared with the higher-adiabat
(a = 4.5 to a = 6) implosions [Fig. 147.4(c)]. This is consistent
with previous observations that showed a mild reduction in the
areal density measured at maximum neutron yield compared
to 1-D simulations at low adiabat.11 The measured increase in

80
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and the minimum core size. Once the laser turned off, the position of the outer surface was determined by extrapolating the
measured outer-shell trajectory along a free-fall line. During
this time (up to 70 ps), the target was not accelerated by the laser
and it imploded with a constant velocity (simulations show that
at this time convergence effects are negligible). The 4% error
in the measurement of the velocity of the outer shell30 resulted
in a maximum error of !1 nm in the inferred outer-shell radius
at the beginning of the core emission.
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Figure 147.3
(a) The thickness of the shell was determined by the distance between the outer-shell radius (open squares) extrapolated with a constant velocity (short dashed
red line) and the inner-shell radius (solid squares) at the time when the hot spot first emits x rays. Once the laser turned off (long black dashed line), the position
of the outer surface was determined by extrapolating the measured outer-shell trajectory along a free-fall line. The inner surface trajectory at 1/e of the maximum
density was calculated from a simulation without laser imprint (dashed blue curve) and with laser imprint (dashed green curve). For the two simulations, the
outer-shell trajectories at 0.2 of the maximum are the same (black curve) and are in excellent agreement with measurements. (b) The measured inner-surface
trajectories (red squares) are compared with a 2-D simulations with (green squares) and without (blue squares) laser imprint. The trajectories of the surface where
the hot-spot electron temperature drops below 400 eV is plotted for both simulations (dashed curves). The laser beams were smoothed by smoothing by spectral
dispersion (SSD) and drove the implosion with a = 3, which is slightly larger than the adiabat in the simulation (+2.5) because of the experimental reproducibility.
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Figure 147.4
(a) The measured shell thicknesses at the beginning of the core emission, (b) core radii at maximum compression, and (c) neutron yields were compared for
the different adiabats with (solid red points) and without (open red points) SSD. The corresponding simulations with (open blue squares) and without imprint
(solid blue squares) are shown.

the shell thickness for low-adiabat implosions was consistent
with an increase in the RT growth that resulted in larger shell
nonuniformities, which decompressed the shell.
To understand the shell decompression measured for lowadiabat implosions, hydrodynamic simulations were performed
with the 2-D hydrodynamic code DRACO17 using the current
state-of-the-art models for nonlocal thermal transport,32,33
CBET, first-principles equation of state,34 and laser imprint
(including modes between 2 and 200). To resolve both CBET
and laser imprint, each simulation required approximately
three months of computational time on +300 cores. Only the
shell nonuniformities caused by laser imprint were simulated
because the RT growth is dominant for large modes (>100)
and the perturbations caused by target roughness are smaller
by about a factor of 10 than those imposed by imprint. For all
simulations, the trajectory of the outer surface of the shell was
well reproduced, indicating that the hydrodynamic efficiency
was correctly modeled.29 Simulations were able to reproduce
the maximum in-flight shell thickness, inner-shell deceleration, minimum core size, and neutron yield (Figs. 147.3 and
147.4). This excellent agreement for a # 3 suggests that the
shell decompression measured for low-adiabat implosions
was caused by laser imprint. For larger-adiabat implosions,
the excellent agreement shows that the reduction in the RT
growth with the shell adiabat was correctly modeled. For the
lowest-adiabat (a # 2) implosions, the simulated shell was
broken in-flight, which produced a nonphysical hole (i.e., ring)
in the shell as a result of the 2-D symmetry. This resulted in a
large increase in the final core size and a strong reduction in
neutron yield.
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The fact that the final core size was significantly smaller for
lower-adiabat implosions, even when the maximum in-flight
shell thickness was similar, is a result of the laser imprint primarily decompressing the outer surface of the shell. The inner-shell
density, and therefore the inner-shell pressure, remained large,
leading to a small final core radius.10 Furthermore, the core
pressure was reduced slightly by the RT-induced mix of the CH
into the D2 core, allowing the shell to converge further. For the
larger-adiabat implosions, the shell thickness increased because
of increased shock heating, resulting in a smaller convergence.
Figure 147.4 shows that hydrodynamic simulations performed without laser imprint (1-D–like) are in better agreement
with measurements for high-adiabat shots, but they significantly
underestimate the shell thickness for low-adiabat implosions.
For a # 3, these simulations predict that the shell thickness
continues to decrease contrary to the experiments. This confirms that the laser imprint causes the decompression of the
shell. This increased decompression resulted in an increasing
difference between the measured and calculated neutron yields
[Fig. 147.4(c)].
When the laser imprint was increased by turning SSD off,
the thickness of the shell was increased by +25%, leading to a
reduced neutron yield for each adiabat tested (Fig. 147.4). Compared to SSD-on shots, a weaker degradation of the implosion
performances (smaller increase of the core size and smaller
reduction in neutron yield) was obtained for a larger adiabat
(a = 4.5) than for a lower adiabat (a = 2.5 and a = 2). This
is a result of the larger laser imprint that required a stronger
mitigation of the RT growth to keep the shell compressible.
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In summary, the decompression of an imploding shell
was studied by measuring the maximum in-flight shell thicknesses for adiabats ranging from 1.8 to 6 and comparing the
results with the first 2-D hydrodynamic simulations, which
included laser imprint, nonlocal thermal transport, CBET, and
first-principles equation-of-state models. When the adiabat
of the shell was decreased, the shell thickness was initially
measured to decrease. Reducing the adiabat below 3 resulted
in an increasing shell thickness. Over this adiabat scan, the
measured minimum core size continued to decrease, showing
that the decompression of the shell measured for low adiabats
was not caused by errors in the adiabat calculations but by an
increase in the RT growth. Hydrodynamic simulations reproduced the measured outer-shell trajectory, maximum in-flight
shell thicknesses, inner-shell deceleration, minimum core
size, and neutron yields. Simulations that did not include laser
imprint were in good agreement with measurements for a >
3, but they significantly underestimated the shell thickness for
a # 3, which confirmed that the decompression measured for
low adiabats was a result of laser imprint.
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Optical Smoothing of Laser Imprinting in Planar-Target
Experiments on OMEGA EP Using One-Dimensional
Multi-FM Smoothing by Spectral Dispersion
Introduction
One of the primary missions of the National Ignition Facility
(NIF)1 is to experimentally demonstrate ignition with inertial
confinement fusion (ICF),2–4 either by the indirect-drive (or
x-ray–drive) approach, where laser beams heat the inside of a
high-Z enclosure (“hohlraum”) in which an implosion capsule
is placed,4 or by the direct-drive approach, where a capsule
is illuminated directly by the laser beams to launch the capsule implosion.5 In ICF the stability of the shell that encases
the fusion fuel during the implosion is a key determinant of
achieving ignition. Achieving sufficient irradiation uniformity
for a successful direct-drive–ignition experiment necessitates
the use of single-beam smoothing. Typical requirements for
direct-drive illumination are in excess of what is required for
indirect-drive illumination since direct drive lacks the inherent
smoothing of the radiation field as it flows from the hohlraum
wall to the capsule.6–8

(DPP’s),13 continuous-contour phase plates (CPP’s),14 polarization smoothing,15 induced spatial incoherence (ISI),16 and
smoothing by spectral dispersion (SSD).17

Shell stability is primarily degraded by the growth of
hydrodynamic instabilities that cause both short- and longwavelength modulations of the shell’s areal density. These
modulations can result in shell breakup during the acceleration
phase of the implosion or lead to a mixing of the cold shell
material with the hot fuel,9 quenching the fusion reactions
and reducing target performance during the implosion’s deceleration phase. The dominant hydrodynamic instability is the
Rayleigh–Taylor (RT) instability.10,11 It develops during the
acceleration phase of the fusion target as the cold dense shell
material is accelerated by the hot, low-density blowoff plasma.

Some instability mitigation is provided by the SSD system currently installed on the NIF,18,19 although the level of
smoothing is less than that required for direct-drive–ignition
experiments.8 There are two potential paths to implementing SSD
beam smoothing for direct-drive ignition on the NIF: (1) Twodimensional (2-D) SSD, as currently used on the OMEGA
laser,20 has been shown to reduce single-beam irradiation nonuniformities to the few-percent level21 and to efficiently suppress
instability seeds.22 Adding a comparable 2-D SSD system to the
NIF would necessitate major modifications to the preamplifier
modules (PAM’s) and require additional tripler crystals to convert the extra bandwidth.8,23 (2) One-dimensional smoothing by
spectral dispersion with multiple phase-modulation frequencies
(1-D multi-FM SSD)24,25 was developed at LLE as a more costeffective and labor-efficient solution to providing the smoothing
level required for the current NIF polar-direct-drive–ignition
point design. It is compatible with the existing NIF Laser System,
and modifications that are necessary to implement 1-D multi-FM
SSD on the NIF are limited to fiber-based systems in the Master
Oscillator Room, in addition to a new diffraction grating in the
PAM.8 Both 2-D SSD and 1-D multi-FM SSD are predicted to
provide the smoothing required by the ignition design.

In direct-drive targets, initial perturbations that lead to RT
growth are primarily seeded by target-surface roughness and
nonuniformities of the incident laser intensity (“imprint”).
Laser imprinting occurs because spatial variations in the laser
intensity drive pressure variations into the target. This distorts
the shock and ablation front and creates lateral mass flow in
the shock-compressed material, resulting in mass modulations at the ablation surface of the driven target.12 Various
laser-smoothing techniques have been developed to reduce
the level of imprinting. These include distributed phase plates
LLE Review, Volume 147

SSD varies the interference speckle pattern of a DPP- or
CPP-focused laser beam on a shorter time scale than the characteristic hydrodynamic response time of the target, i.e., the
imprinting time. This is achieved by adding bandwidth, typically of a few angstroms, to the fundamental laser frequency
using an electro-optical modulator. Introducing spectral dispersion to the broadened-bandwidth light, which is focused
by including a phase plate, causes the interference structure
from beamlets originating at different phase-plate elements
to vary in time. At any given moment, the intensity profile
is highly modulated because of the interference pattern from
the phase-plate–modulated wavefront, but the time-averaged
intensity is smoothed.17
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A prototype multi-FM seed source has been implemented in
Beamline 4 of the OMEGA EP laser26 to validate the predicted
multi-FM performance. Amplifying and angularly dispersing
the phase-modulated beam in a NIF PAM before injection into
Beamline 4 ensures the compatibility of the multi-FM system
with the NIF’s front end.

E _t i ? exp =i~ L t + i/ d n cos_~ n t + { niG.

(1)

n

Here, ~L is the incident laser frequency; t is the time; and dn,
~n, and {n are the modulation depth, frequency, and phase of
modulator n, respectively, with the sum being calculated over
the number of modulators in the system. The OMEGA EP mainpulse front end introduces bandwidth to the fundamental laser
frequency to suppress stimulated Brillouin scattering (SBSS
SSD) in the laser system optics. It operates with a modulation
frequency of 3 GHz and a modulation depth of 5.5 in the infrared
(IR), resulting in a ultraviolet (UV) bandwidth of 0.1 THz. In
parallel, a picket-pulse channel provides the bandwidth for the
1-D multi-FM SSD. It comprises three modulators with incommensurate frequencies of 21.2 GHz, 22.8 GHz, and 31.9 GHz
and corresponding modulation depths of 0.45, 1.04, and 2.07,
respectively. This results in a combined bandwidth in the UV of
+0.5 THz. Multi-FM SSD is typically applied to the early part of
the laser pulse during which laser imprint dominates, with SBSS
SSD bandwidth applied to the main portion. The two parts are
then optically combined to form the desired pulse shape and SSD
bandwidth profile. This dynamic bandwidth reduction ensures
that the increased bandwidth of multi-FM SSD is not applied
during the high-intensity portion of the laser pulse, where it can
potentially damage the laser optics.27 After optical combination,
the beam is passed through a diffraction grating, resulting in

The multi-FM performance qualification consists of two
parts: (1) measurement of equivalent-target-plane modulations of the laser intensity and (2) validation of the numerical
treatment of 1-D multi-FM SSD to predict imprint levels and
instability growth with dedicated on-target shots. The remaining sections briefly describe the multi-FM SSD system and
its implementation on OMEGA EP; discuss the equivalenttarget-plane measurements to characterize modulations in the
focal-spot intensity using different SSD methods; describe the
experiments that characterize laser-imprint levels by measuring the RT instability growth, including 2-D hydrodynamic
simulations of the data; and present our conclusions.
One-Dimensional Multi-FM SSD on OMEGA EP
The implementation of 1-D multi-FM SSD into the front
end of Beamline 4 on OMEGA EP is shown schematically in
Fig. 147.5. Two separate pulse-shaping systems provide different levels of SSD bandwidth to the laser pulse by transforming
the incident electric field E(t) ? exp(i ~Lt) to

y
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t
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Figure 147.5
One-dimensional multi-FM setup of Beamline 4 on OMEGA EP. Two separate front ends provide bandwidth for either stimulated Brillouin scattering suppression (SBSS) or multi-FM smoothing by spectral dispersion (SSD). The two pulses are then combined optically to form the desired pulse shape and SSD
profile. A grating introduces spectral dispersion, resulting in a spatiotemporal shear of 245 ps.
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3~ ETP image

spectral dispersion of the phase-modulated beam and the spatial
frequency modulation across the beam necessary for SSD. The
grating imposes an uncompensated spatiotemporal shear of Dt =
245 ps to the pulse. Since the NIF laser’s front end, for which
multi-FM has been designed, is a fiber-based system, it is not
possible to place an additional grating in the laser chain before
the phase modulators to compensate for this temporal skew. This
imposes a minimum rise time of +250 ps to the portion of the
laser pulse to which the multi-FM bandwidth is applied.

Focal spot

Lens
4% beam splitter
DPP

For the experiments discussed below, the pulse shapes were
generated fully in either the SBSS or the multi-FM SSD front
end, without employing dynamic bandwidth reduction.
Equivalent-Target-Plane Measurements
High-resolution, equivalent-target-plane (ETP) measurements of the UV irradiation uniformity of SSD-smoothed laser
pulses were performed using the setup shown in Fig. 147.6. The
setup is very similar to the UV ETP system on OMEGA, which
has been demonstrated to fully resolve individual speckles.28
After frequency conversion and before focusing into the target
chamber, a portion of the Beamline 4 light is picked up using
a 4% beam splitter and focused onto a camera with an off-axis
parabola. This provides an image of the focal spot equivalent
to the on-target conditions with a spatial resolution of + 4 nm.
The speckle size w is given by the relationship w = m f .
6.5 nm, with m and f being the laser wavelength and imaging
f number, respectively.

DPP

E25133JR

4% off-axis
parabola

Frequencyconversion
crystal

Figure 147.6
The equivalent-target-plane (ETP) diagnostic on OMEGA EP measures the
focal-spot profile of a low-power, phase-plate–focused beam with and without
SSD bandwidth. DPP: distributed phase plate.

Images of the far-field profile of a wEP-SG8-0800 DPP irradiated with a 2-ns pulse and using different levels of SSD are
shown in Fig. 147.7. In addition to the time-integrated far-field
data, each image shows central lineouts through the data in the
horizontal and vertical directions, below and to the right of the
far-field image, respectively. All far-field spots contain the same
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Figure 147.7
Equivalent-target-plane images of the far field of a wEP-SG8-0800 phase plate and central lineouts in the horizontal and vertical directions. (a) With no applied
SSD bandwidth, the speckle pattern of the phase-plate–focused far field is well resolved. (b) SBSS SSD and (c) multi-FM SSD applied smoothing in the horizontal
direction. The data smoothed by multi-FM SSD are significantly smoother in both the vertical and horizontal directions because of the increased bandwidth.
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amount of energy, and the color scales have been adjusted for
each image to fully capture the recorded signal range.

The recorded ETP data agree well with numerical predictions of the smoothing performance. Figure 147.8 shows
azimuthally averaged power spectral densities (PSD’s) of the
far-field data in Fig. 147.7 (blue lines) and the equivalent theoretical predictions (red). The predicted PSD’s were calculated
by propagating measured near-field phase fronts using the code
Waasikwa’,29 which incorporates numerical models of the
phase plate and SSD. The experimental data agree well with
the predictions up to the ETP system resolution at a frequency
of +0.1 nm–1. While SBSS SSD generates a notably smoother
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backlighter

(a)
Corrugated
imprint target
SSD
direction

5-nm Si filter;
2° angle
iridium mirrors

i = 35.6°

E25134JR

Beams 1 to 3
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X-ray
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camera

Normalized PSD [1/(nm)]

No SSD

10.0
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Spatial frequency (1/nm)

TC11051JR

Figure 147.8
The azimuthally averaged power spectral densities of the far-field data in
Fig. 147.7 (blue) agree well with the numerical predictions for the different
SSD cases (red). Over the plotted frequency range, the power amplitudes are
reduced by 50% for multi-FM versus SBSS SSD. PSD: power spectral density.

profile than in the case of no applied SSD, multi-FM SSD
reduces the PSD amplitudes further by +50% to 70% in the
range of 0.01 to 0.1 n m–1, corresponding to modes +100 to
1000 of an ignition-scale target.
Measurements and Simulations
of Experimental RT Growth
Experiments were performed to study the effect of multi-FM
smoothing on laser imprinting in dedicated OMEGA EP target
experiments. The experimental setup shown schematically in
Fig. 147.9 is based on similar RT-growth experiments per-

Laser power (TW)

The case where no SSD has been applied is shown in
Fig. 147.7(a). There is no SSD bandwidth and the speckle pattern
is unperturbed and stationary throughout the pulse duration. The
speckle pattern is well resolved in the ETP data, and the central
lineouts through the data exhibit severe intensity modulations
in both the x and y directions. Figure 147.7(b) shows the effect
of applying SBSS SSD to the laser pulse. The speckle pattern
is displaced in the horizontal direction, smoothing the timeintegrated intensity profile. Applying 1-D multi-FM SSD results
in the far-field laser spot shown in Fig. 147.7(c)—the smoothest
of the three cases shown here—where the intensity modulations
in the central lineouts are reduced considerably. Both SBSS SSD
and multi-FM SSD apply the angular dispersion in one dimension only, resulting in the smoothing applied predominantly in a
single direction (horizontal in Fig. 147.7). As can be seen from
the central lineouts, despite the 1-D nature of the applied SSD
bandwidth, smoothing is observed in both the x and y directions.

ETP measurements
Calculations
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Figure 147.9
Rayleigh–Taylor growth of laser-imprint–seeded modulation and an imposed 30-n m corrugation were tracked by face-on radiography. The spatial variation in
the optical depth of the imprint target was recorded using a fast x-ray framing camera giving 100-ps snapshots of the target evolution.
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Unlike previous planar-target imprint experiments performed on OMEGA (see, e.g., Ref. 22), in the experiments
discussed here the imprint target was irradiated from the side
facing the detector (compare Fig. 147.9). Driving the imprint
target from the rear is the preferred option since the CH target
itself acts as a filter for its own self-emission. The reverse geometry for the multi-FM measurements, however, is necessitated
by the beam and diagnostics layout on OMEGA EP, where all
LLE Review, Volume 147

To extract the evolution of modulation amplitudes, the optical-depth maps are converted into frequency space by Fourier
transformation. Examples of experimental optical-depth maps
are shown in Fig. 147.10, with Fig. 147.10(a) using SBSS SSD
and Fig. 147.10(b) using 1-D multi-FM SSD; Figs. 147.10(c)
and 147.10(d) are the equivalent frequency maps, respectively.
The optical-depth maps, plotted on the same color scale, were
obtained +1.75 ns after the onset of the laser drive. In these
data, the initially imposed corrugation is oriented vertically;
i.e., lines of equal amplitude are parallel to the y direction, and
the active SSD direction is approximately horizontal. While the
corrugation mode is more dominant in the multi-FM–smoothed
data, the corrugation is well resolved in both data sets, appear(a)

(b)

SBSS SSD

Multi-FM SSD

300
y (nm)

The corrugation was oriented approximately perpendicular
to the active SSD direction. The experiments were carried out
with either SBSS SSD or multi-FM SSD applied over the full
duration of the drive laser. Operation without any SSD bandwidth was not supported because of the potential risk of optics
damage in the laser system. The RT-amplified corrugation
mode and broadband laser imprint were measured using faceon x-ray radiography of the driven target, providing an opticaldepth map of the target at discrete times and highlighting areas
of spike and bubble growth. The backlighter was a uranium foil
driven with Beamlines 1, 2, and 3 of the OMEGA EP laser with
a 2-ns pulse containing a total of +5 kJ of energy and an ontarget irradiance of +3 # 1014 W/cm2. An undriven, 3-nm-thick
Al foil was placed between the backlighter and the imprint foil.
This foil acted as a shield, protecting the imprint target from
plasma blowoff generated at the backlighter, as well as from
soft x-ray emission that could preheat the imprint target. X rays
transmitted through the Al heat shield and the imprint target
were imaged with 10-nm pinholes onto a fast x-ray framing
camera.31 A combination of iridium-coated, grazing-incidence
mirrors oriented at a 2° angle of incidence and 5-n m-thick
Si filtering limited the recorded x-ray energy to +1.5 keV.
The x-ray framing camera recorded multiple snapshots of the
target’s optical depth over an +1-ns window, with individual
images integrated over the camera gate width of +100 ps. This
radiography technique lacks the sensitivity to measure imprint
levels or the preimposed corrugation feature directly and relies
on RT growth of the target modulations to produce detectable
levels of variation in optical depth.

beams originate from the same direction. At an x-ray energy of
1.5 keV, the energy used to probe the optical-depth evolution,
a 20-nm-thick plastic foil attenuates the x-ray flux to +25%.
This drops the achievable signal-to-noise ratio in these experiments by approximately a factor of 4 compared to a rear-driven
geometry since the backlighter emission competes with higher
levels of self-emission.
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formed on OMEGA.22,30 A planar, 20-nm-thick CH foil was
driven with +1.6 kJ by Beamline 4 using a 2-ns square pulse
with an on-target irradiance of +1014 W/cm2 and a rise time
of +250 ps, dominated by the temporal skew imposed by the
SSD dispersion grating. The imprint target featured a singlemode, sinusoidal surface corrugation with a wavelength of
30 nm and amplitude of 0.1 nm that acts as a reference for the
imprint-seeded, broadband RT growth. For a typical ignitionscale direct-drive target, this corresponds to a Legendre mode
of +350 (Ref. 7).

–0.04
–0.04
E25135JR

0.04 –0.04
fx (nm–1)

0.04
fx (nm–1)

Figure 147.10
[(a),(b)] Optical-depth data with SBSS SSD and multi-FM SSD, respectively.
The 30-n m corrugation appears as vertical lines, with SSD acting mainly in
the horizontal direction. In frequency space [(c),(d)] the corrugation appears
as a single peak at f x = 1/30 n m–1. Because of the 1-D nature of multi-FM
SSD, broadband imprint is predominantly located along f y for f x + 0. The
semicircles denote the analysis region for the f + 1/30-n m broadband mode.
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To calculate areal density from the measured optical depth,
the backlighter emission was characterized by radiographing an
undriven sample target in a dedicated experiment. The sample
target was made of the same CH material as the imprint target
and comprised multiple steps of known CH thickness. This calibration experiment directly relates experimental optical depth
and target areal densities and confirms a central backlighter
energy of +1.5 keV.
The experimentally measured evolution of the 30-nm corrugation is shown in Fig. 147.11(a), plotting the areal-density
amplitude as a function of time. The circles denote data
recorded with 1-D multi-FM SSD applied to the drive laser,
while the squares denote data taken with SBSS SSD. Since the
corrugation mode is preimposed and not an imprint feature, its
growth and absolute amplitude should be independent of the
applied SSD bandwidth, as confirmed by the experimental data.
The data points in Fig. 147.11(b) show the root-mean-square
(rms) amplitude of the broadband 30-nm imprint, corresponding to the azimuthally integrated f + 1/30-nm–1 mode in frequency space, but excluding a region of Dfx = Df y = 1/250 –1 nm
centered around the corrugation peak at fx = 1/30 nm–1 and
f y = 0. The integration range is marked by the region inside
the two semicircles overlaid onto the frequency space maps in
Figs. 147.10(c) and 147.10(d). These data were recorded on the
same shots as the data shown in Fig. 147.11(a). While there is
considerable noise in the data, the SBSS-smoothed amplitudes
consistently exceed the multi-FM case by a factor of +2.
Simulation results for the growth of the corrugation mode
and the rms amplitude of the f + 1/30-nm broadband imprint
mode are shown as the solid lines in Figs. 147.11(a) and
147.11(b), respectively. The target evolution was simulated
using the 2-D radiation–hydrodynamics code DRACO,32 which
120

(a) 30-nm corrugation amplitude

tR (mg/cm2)

2.00

0.20

0.02
0.9

1.1

1.3

1.5

1.7

1.9

2.1

(b) 30-nm broadband amplitude
1.0
tR (mg/cm2)

ing as vertical lines in the optical depth, and as a single peak in
frequency space for fx = 1/30 nm–1 and f y = 0. In both cases,
broadband imprint and RT growth are predominantly visible
in the direction perpendicular to the active SSD smoothing,
appearing as irregular structures in the horizontal direction
in the optical-depth data and elevated mode amplitudes in
the f y direction for fx + 0 in the frequency maps. The data are
oriented such that the corrugation feature falls at f y = 0, while
a slight target misalignment resulted in the direction of least
smoothing (i.e., perpendicular to the active SSD direction) at
{ . 98°. The broadband-imprint feature along this direction
is noticeably broader in fx for the SBSS data [Fig. 147.10(c)]
than in the multi-FM case [Fig. 147.10(d)], as expected from
the improved smoothing of 1-D multi-FM SSD.
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Figure 147.11
(a) Time evolution of the 30-nm experimental (data points) and simulated (lines)
corrugation amplitudes. The red squares denote data acquired with SBSS SSD
and the blue circles denote data acquired with multi-FM SSD. The corrugated
mode is not affected by imprint and exhibits a growth rate independent of the
SSD bandwidth. (b) Root-mean-square (rms) amplitude of the experimental (data
points) and simulated (lines) broadband 30-nm mode. The dashed horizontal line
denotes the background level in the experimental data. The red and blue lines
are 2-D DRACO simulated growth rates for SBSS and multi-FM, respectively.

includes a 3-D ray-trace package to model the laser absorption.
The effect of the SSD bandwidth is taken into account by calculating the far-field laser spots multiple times per picosecond
using the code Waasikwa’.29 The code uses the near-field laser
intensity and phase, including the SSD bandwidth and its effect,
and propagates it through the phase plate and the main lens to
obtain an instantaneous far field. Figure 147.12(a) illustrates a
laser beam’s near-field lineout along the SSD active direction as
a function of time, with different colors illustrating the change
in light frequency related to the SSD bandwidth. The temporal
skew caused by the uncompensated diffraction grating in the
SSD chain results in an initially sub-aperture beam incident
onto the DPP, which gradually increases in area to full aperture
by the end of the 245-ps skew interval. The action of 1-D SSD
and an uncompensated diffraction grating result in an asymLLE Review, Volume 147
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metric and time-dependent far-field spot and speckle pattern,
as illustrated in Figs. 147.12(b) and 147.12(c), which show
calculated far-field profiles at 20 ps and 100 ps, respectively.
x
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Figure 147.12
(a) Illustration of the laser beam’s near field along the SSD active direction
versus time. [(b),(c)] Far fields calculated by Waasikwa’ from instantaneous
near fields at times of 20 ps and 100 ps, respectively.

(a) Instantaneous
far-field intensity

To fully simulate the interaction of the 1-D multi-FM and
SBSS SSD-smoothed laser beams with the target requires a
3-D hydrocode and a 3-D ray trace. In such calculations, the
instantaneous far fields would be used to assign the energy of
rays launched at the outer boundary of the simulation region,
which would then be traced through the plasma, depositing
their energy in cells of the simulation mesh by the inverse
bremsstrahlung process, capturing the asymmetry of the
SSD action with respect to the target’s x and y coordinates.
In 2-D cylindrical hydro simulations with a 3-D ray trace,
however, such as used for the simulations presented here, the
x and y coordinates are reduced to a single axis by averaging
the laser deposition along the azimuthal angle {. This makes
it impossible to capture the effect of SSD with a single 2-D
calculation. It is possible to simplify the problem, however,
by taking advantage of the fact that at early stages of the laser
drive, the nonuniformities are small and the RT growth is in
its linear stage. During the linear stage, individual modulation
modes do not interact with each other and can be considered
independently. This allows one to reproduce the 3-D nature
of the experiment with a set of 2-D hydrocode simulations in
which each simulation considers only a single frequency slice
of the incident far-field spectrum.
As illustrated in Fig. 147.13, the full 3-D target response
was calculated by dividing the instantaneous, incident far field
[Fig. 147.13(a)] into 120 frequency slices at a 3° separation

(b) Fourier transform
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(c) Far-field profile
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Figure 147.13
Combining multiple 2-D simulations using a reduced far-field spot as the input captured the 3-D experimental imprint. The instantaneous laser far field (a) is
converted into frequency space (b) and divided into 120 frequency slices with 3° separation. (c) The reduced far-field spot for { = 36° is constructed by combining the low-spatial-frequency envelope with the 29- to 31-n m wavelength range of the { = 36° frequency slice.
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Individual frequency-slice calculations that emulate the
effect of 1-D multi-FM SSD are presented in Fig. 147.14. These
images show mass-density profiles of the accelerated foil at
1.75 ns. Figure 147.14(a) shows the case for the frequency
slice at { = 90° (along the vertical axis and perpendicular
to the multi-FM SSD active direction); Fig. 147.14(b) shows
the case for the frequency slice at { = 69°. The smoothing is
least efficient perpendicular to the SSD active direction, and
the density profile shown in Fig. 147.14(a) has noticeable RT
growth, resulting from far-field–spot modulations and laser
imprint. In contrast, the profile in Fig. 147.14(b) exhibits very
little growth, emphasizing how 1-D multi-FM SSD efficiently
suppresses imprint modes that have a non-negligible component
along the active SSD direction.

z (nm)

(a)

(b)

Fig. 147.10). The broadband imprint is dominated by Fourier
modes perpendicular to the active SSD direction and close to
fx + 0, while the modes with fx ! 0 are effectively removed by
the SSD (more so in the case of multi-FM than SBSS SSD).
The simulated corrugation amplitudes versus time are
shown in Fig. 147.11(a) as the solid lines. While the growth
rate observed in the experiment is reproduced correctly, the
simulation exhibits a 40%-higher amplitude compared to the
experimental data. The source of the disagreement between
the experimental growth of the preimposed corrugation and
its simulation is currently unknown, but it is likely caused by
a combination of the background in the data or an uncharacterized level of surface roughness of the imprint foil. The
simulated broadband imprint amplitudes of the nonuniformities at a frequency of 1/30 nm–1 are shown in Fig. 147.11(b) for
the SBSS (red line) and multi-FM SSD case (blue line). The
numerical calculations reproduce the experimental data within
the error bars once the data exceed the background level. The
simulations predict an +2 # reduction of the imprint level for the
multi-FM SSD case compared to the SBSS SSD case, consistent
with the experimental data. The calculations further reproduce
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Figure 147.14
Profiles of the calculated foil density at 1.75 ns using 1-D multi-FM SSD for
two of the 120 laser far-field frequency slices with wavelengths of 29 to 30 nm.
(a) The least amount of imprint mitigation is found for the far-field frequency
component perpendicular to the active SSD direction. (b) At 69° off the active
SSD direction, imprint is already significantly reduced.

As shown in Fig. 147.15, DRACO simulations reproduce
imprint and corrugation features seen in the Fourier space of
the experimental optical-depth maps, such as the directionality of the SSD observed in frequency space (compare to
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[Fig. 147.13(b)]. Combining the time-varying, low-spatialfrequency envelope at the center of the frequency map with the
Fourier modes with the 29- to 31-nm wavelengths contained
within each frequency slice gives a “reduced” far-field spot.
This reduced far-field spot contains modulations in only a single
direction, as determined by the selected frequency slice, and
can be used as an input for a 2-D simulation. An example of
such a reduced far field [Fig. 147.13(c)] shows the far-field spot
for the { = 36° frequency slice. In these 2-D calculations, the
initial target corrugation was included in only the frequency
slice for { = 0°; i.e., along the 1-D multi-FM SSD active direction and the direction of the most-efficient smoothing.
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Figure 147.15
Fourier transform of DRACO-simulated optical depth at 1.75 ns for f + 1/30 nm
using (a) SBSS SSD and (b) multi-FM SSD.
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the directionality of SSD observed in frequency space [compare
Fig. 147.15 and Figs. 147.10(c) and 147.10(d)]. The broadband
imprint is dominated by Fourier modes perpendicular to the
active SSD direction and close to fx + 0, while the modes with
fx ! 0 are effectively removed by SSD (more so in the case of
multi-FM than SBSS SSD).
Conclusions
In summary, 1-D multi-FM SSD beam smoothing was developed at LLE to provide sufficient far-field uniformity for directdrive inertial confinement fusion applications at the National
Ignition Facility. A prototype of the multi-FM system has been
implemented in the NIF-like Beamline 4 on the OMEGA EP
laser for verification purposes. Multi-FM SSD beam-smoothing
performance was verified with both equivalent-target-plane
measurements of the laser’s far field and in dedicated planartarget experiments by comparing smoothing rates with SBSS
SSD and multi-FM SSD. Numerical calculations using the
code Waasikwa’ agree well with measurements of the multiFM–smoothed, far-field spatial frequency spectrum. In the
planar-target experiments, Rayleigh–Taylor growth rates of
laser-imprinted and preimposed surface modulations at f +
1/30 nm were measured by face-on x-ray radiography. As
expected, the growth of the preimposed surface corrugation is
independent of the SSD bandwidth, while 1-D multi-FM SSD
is observed to reduce imprint levels by +50% compared to
SBSS SSD. The target experiment was simulated using the 2-D
hydrodynamics code DRACO and realistic, time-dependent,
far-field spot intensity calculations that included the effect of
SSD. The 3-D nature of the imprint experiment was captured
in the 2-D calculations by 120 individual simulations of a
reduced far-field spot, containing only broadband modes in a
single 2-D frequency slice. Within the error bars, the simulations correctly reproduce the relative and absolute amplitude
levels between multi-FM and SBSS-SSD–smoothed broadband
data, but they fail to capture the absolute amplitudes of the
preimposed corrugation mode. An experimental unknown, such
as surface roughness or an unaccounted-for background level,
may be the cause of this discrepancy. Despite this discrepancy,
the experimental data show a clear enhancement in smoothing
performance of multi-FM SSD compared to SBS-suppression
SSD, in agreement with simulations.
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Plasma Characterization Using Ultraviolet Thomson Scattering
from Ion-Acoustic and Electron Plasma Waves
Introduction
Optical Thomson scattering from collective plasma oscillations
is a standard technique for diagnosing underdense plasma conditions in high-energy-density-physics experiments.1 Thomson
scattering is used to make spatially2 and temporally resolved3–5
measurements of the electron temperature (Te), ion temperature
(Ti), electron density (ne), fluid velocity (u), heat flux, ionization
state (Z), and ion species fractions (for a multiple ion species
plasma). Thomson scattering is used here to diagnose a number
of plasma-wave instabilities including stimulated Brillouin
scattering,6–8 stimulated Raman scattering,9 two-ion decay,10
and two-plasmon decay.11,12
Thomson-scattering diagnostics take a local measurement
of the plasma conditions averaged over a small volume (typically +50 n m3). The Thomson-scattering volume is created
by overlapping the waist of the probe laser with an aperture
stop within the collection system [typically a pinhole at the
spectrometer’s entrance (see Fig. 147.16)]. Light scattered from

Probe laser

f/6.7 focusing
optics

Thomson-scattering
volume (50 # 50 # 70 nm3)

70 nm

the Thomson-scattering volume is collected by a telescope and
transported to a spectrometer/streak-camera pair to obtain
spectral and temporal resolution.2
By conserving momentum (k0 = ks + k), Thomson-scattering
probes the plasma waves with wavelengths m = 2r k (k0, ks,
and k are the wave vectors of the probe beam, scattered light,
and plasma wave, respectively). The normal modes of the plasma
are observed in the Thomson-scattering spectra when probing
the appropriate wavelengths, and the measured frequencies
of these normal modes provide a powerful diagnostic of the
plasma conditions. This collective Thomson-scattering regime
is typically characterized by comparing the probed wavelength
to the Debye length 8m De / v te ~ pe , where v te = Te m e is
the electron thermal velocity, ~ pe = 4re 2 n e m e is the plasma
frequency in centimeter–gram–second (cgs) units, and me is the
electron mass]. When kmDe < 1, electron plasma wave (EPW)
features are present in the spectrum; when km De < ZTe Ti ,
ion-acoustic features are observed.
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1-m (IAW)
system

k
f/10 focusing
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f/20 focusing
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optics
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Beam splitter

Background
collection region
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Figure 147.16
Thomson-scattering diagnostic configuration on OMEGA. Note that the schematic shows transmissive optics but the actual focusing/collection optics were reflective. IAW: ion-acoustic wave; EPW: electron plasma wave.
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In practice, the complete shape of the Thomson-scattering
spectrum is used to determine the plasma conditions by integrating the differential Thomson-scattered power per unit frequency per unit solid angle per unit volume over the Thomsonscattering volume and the solid angle of the collection optic:1
3

2 Ps
=
2~2X2V

2
I0 ne r 0

2r

2~
kt s # `kt s # Et 0j d1 + ~ n S _k,~i ,
0

(1)

substituting the lab frame probe _~l0 + k 0 : ui and scatteredlight _~ls = ~ s + k s : ui frequencies and the plasma-wave
frequency into Eq. (2), which, for scattering from ion-acoustic
waves, gives
D~ ! = _~ls -~l0i = ! kc s- k : u ,

and from EPW’s
D~ ! = _~ls -~l0i = ! ~ pe + 3k v te - k : u ,
2

e2/m

c2

where I0 is the incident probe-beam intensity, r 0 =
e is
t
the classical electron radius, E 0 is the polarization direction of
the probe beam, and ~ (~0) is the frequency of the plasma wave
(probe beam). The frequency of the scattered light is given by
the matching condition
~ s = ~ 0-~,

(2)

where ~ d R and waves with negative frequency propagate
antiparallel to k.
The dynamic form factor (neglecting collisions and in the
absence of applied magnetic fields) is derived from the linearized Vlasov equation (and Poisson’s equation),
_km Dei2
|e 2
>
1
Im #| er~
f

S _k,~i =

Z 2j n i,j Ti,j | e
+/
f
n i Te
j

2

V
W
Im #| i, j-W ,
W
X

(3)

where the sum is over ion species, ni,j (Ti,j) is the number density (temperature) of the jth ion species, ni = Rj Zj ni,j, and f /
1 + |e + Rj|i,j is the plasma dielectric function. The electron
(|e) and ion (|i) susceptibilities are
| s _k ,~i =

4rq 2s n s0
ms k 2

'

3

dv
-3

k : 2 fs0 2v
~- k : v - i c

,

(4)

where ns0 and fs0 are the unperturbed number density and
velocity distribution, respectively.
The dominant modes observed in collective Thomsonscattering experiments are given by the real part of the roots
of f (k, ~) = 0. The difference in frequency between the scattered light and probe beam in the lab frame is determined by
126

(5)

2 2

(6)

where D~ ! corresponds to the frequency shift in the blue- and
red-shifted light and c s = _ZTe + 3Tii m i is the sound speed
(mi is the ion mass).
Equation (5) shows that the frequencies of the two ionacoustic wave (IAW) spectral peaks are given by the sound
speed, fluid velocity, and plasma-wave vector. The frequency
of the peaks in the EPW spectrum is dominated by the electron
density because the contribution to the frequency shift related
to the ~ 2pe term in Eq. (6) is typically much larger than the
contribution from the other terms. To obtain further information from Thomson-scattering spectra, synthetic power spectra
generated using the kinetic description [Eq. (1)] are directly
compared to measured spectra. In theory, arbitrary moments
of the unperturbed velocity distributions (or their projections
along k) can be inferred by fitting Eq. (1) to measured spectra, but experimental uncertainties and degeneracy between
parameter variations limit practical measurements to the fourth
moment (heat flux) and require the shape of the unperturbed
velocity distribution (fs0) to be assumed (e.g., Maxwellian or
Maxwellian with polynomial corrections).13,14
A common challenge in determining accurate plasma
conditions from Thomson-scattering spectra is that measured
spectra have broader peaks than calculated spectra. This has
been attributed to ion–ion collisions,13,15 plasma gradients, and
probing a range of wave vectors.16 As a first-order approximation, these effects can be accounted for by convolving the calculated spectra with a Gaussian response function. A physically
consistent model is required, however, to measure parameters
that depend on the detailed shape and not just the frequency
of the spectral peaks.
The impact of gradients on Thomson-scattering measurements can be approximated by comparing the derivatives of
Eqs. (5) and (6) to the linear Landau-damping rates. Gradient
effects can be neglected when the broadening of the spectral
peaks related to gradients is much less than the broadening
LLE Review, Volume 147
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1. Spectral Sensitivity
The spectral sensitivity of the Thomson-scattering diagnostic was calculated using
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Figure 147.17 shows IAW and EPW Thomson-scattering
spectra taken during 60-beam (m3~ = 351-nm) implosions on
the OMEGA laser with the Thomson-scattering diagnostic
configured to probe wave vectors perpendicular to the target
normal. The targets were 870-nm-diam, 23-nm-thick spherical CH shells filled with 10 atm of D2 gas. The laser pulse was
a 1.2-ns square pulse preceded by three 100-ps picket pulses
with a total energy of 12 kJ. Distributed phase plates21 were
used on each beam to define 860-nm full width at 95% flattop
laser spots using f/6.7 lenses.
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Some of the physical effects that should be included when
fitting measured Thomson-scattering spectra to calculated
spectra are presented in this article. The following sections
(1) present experimentally measured Thomson-scattering
spectra from IAW’s and EPW’s from a series of direct-drive
inertial confinement fusion implosions18 on the OMEGA
laser19 and discuss spectral calibration and background radiation; (2) describe the techniques used to analyze the measured
spectra; (3) present the methods used to calculate the plasma
gradients and compare the results of fitting Thomson-scattering
data with and without accounting for gradient effects; (4) discuss error analysis and present the results of applying these
techniques to the measured scattering spectra; and (5) summarize our findings.

Thomson-Scattering Measurements
The Thomson-scattering diagnostic on OMEGA consists of
a reflective f/10 collection system coupled to two spectrometer/
streak-camera pairs.2 The f/6.7 probe beam (m4~ = 263.25 nm)
had a best-focus diameter of +70 nm (Ref. 20). The spectral
resolutions of the IAW and EPW systems were 0.05 nm and
0.5 nm, respectively. The scattering volume was +50 # 50 #
70 n m3. The angle between the probe beam and collection
optic was 120°.

log10 (Ps)
(arbitrary units)

caused by damping. In the weak damping limit, the damping
rate is given by the imaginary part of the dielectric function
divided by the spectral derivative of its real part evaluated at
the normal mode frequency 9~ i = -f i `2f r 2~jC (Ref. 17).
Simplifying to 1-D, the dominant term in broadening of the
spectral peaks caused by spatial gradients in Eq. (5) is typically
the fluid velocity gradient d~ ! = dxk2u/2x, and variations in the
probed wave vector give d~ ! = dk(!cs –u). Wave-vector variations are typically negligible in Eq. (6) and the dominant spatial
term is d~ ! = dx~ pe L n , where Ln is the density scale length.

1.0 2.5 2.0 2.5
Time (ns)

Figure 147.17
Thomson scattering from [(a)–(c)] IAW’s and [(d)–(f)] EPW’s at [(a),(d)] 400 n m, [(b),(e)] 300 n m, and [(c),(f)] 200 n m from the initial target surface. The drivelaser pulse shape is overlaid. The bright features at +263.2 nm in the IAW spectra correspond to reflected or refracted light from the probe beam.
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in this article were normalized to minimize |2, it was necessary
to account for the spectral sensitivity of the detector when fitting the EPW spectra because the sensitivity varied significantly
(factor of 2) over the range of wavelengths included in the fits.

m : k : G : px m
CCD e- : nm
C _mi =
,
b l Q _mi T _mi
M
hc
pixel : watt
the system parameters of which are shown in Table 147.I (h =
6.62 # 10 –27 erg • s). The number of charge-coupled–device
(CCD) counts per pixel is given by the product of the sensitivity with the power scattered 8C _mi # dX # dV2 3 Ps 2m2X2V ,
where 2Ps 2m = `d~ dmj2Ps 2~B integrated over the scattering volume and the solid angle of the collection optics.
Figure 147.18 shows the ratio of measured-to-calculated signals for a variety of Thomson-scattering configurations (planar
and spherical targets using 2~ and 4~ probe beams). The predictions are within a factor of 2 of the measured values, which
is sufficient for determining appropriate probe energies and
filtering when designing experiments. Although the fits shown

2. Background Radiation
The two primary sources of background radiation are bremsstrahlung and Thomson scattering from beams other than the
Thomson probe. The two types of background radiation can
be distinguished by noting that self-Thomson scattering of the
drive beams occurs only when the drive lasers are on, while
bremsstrahlung radiation can persist beyond the end of the laser
pulse. The background radiation from Thomson scattering of
other beams can be calculated using Eq. (1). The differential
bremsstrahlung power in watts per unit wavelength (m) per unit
volume (V) per unit solid angle (X) is1
2
2
2 3 PBr
6.61 # 10 -35 gZ eff n e -0.124
=
e
2 1/2
4r
2m2X2V
m Te

Measured/calculated

1.5
2~ EPW
2~ IAW
4~ EPW
4~ IAW

1.0

E25289JR

0
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2

3

4

5

6

,

(7)

where Z 2eff = Z 2 Z , ne is in cm–3, m is in cm, Te is in keV,
and the Gaunt factor g + 1.

0.5

0.0

mTe

7

Shot number

Figure 147.18
The ratio of measured-to-calculated peak scattering signals for the IAW
and EPW features using 2~ (526.5-nm) and 4~ (263.25-nm) probe beams.

Because the background radiation comes from the entire
conical volume observed by the Thomson-scattering diagnostic,
an accurate calculation of the background radiation requires
spatially resolved knowledge of the plasma conditions along the
entire line of sight of the Thomson-scattering collection system
(Fig. 147.16). For all of the analysis in this article, the bremsstrahlung radiation was calculated by ray tracing simulations
from the radiation–hydrodynamics code LILAC22 from the collection optic back through the plasma while integrating Eq. (7)
along the rays. The amount of background radiation observed
by the diagnostic as a function of the distance from the image
plane in the plasma is approximately constant because the col-

Table 147.I: Calibration parameters for the OMEGA Thomson-scattering diagnostic.

Parameter

Symbol

Value

Optical transmission

T(m)

+0.01

Photocathode quantum efficiency

Q(m)

+0.1

Photoelectron/photon

m

0.002 to 0.03

nm/nm at PC

Spectrometer dispersion
Sweep rate
Streak-tube gain

k
G

Pixel size
Tube magnification

px
M

1.1

# 10 –12

150
170
1.3

Units

s/nm at CCD
CCD electron/photoelectron
nm2/pixel

PC: photocathode; CCD: charge-coupled device.
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lection efficiency of the diagnostic falls off at the same rate as
the area of the observed conical cross section increases. For
practical estimates, a cylinder with the diameter of the optical
aperture stop at the plasma image plane and a length sufficient
to include the entire plasma along the view of the collection
system is a reasonable background-collection volume.
Analysis
The plasma parameters in the Thomson-scattering
data shown in Fig. 147.17 were inferred by minimizing
2
| 2 = # dm 8a s Ps _mi + a B PB _mi-PM _miB for a series of spectral
lineouts at different times (Ps, P B, and P M are the calculated
Thomson-scattered power, the calculated background power,
and the measured power, respectively; as and aB are normalization coefficients). Distinct normalization coefficients were used
for the Thomson-scattered and background radiation because
their relative intensities are sensitive to optical alignment. The
coefficients were determined by differentiating |2 with respect
to as and aB and solving the resulting system of equations:

as /

aB /

2
k - a # dmPM PBk a # dmPs PBk
a # dmPM Psk a # dmP B
2
a # dmPs2k a # dmP B
k - a # dmPs PBk

,

# dmP B2 _PM-as Psi
.
# dmP B2

Figure 147.19 shows spectra (averaged over 50 ps) from
Figs. 147.17(a) and 147.17(d) taken at 2.8 ns. The spectra are
compared to the best-fit spectra calculated with and without

gradients. The IAW fit calculated without gradients is not
even qualitatively similar to the measurement, while the EPW
spectrum is reasonably well reproduced except in the wings of
the spectral peak. The electron temperatures inferred independently from the EPW (1.15-keV) and IAW (0.77-keV) spectra
were not self-consistent, and the ion temperature inferred from
the IAW (1.62-keV) spectrum was unphysically high for the
experimental configuration.
Gradients
1. Plasma Gradients
When gradients are present, the observed scattered light is a
superposition of scattering from the various plasma conditions
present within the scattering volume (spatially and temporally).
The effects of gradients can be included in calculated spectra
by taking a weighted sum of spectra calculated at the various
plasma conditions.
The typical plasma parameters that are required to account
for gradients within the Thomson-scattering volume are the
spatial and temporal derivatives of the fluid velocity and electron density. Two methods of approximating the derivatives
are ray-tracing hydrodynamic simulations or using mass and
momentum conservation to calculate the gradients iteratively
using measured spectra.
The fits shown in Fig. 147.19, where gradients were included,
are significantly better than those without gradients (without
introducing any additional degrees of freedom). Table 147.II
compares plasma parameters inferred from the fits with and
without gradients and the results of LILAC simulations. When
(b)
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Figure 147.19
Thomson-scattering spectral lineouts at 2.8 ns (400 n m from the target) for scattering from (a) IAW’s and (b) EPW’s. The solid red curves are the measured
spectra, the dashed blue curves are the best fit with gradients included, and the dashed–dotted green curves are the best fit without gradients.
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Table 147.II: Comparison of the plasma parameters inferred from
the calculated spectra shown in Fig. 147.19. The density is given in 1020 cm–3 and the temperatures are
in keV. The plasma was assumed to be completely
ionized. The typical error (see Error, p. 131) is +5%
for ne, +20% for Te from the EPW, +5% for Te from
the IAW, and + 40% for T i.

Gradients
No gradients
Simulation

EPW fits
ne
Te
4.40
0.93
4.04
1.15
4.45
0.78

IAW fits
Te
Ti
0.85
0.82
0.77
1.62
0.78
0.58

gradients were included in the fits, the electron temperatures
inferred from the IAW and EPW spectra were within 10%,
and the ion temperature inferred from the IAW spectrum was
slightly lower than the electron temperature, consistent with
expectations for a laser-ablated plasma a few hundred picoseconds after the end of the laser pulse. The corresponding
simulated plasma parameters shown in Table 147.II were also in
better agreement with the inferred values when gradients were
included in the fits. The electron density inferred from the EPW
spectrum and the electron temperature inferred from the IAW
spectrum were relatively insensitive to the effects of gradients.
The gradients in plasma parameters used to calculate the
spectra in Fig. 147.19 were assumed to be independent and to
have a Gaussian distribution of weights. While the gradients
in various plasma parameters are not independent in reality,
this assumption is valid when the gradient in a single plasma
parameter is dominant. The choice of a Gaussian weight distribution was based on the results of ray-trace calculations and
is primarily determined by the use of a Gaussian probe beam.
The plasma gradients were calculated by ray tracing density
profiles from hydrodynamic simulations. Rays were traced
from the probe to the detector and their overlap on a 3-D grid
was used to calculate intensity-weighted histograms of the
plasma conditions in the Thomson-scattering volume as a
function of time. This technique provided a good approximation to the plasma gradients (both temporal and spatial) and
implicitly accounts for the effects of refraction. It allowed for
self-consistent comparisons between Thomson-scattering measurements and hydrodynamic simulations by comparing the
inferred values from the measurement to the intensity-weighted
average value in the calculated interaction volume.
An alternative approach to calculating plasma gradients
that avoids relying on hydrodynamic predictions is to calcu130

late the gradients iteratively using the measured spectra. This
technique relies on the fact that the density and flow velocity
can be determined relatively accurately without knowledge of
the gradients. The temporal derivatives of the density and fluid
velocity can be determined using time-resolved spectra, and
the spatial derivatives can be calculated using conservation of
mass and momentum. Assuming that the Thomson-scattering
volume is small compared to the relevant scale lengths, the electron density and fluid velocity and their spatial and temporal
derivatives can be treated as 1-D constants (spatially) over the
scattering volume. The continuity and momentum equations
for species a are
2n a 2
+
n u = 0,
2x a a
2t
2u a
2u a
2
1
+ ua
=- m n
n a Ta .
2t
2x
a a 2x
Defining the mass density (t / R a m a n a) and center-of-mass
velocity (u / t –1R a m a n a u a), assuming m e % m i , and solving
for the spatial derivatives give
t
2t
2t 2h
d 2u - u
=
+ n,
2x u 2-h 2t t 2t 2x

(8)

2u
u d h 2t 2u 2h n
=
+
,
2t 2x
2x u 2-h tu 2t

(9)

where h / _ZTe + Tii m i for a single ion species and h /
7_Z 1 R + Z 2i Te + _1 +Ri TiA _m 1 R + m 2i for two-ion species
_R / n 1 n 2i . These equations are unchanged if the mass density is replaced by the electron density because the constant
factor of t = n e _m 1 R + m 2i _Z 1 R + Z 2i cancels out. Equations (8) and (9) do not allow for an iterative calculation of the
terms involving the spatial gradients in temperature, but these
are usually negligible.
2. Instrument Effects
Variations in the probed wave vector (because of the finite
f number of the probe and collection optics) can lead to asymmetry in both the amplitude and width of the two IAW peaks.
A wave-vector gradient results in asymmetric IAW peaks when
variations in the probed wave vector result in the two scattering peaks being shifted by different magnitudes. The source
of this asymmetry is the fact that the term corresponding to
the propagation of IAW’s in Eq. (5) (the first term on the rightLLE Review, Volume 147
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hand side) causes the red- and blue-shifted IAW peaks to shift
in opposite directions when the magnitude of the probed wave
vector is varied, but the Doppler-shifted term (last term on the
right-hand side) shifts both peaks in the same direction. A sufficient condition for wave-vector gradients to cause asymmetry
in an IAW spectrum is
2D~ +
2D~ = c s-u cos if - c s + u cos if ! 0 , (10)
2k
2k
where if is the angle between the flow velocity and the probed
wave vector (k). This inequality is satisfied whenever cs > 0,
u > 0, and cos if ! 0. This correction has a significant impact
when using the IAW feature to infer the relative drift between
the ions and electrons.23

Scattered power
(arbitrary units)
)
s
n
Time (

The range of probed wave vectors was determined by
treating the focusing and collection optics as a superposition
of point sources and calculating each pairwise interaction.
The wave-vector gradients cannot be approximated by 1-D
Gaussian distributions because variations in the probed wave
vector affect the magnitude of the observed wave vector and

1.0
0.5
0.0
3.0

E25290JR

(a)

0.8
0.4
0.0
3.0

2.5

2.5

2.0

2.0

Error
Figure 147.21 shows the electron densities and temperatures
inferred from the EPW spectra and the plasma temperatures
inferred from the IAW spectra. The plasma parameters predicted by 1-D hydrodynamic simulations (LILAC) are shown

Figure 147.20
Measured spectral lineouts (red) and the corresponding
calculated spectra (blue) at several different times for the
(a) IAW and (b) EPW collected at 400 n m from the initial target surface. The green dotted curves correspond
to calculated spectra using the same plasma parameters
as the best-fit curve (blue) but without including gradient/wave-vector effects.
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Figure 147.20 shows spectra calculated with and without
gradient/wave-vector effects. To show the amount of broadening introduced by the gradients, the “no-gradients” spectra
in Fig. 147.20 correspond to the same plasma parameters as
the spectra where gradients were included. The IAW spectra
[Fig. 147.20(a)], including the effects of gradients results in a
nearly constant amount of spectral broadening because probed
wave-vector gradients (which do not vary in time), were the
dominant source of broadening. Density gradients cause significant broadening of the EPW spectral peaks [Fig. 147.20(b)] only
during the rise of the laser pulse and after the laser is turned
off because the temporal gradients vanish and the density scale
length is relatively long when the plasma is in steady state.
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Wavelength (nm)
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its projection along the fluid velocity. Each pairwise interaction
was sorted into a bivariate histogram of wave-vector magnitude
and projection along the fluid velocity (100 bins were used).
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Figure 147.21
(a) Measured (symbols) and simulated
(curves) electron density at 400 nm (circles),
300 nm (squares), and 200 nm (triangles)
from the initial target surface. (b) Electron
temperature inferred from IAW (squares) and
EPW (circles) spectra, and ion temperature
(triangles) inferred from the IAW spectra
at 400 nm. The error in absolute timing is
+100 ps.

Time (ns)
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as solid curves. Because the error in Thomson-scattering measurements is sensitive to a number of fixed parameters, a Monte
Carlo approach was used for the analysis. The inferred plasma
parameters and error bars shown in Fig. 147.21 correspond to
the mean and standard deviation of 100 fits, where the fixed
parameters shown in Table 147.III were varied on each iteration
using normally distributed values with variances characteristic
to each parameter. The uncertainties shown in Table 147.III are
generous estimates because the actual uncertainties (particularly in the gradients, which were the dominant source of error)
are not well characterized. The error introduced by noise was
accounted for by adding random noise (on each iteration) with
variance equal to the variance between the measured spectrum
and the initial best fit.
Table 147.III: Uncertainties included in error analysis.

Parameter
Point-spread function
Spectrometer dispersion

Standard deviation
20%
2%

Spectrometer alignment
Gradients

100 nm
20%

Summary
Simultaneous measurements of IAW and EPW Thomsonscattering spectra were obtained using a 263.25-nm probe
beam. A fully reflective collection system was used to record
light scattered from EPW’s at electron densities up to 1021 cm–3,
which produced scattering peaks near 200 nm. An accurate
analysis of the experimental Thomson-scattering spectra
required accounting for plasma gradients, instrument sensitivity, optical effects, and background radiation. Two methods for
calculating plasma gradients using hydrodynamic simulations
or by fitting measured spectra iteratively were presented. Fits to
measured Thomson-scattering spectra show the importance of
including gradient effects. For example, the electron temperature inferred from the EPW feature was overestimated by +35%
when density gradients were neglected. The ion temperature
was overestimated by +50% when gradients in the flow and
finite optical effects were neglected. The finite diameter of the
probe focusing and collection optics was shown to introduce
an asymmetry in the amplitude and width of the IAW features
when a plasma flow was present.
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Measurements of Hot-Electron Temperature
in Laser-Irradiated Plasmas
Introduction
Recently published work1–3 has studied the production of hot
electrons related to the two-plasmon–decay (TPD) instability
caused by laser pulse interaction with solid planar targets at
an irradiation of 1014 W/cm2. The hot electrons generated
by TPD can preheat the cold compressed core in cryogenic
implosions, thereby degrading the final compression and the
target performance.4–6 The first step in evaluating preheat is
to determine the hot-electron temperature (Thot). It is required
for (a) deducing the total energy in hot electrons from the
measured target x-ray radiation (Ka or continuum), and
(b) calculating the hot-electron energy deposition in the fuel,
i.e., the preheat. In previous work1–3 we deduced Thot from the
measured hard x-ray (HXR) spectrum using a three-channel
fluorescence-photomultiplier hard x-ray detector (HXRD).7
The total energy in hot electrons (Ehot) was derived from the
Mo Ka line intensity from an embedded Mo target. We extend
those measurements here by
a. implementing a new nine-channel hard x-ray image-plate
(HXIP) spectrometer to measure the hot-electron temperature more reliably and to derive the total energy in hot
electrons. The spectrum is recorded on image plates (IP’s)
that are absolutely calibrated;8 this feature makes it possible
to derive E hot (which was not the case with the uncalibrated
HXRD, where E hot was derived from Ka measurements).
T hot is found to be consistently lower (by a factor of 1.5 to
1.7) than the results reported in Ref. 1.
b. performing experiments to measure T hot independently of
the x-ray continuum spectrum (using ratios of Ka lines).
The results (see Ka Measurement of T hot, p. 138) were
consistent with those derived from the continuum spectrum
measured by HXIP.
c. measuring the thermal (softer) x-ray spectrum from the
heated plasma and including it in the derivation of the total
energy in hot electrons from the high-energy continuum.
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d. demonstrating that the total energy in hot electrons derived
from the measurements of Ka and from the high-energy
continuum are consistent.
Determining preheat of fusion targets by hot electrons
consists of two stages: (1) determining T hot and then the total
energy in hot electrons (or the total number of hot electrons)
and (2) determining the energy deposited by the hot electrons
in the compressed, cold target core. The second stage is target
specific and is not discussed in this article. The first stage yields
a quasi-universal curve of the fraction fhot = E hot E L of laser
energy (E L) converted to hot electrons. As shown in Ref. 1,
fhot for planar targets rises steeply from the TPD threshold at
a laser intensity of +1.5 # 1014 W/cm2 and then saturates at a
value of a few percent above +7 # 1014 W/cm2. For spherical
targets, the value of fhot at a given laser intensity is smaller
than it is for planar targets (because the density scale length is
smaller in spherical targets). However, when fhot is plotted as
a function of the calculated TPD linear gain (or, alternatively,
as a function of the measured T hot), the measured fhot points
fall on a quasi-universal curve, independent of the target
geometry.2,3 Therefore, the planar-target measurements in this
and previous articles1–3 are relevant to calculating preheat in
spherically imploding fusion targets: the fraction fhot (and the
concomitant T hot) serves as a source to calculate the transport
of hot electrons through the target at hand.
We used two methods to determine the total energy in hot
electrons in our planar-target experiments: (1) the emission of
Ka lines from an embedded high-Z target layer and (2) from
the high-energy bremsstrahlung emission. The targets must be
thick enough to capture most of the hot electrons. The targets
in these experiments were either 30-nm-thick Mo or 125-nmthick CH [the targets discussed in Ka Measurement of T hot
(p. 138) were for measuring T hot, not E hot, and were thicker].
In each case the range of most electrons is smaller than the
target thickness, so most of the hot-electron energy is included.
The high-Z targets were coated with a 30-nm-thick CH layer;
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High-Z target layers in the previous work served a different
purpose than in the present experiments: in the previous experiments, the high-Z Ka lines were used to determine E hot (while
the required T hot came from HXRD, which, being uncalibrated,
could not yield E hot). Here, T hot comes from HXIP (i.e., from
the continuum slope) as well as from Ka line ratios (in the targets discussed in Ka Measurement of T hot, p. 138), whereas
E hot also comes from the absolutely calibrated HXIP.
The laser configuration here was the same as in Ref. 1: four
OMEGA EP10 beams intersected the target at an angle of 23°
with respect to the target normal. The laser pulse had a square
temporal shape with a width of 2 ns. The irradiance was varied
in the range of +1 to 7 # 1014 W/cm2 by increasing the laser
energy in the range of +2 to 9 kJ.
The energy in hot electrons (Ehot) was derived from either the
Ka emission from the high-Z layers or the HXR bremsstrahlung
radiation (using the calibrated readings of the HXIP). The relation between the measurements and E hot was calculated using
the EGSnrc Monte Carlo code.11 The code assumes, as input, a
Maxwellian hot-electron spectrum that is transported through
the planar target. Figure 147.22 shows the calculated ratios of
hot-electron energy and radiation yield as well as hot-electron
energy and Ka emission. The blue curve uses the photostimu-
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Measuring Ehot in implosion experiments is difficult because
(a) a high-Z layer cannot be incorporated into the target core
without modifying the desired implosion characteristics and
(b) the electrons (mostly those that miss the compressed core)
lose a small fraction of their energy in making one pass through
the target; this requires knowledge of the hot-electron divergence and refluxing back into the target. Cryogenic targets
present an additional complication: even if E hot is known, the
preheat of the compressed fuel is not simple to derive because
most of the HXR radiation is emitted by the CH corona, not
the compressed fuel.9 However, measuring the hot-electron
source using thick planar targets makes it possible to calculate
the transport of hot electrons through the fusion target at the
same TPD gain or the same T hot.

1000

Ehot (J)/PSL

therefore, in all cases the laser interacted with CH, and the
production of hot electrons was the same for the same laser
intensity and target geometry. In the cases of high-Z targets, it
was evident that the laser did not burn through the outer CH
layer because of the absence of high-Z lines, except for the
inner-shell Ka transitions, i.e., lines excited by the hot electrons.

0.1
100

Electron temperature (keV)

Figure 147.22
Curves used to determine the total energy in hot electrons for the two methods:
using Ka and using continuum radiation. Shown are Monte Carlo calculations of the energy in hot electrons (E hot) divided by either the measured
Mo Ka energy per unit solid angle in the target normal direction (for targets
containing a 30-n m-thick Mo layer) or the photostimulated luminescence
(PSL) signal (for thick CH targets) registered by the fifth channel of the hard
x-ray image-plate (HXIP) diagnostic. The inverse of these curves is simply
the x-ray yield per energy in hot electrons. The x-ray energy is converted to
PSL units using the known absolute calibration of the image plates.

lated luminescence unit (PSL) for channel 5 of the HXIP (see
the next section). Using the intermediate channel 5 avoids the
effect of thermal (or plasma) radiation on the lower channels,
as well as the noise effect on the higher channels. Because of
the good agreement of simulated and measured channel signals
(see Image-Plate–Based HXR Spectrometer, p. 136), the same
result would have been obtained with any other intermediate
channel. The curves fall with increasing electron temperature
because the radiation yields increase with T hot [the curves rise
at temperatures above +100 keV (not shown in Fig. 147.22)].
Figure 147.22 can be used to determine E hot (provided T hot
is known) because the x-ray yields for both the crystal x-ray
spectrometer (XRS),1 used to measure the Mo Ka line, and the
image plates8 are absolutely calibrated. The sharper fall of the
HXIP (blue) curve was shown to be mitigated when the thermal
radiation was included in the analysis (see The Fraction of
Laser Energy Converted to Hot Electrons, p. 140). The blue
curve in Fig. 147.22 assumes a 125-nm-thick CH target; the red
curve is for a 30-nm-thick CH coating over 30-nm-thick Mo.
If the HXIP is used with a target containing a high-Z layer, the
HXR is emitted primarily by the high-Z material and the blue
curve will be lower by a factor Z since the HXR yield from a
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Figure 147.23
X-ray transmission of HXIP channels 1 to 9 (left to right) as a function of
the photon energy. Higher-number channels are sensitive to progressively
higher photon energies.
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Image-Plate–Based HXR Spectrometer
The hot-electron temperature was measured by a ninechannel instrument (HXIP) using an image plate as a detector.
Image plates8 contain an x-ray–sensitive layer of phosphor
BaF(Br,I):Eu2+. Recorded data are read in the photostimulated
luminescence (PSL) process. The sensitivity of image plates
was shown to be linear over five orders of magnitude in intensity.15 The HXIP is contained in a 3/4-in.-thick lead enclosure to
reduce background radiation from other radiation sources in the
vacuum tank, including scattered target radiation. Additionally,
the inside faces of the lead were covered, sequentially, by copper, aluminum, and Mylar layers to attenuate fluorescence from
the walls. The spectral decomposition of the target radiation is
achieved by an array of nine filters (aluminum and copper of
different thicknesses) placed halfway between the target and the
image-plate detector, with a total distance between the target
and the image plate of 49 cm. Figure 147.23 shows the x-ray
transmission curves of the nine filters. Figure 147.24 shows
a typical image obtained on the HXIP. A single image plate
records the nine projections through the filters (the signals)
as well as the background. The background measured outside
the nine squares is a result of Compton scattering of target
radiation from the components within the HXIP enclosure and
fluorescence from these components (primarily the lead walls).
An additional background is caused by smearing (or bleeding)
from the IP laser scanning. One advantage of using an IP-based
system is that the total background is recorded and can be
subtracted from the signals. The background is significant for
only the last few channels (i.e., highest photon energy). For the
first few channels the relative background intensity is <1%, for
the intermediate channels it is <5%, and for the last channels
it is +50% of the signals. Therefore, knowing the background
is essential to determining a reliable temperature. If the background is not fully subtracted, the inferred temperature will be

The wall layers behind and close to the IP are one source of
background radiation that requires special attention. Radiation
that traverses the IP is absorbed into the back wall and scattered;
fluorescent radiation enters the IP from its back. Monte Carlo

Transmission

Using planar targets has an advantage over spherical targets:
-1
the density scale length 8/ ^1/n dn/dxh B in these experiments
(for the highest intensity) was +400 nm (from 2-D hydrodynamic
simulations of the experiments).1 For a given laser irradiance, the
laser energy required to generate a long-scale-length plasma is
smaller for planar targets than for spherical targets.13,14

too high. One indication that the 2-D background subtraction
is valid is that the resulting net signals are uniform over the
square area of even the last channels.

y (cm)

thick target is proportional to Z.12 For low hot-electron temperatures, the thermal plasma emission (which is not calculated
by the Monte Carlo code) is not negligible with respect to the
hot-electron bremsstrahlung. Therefore, the measured radiation
must be corrected before applying the blue curve in Fig. 147.22
(discussed in The Fraction of Laser Energy Converted to
Hot Electrons, p. 140).

0
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Figure 147.24
A typical image (logarithmic intensity scale) obtained on an HXIP. The signals
from nine channels are seen, as well as a background around and between the
signals. The ability to subtract the background around each channel image
makes it possible to correctly determine the emitted spectrum.
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Since the scattered radiation is removed from the net signals,
they reflect only the transmission through the filters, which can
be calculated without a Monte Carlo simulation. Figure 147.25
shows the calculated response curves for several hot-electron
temperatures. The target HXR radiation spectrum is assumed
to be a single exponential of the temperature T hot. The measurements at each channel agree well with the best-fit curve,
suggesting that the exponential assumption is valid. Therefore,
in calculating the energy in hot electrons from Fig. 147.22,
any channel (above the first) should give the same result. The
signal curve relating to the HXIP in Fig. 147.22 corresponds to
channel 5. This channel was chosen because lower channels are
burdened by the plasma thermal radiation and by bound-free
absorption in high-Z layers; also, higher channels may be too
weak for reliable measurement. The filters for channel 5 absorb
strongly below +20 keV; this is the reason for the steep drop in
the HXIP curve in Fig. 147.22. A special case is the first channel, which includes the radiation tail from the thermal plasma.
This is why we normalized the curves and the data points to
the second (rather than the first) channel.
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To demonstrate the role of the thermal radiation, Fig. 147.26(a)
shows the simultaneous HXR spectrum deduced from the HXIP
and the tail of the thermal spectrum measured using XRS. The
irradiance for this shot was 6 # 1014 W/cm2. The HXIP spectrum
(which was assumed to be exponential) was obtained using
the temperature from Fig. 147.25 and was normalized to the
measured channel 5 signal. The target in Fig. 147.26 was CH;
for a target with a higher-Z layer, the intensity of the induced
component in Fig. 147.26(a) would be higher by about a fac-

Fluence (keV/keV)

simulations show that the back-wall radiation is not uniform
over the scale of the signal size (15 mm # 15 mm) because of
the proximity; however, its intensity is about 20# lower than the
total signal for any of the channels and is therefore unimportant.
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Figure 147.25
A typical example of determining hot-electron temperature using the HXIP
data. The curves represent the nine-channel data, calculated by using the filter
transmissions and measured image-plate (IP) sensitivity. To determine the hotelectron temperature, the curves of PSL data were normalized to the channel 2
data. Channel 1’s excess signal is explained by the plasma thermal emission.
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Figure 147.26
(a) The tail of the plasma-emission spectrum measured by the x-ray spectrometer (XRS) diagnostic (red line) and the hard x-ray (HXR) radiation emitted by
hot electrons, as deduced from the HXIP measurement (blue line). (b) Using
the sum of the two spectra in (a) as the input spectrum, the simulated channel
signals (red curve) reproduce the measured HXIP data, including channel 1
(solid green squares), unlike the single-exponential spectrum (blue curve).
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tor of Z, while the thermal plasma radiation would not change
since the laser interaction in all cases is in the CH coating.
Figure 147.26 illustrates that using HXIP alone to deduce the
hot-electron temperature is valid if the first channel is excluded
from the fitting procedure. Figure 147.26(b) shows the result
of replacing the assumed single HXR exponential with the sum
of the two exponentials in Fig. 147.26(a). The inclusion of the
thermal spectrum with the calculated HXIP data agrees with
the measured points for all channels, including channel 1. Figure 147.26(a) also shows that for low Thot (<30 keV), the two
spectra must be untangled (discussed in The Fraction of Laser
Energy Converted to Hot Electrons, p. 140). For most fusion
experiments, the relevant temperature is much higher and the
low-temperature case is of interest only for exploring the TPD
instability threshold. Figure 147.27 shows the compilation of
temperature measurements from different shots as a function
of the laser intensity. The temperatures inferred using HXIP
measurements are represented by the orange squares. The other
points in Fig. 147.27 are discussed in the next section.
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Figure 147.27
Compilation of measured hot-electron temperatures. The curve serves to
guide the eye.

Ka Measurement of T hot
Because of the discrepancy in temperature obtained by
the HXRD (see Fig. 8 of Ref. 1) and HXIP, we designed three
experiments to measure T hot in a way that does not depend
on the continuum radiation. Figure 147.28 shows the target
configuration for the three experiments.
1. Thick Molybdenum Target
The target in this experiment consisted of 100-n m-thick
molybdenum, coated with 30 nm of CH on both sides. The Mo
138
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Figure 147.28
Target configurations for three experiments designed to measure the hotelectron temperature using K a emission from high-Z targets (not drawn
to scale): (a) Thick molybdenum and silver targets. The targets consist of
100-n m-thick molybdenum (127-n m-thick silver), coated with 30 n m of CH
on both sides. The measured quantities are the ratios of Ka emission from
the front and rear of the target. (b) Five-element target. The target consists of
five layers (Nb, Mo, Rh, Pd, and Ag), 5 n m thick each, coated with 30 n m of
CH on both sides. The measured quantity is the Ka for increasing-Z elements.

thickness was larger than the range for most hot electrons, so
the Mo Ka line was attenuated while traveling to the back of the
target. For lower hot-electron temperatures, the Ka is emitted
closer to the front surface, consequently being absorbed more
when exiting from the back. Therefore, the ratio of the Mo
Ka yields from the front and back of the target decreases with
increasing T hot. The ratio as a function of T hot is calculated by
the Monte Carlo code and shown in Fig. 147.29(a). The directions of the angles are with respect to the target normal. In the
experiment, the laser intensity was varied and the calculated
LLE Review, Volume 147
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3. Five-Element Target
This target consists of five layers (Nb, Mo, Rh, Pd, and Ag),
5 n m thick each, coated with 30 n m CH [Fig. 147.28(b)]. The
five corresponding Ka lines are measured using XRS behind
the target. The five layers are of increasing Z in the direction
of the incident laser (Z = 41, 42, 45, 46, 47). Each Ka line of
a given Z can excite the Ka lines of the lower-Z layers but not
of the higher-Z layers. The main effect is the decrease in the
number of hot electrons as they move in the direction of the
laser. Therefore, the XRS at the back of the target measures
five K a lines of decreasing intensity for increasing Z (see
Fig. 147.30). This decrease is slower for a higher hot-electron
temperature. The Monte Carlo code simulations of hot-election
transport through this target are used to derive T hot from the
rate of Ka intensity drop as a function of Z (see Fig. 147.31).
The resulting temperatures are shown by the solid blue squares
in Fig. 147.27.
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Figure 147.29
The ratios of Mo Ka and Ag Ka yields from the front and of the thick (a) Mo
and (b) Ag targets, in the direction toward the detectors, as functions of the
hot-electron temperature, calculated by the Monte Carlo code. The direction
angles are with respect to target normal.

ratio was used to determine the hot-electron temperature. The
resulting temperatures are shown by the solid red circles in
Fig. 147.27.
2. Thick Silver Target
A 127-nm-thick silver layer replaced the molybdenum layer
in the previous experiment. The Monte Carlo-calculated ratio
of the Ag Ka yields from the front and back of the target is
shown in Fig. 147.29(b). The higher K edge of Ag (25 keV) as
compared with Mo (20 keV) reduces the fraction of coronal
radiation available for Ka excitation and, therefore, supports
ruling it out as a significant contributor to the observed Ka line
(further discussed later in this section). The temperature results
obtained are shown by the solid green circles in Fig. 147.27.
LLE Review, Volume 147
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Figure 147.30
An example of the x-ray spectrum from a five-element target, as measured
by XRS. The Ka lines are used to determine the hot-electron temperature.

In addition to hot electrons, Ka lines can also be excited
by radiation, both thermal radiation from the plasma and
bremsstrahlung radiated by the hot electrons. Only the latter,
however, is accounted for in the Monte Carlo simulations.
Therefore, plasma radiation’s contribution to the Ka intensity
must be shown to be negligible. A clear indication that the Ka
lines in our experiments are excited primarily by hot electrons
and their radiation and not by plasma radiation is seen in the
laser-intensity dependence of the Ka lines. Figure 6 of Ref. 1
shows that for a rise in the laser intensity by a factor of +2,
the Mo Ka intensity rises by almost a factor of 104 (see also
the related Fig. 147.34 below). On the other hand, the plasma
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Figure 147.31
Monte Carlo curves of Ka intensity for the five elements in the target, normalized to the first element. The data (for a laser irradiance of 6 # 1014 W/cm 2)
indicate T hot + 40 keV.

continuum intensity increases about linearly with the laser
intensity, indicating that its contribution to the Ka excitation
is negligible. An additional indication of the ratio between the
two radiations in a pure CH target is seen in Fig. 147.26(a). For
T hot higher than +20 keV, the hot-electron curve rises sharply
(because of increased hot-electron production at higher intensities) and the continuum above the K edge of, say, Ag (25 keV)
will be dominated by the hot-electron bremsstrahlung.
The Fraction of Laser Energy Converted to Hot Electrons
As seen in Fig. 147.26(a), the total measured x-ray yield
includes a contribution from the thermal-plasma radiation,
which is not included in the Monte Carlo code calculations.
Therefore, the measured radiation should be corrected (reduced)
before using the blue curve in Fig. 147.22 to deduce the energy
in hot electrons. This correction is especially important at low
hot-electron temperatures, where the hot-electron bremsstrahlung drops very fast. Figure 147.32 shows the correction factor;
i.e., the ratio R = PSL hot PSL total of hot-electron–induced
radiation and total radiation (including the thermal-plasma
radiation), measured in channel 5, as a function of Thot. The
correction factor R is calculated using the measured composite
x-ray spectra, like those of Fig. 147.26(a): the spectrum (with
and without the plasma component) is multiplied by channel 5,
filters transmission and the IP sensitivity, and then integrated
over photon energies. This ratio can be approximated as R =
2
–0.521 + 4.81 # 10–2 # Thot – 3.59 # 10–4 # T hot , where Thot
is in keV. The results are shown in Fig. 147.32.
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Figure 147.32
Relative contribution of the plasma electrons and the hot electrons to the
measured total x-ray spectrum. Experimental curves such as the two curves
shown in Fig. 147.26(a), for various laser intensities, are convolved with the
HXIP sensitivity of channel 5; plotted is the ratio of the signal caused by hot
electrons alone and that caused by the hot electrons plus the plasma radiation.
As the hot-electron temperature drops, so does the relative contribution of
hot-electron radiation to the total measured x-ray yield.

Using the correction factor R, the HXIP curve in Fig. 147.22
can now be modified to allow for the contribution of the plasma
radiation with the results shown in Fig. 147.33. The red curve is
the corresponding blue curve from Fig. 147.22, shown as reference. To use this curve, the experimental radiation must be corrected for the plasma radiation. The blue curve in Fig. 147.33
was obtained by multiplying the red curve by the correction factor (Fig. 147.32). When using the blue curve in Fig. 147.33, the
total measured channel 5 readings must be used (without subtracting the thermal contribution). The corrected curve indicates
that the dependence of the hot-electron yield on hot-electron
temperature is weak. Therefore, the discrepancy between the
HXRD and HXIP temperature results (see the Introduction,
p. 134) is not very important when calculating the energy in
hot electrons; however, the penetration depth of hot electrons,
relevant to preheat calculation, remains important.
To verify the validity of the present derivation of hot-electron energy, Fig. 147.34 compares the fraction of laser energy
converted into hot electrons ( f hot) using the present HXIP
results (blue circles) and previous Mo Ka results1 (red circles).
The HXIP results refer to 125-nm-thick CH targets, whereas
the Mo Ka results refer to CH-coated Mo targets. The tempera-
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ture values in the older experiment were corrected using the
scaling with laser intensity obtained in this experiment. The
agreement shows that the method for measuring hot-electron
energy using the HXIP (corrected for the thermal radiation) is
consistent with the method in Ref. 1 using Mo Ka lines. The
agreement also shows that the production of hot electrons in
CH-coated Mo is very similar to that in thick CH targets. It
should be noted that the large possible error in fhot (because of
the thermal contribution) near the threshold can be tolerated
because of the steep rise, and that typical fusion implosion
experiments correspond to the upper end of the intensity range
in Fig. 147.34, where the thermal contribution is negligible.
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Figure 147.33
The blue curve in Fig. 147.22 is adjusted to include the contribution of the thermal radiation, using the results of Fig. 147.32. The red curve here reproduces
the unadjusted Fig. 147.22 curve. Since that curve shows E hot PSL hot and
Fig. 147.32 shows the ratio PSL hot PSL total , the product of these quantities is E hot PSL total and is represented here by the blue curve. When the
adjusted, measured channel 5 signal is used, the resulting E hot is seen to
depend only weakly on T hot.
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Figure 147.34
The fraction of total laser energy converted to energy in hot electrons. The red
circles represent the data from Ref. 1, using the Mo Ka line from a CH-coated
Mo target, with T hot corrected based on the laser-intensity scaling found in
the present experiments. The blue circles represent data from a 125-n m-thick
CH target, using the HXR continuum measured by HXIP. The results indicate
that these two methods of deducing E hot are equivalent.
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Conclusion
This article extends our previous measurements1–3 of the
temperature and total energy of laser-generated hot electrons,
using 2-ns UV pulses at 1014 W/cm 2 on the OMEGA EP
laser.1–3 The three-channel fluorescence-photomultiplier detector (HXRD) was replaced with a nine-channel image-plate–
based detector (HXIP). For the same conditions, the measured
temperatures are lower than those measured using a HXRD by
a factor of +1.5 to 1.7. This measurement was supplemented
with three experiments that measured the hot-electron temperature using Ka emission from high-Z target layers. These
experiments gave temperatures that were consistent with those
measured using the HXIP. The lower hot-electron temperatures,
however, do not significantly impact the deduced total energy
in hot electrons when the effect of the thermal plasma radiation on bremsstrahlung measurements is taken into account.
Lower temperatures mean that the simulated preheat in
cryogenic spherical implosions, using HXRD temperatures,
could be overestimated, however, since lower T hot entails
smaller penetration into the target core. In fact, recent cryogenic
experiments16 show that the preheat is smaller than predicted
(by measuring the degradation in areal density compared to the
one predicted), and even the preheat remains small when the
production of hot electrons increases significantly. This could
be caused by reduced penetration of hot electrons into the core.
While the fraction of laser energy converted into hot electrons is found to increase up to 1% to 3% with the laser intensity,
other factors can contribute to lowering the preheat of the cold
dense shell in spherical implosions, such as a large angular
divergence of the hot electrons.17 High-Z ablators are capable
of reducing the production of hot electrons because of a shorter
scale length and a higher plasma temperature.18
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A Pulse-Front-Tilt–Compensated Streaked Optical Spectrometer
with High Throughput and Picosecond Time Resolution
Introduction
Time-resolved spectroscopy, using an optical spectrometer
coupled to a streak-camera recording system, is a common
diagnostic technique in the field of short-pulse laser physics
research. Streaked spectrometers analyze a point-source input
by aligning the dispersed output of the spectrometer to the
input slit of a streak camera. These instruments are particularly effective for single-shot experiments requiring detailed
measurements of optical spectra with temporal resolutions of
the order of picoseconds to nanoseconds. The overall temporal
resolution of such instruments depends on the streak camera’s
performance and the configuration of the spectrometer used.
For many demanding applications, a streaked-spectrometer
instrument must have high spectral and temporal resolution
while maintaining large optical throughput. These three parameters are intrinsically linked and the ability to simultaneously
optimize them is limited. This article presents a novel technique
that decouples throughput considerations from the spectral- and
temporal-resolution optimization process.
Background of Pulse-Front Tilt
Pulse-front tilt (PFT) is a time-shearing effect inherent to
angular dispersion in which the arrival time of light varies
linearly with position across the beam in the plane of dispersion.1,2 PFT can be explained geometrically by examining the
path-length difference introduced across the beam at a dispersive interface (Fig. 147.35). In the case where a diffraction
grating is used to generate angular dispersion, the total PFT
after dispersion is given by

b
z

)z
(b

dl

in
=s

E25170JR

Figure 147.35
Pulse-front tilt (PFT) is introduced by the path-length asymmetries of a beam
exiting an angularly dispersive medium. The total PFT increases with beam
diameter and angular dispersion.

Combining Eqs. (1) and (2), and relating N to the beam diameter
z and groove density G, produces an expression that illustrates
the difficulty of designing a spectrometer with high spectral
resolution, good temporal resolution, and large throughput:

Dt =
Dt = Nmm c,

(1)

where N is the total number of illuminated grating groves, m
is the grating order used, m is the wavelength of light, and c
is the speed of light. An important quantity in spectrometer
design is the angular dispersion that relates the change in angle
of diffraction b to the change in wavelength and is given by
db dm = mG cos _bi.
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(2)

zm cos _bi db
.
c
dm

(3)

For a given angular dispersion, attempts to improve throughput
by increasing the size of the collection optic will result in a loss
of temporal resolution.
Spectral- and Temporal-Resolution Limitations
The size of an individual spectral-resolution element can
be defined as the product of the instrument’s spatial impulse
response multiplied by the linear dispersion (dm = D x dm/dx).
The linear dispersion (dm /dx) is the product of the angular
143
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dispersion and the output image’s focal length. The imaging
performance of the spectrometer, the point-spread function
(PSFSC) of the streak camera, and the size of the input object’s
image (wM) all contribute to the spatial impulse response.
Adding these terms in quadrate gives
Dx = _wMi + PSF geo + PSF dif + PSF SC ,
2

2

2

2

2

(4)

where w is the size of the input object, M is the magnification
of the spectrometer along the axis of dispersion, and PSFgeo
and PSFdif are the geometric and diffractive limitations,
respectively, of the spectrometer imaging optics. It is worth
noting that, for a fixed collection aperture, attempts to improve
spectral resolution by using a longer output focal length will
increase M if asymmetric conjugates are used or will increase
PFT if symmetric conjugates are used.
Three main mechanisms generally limit the temporal
resolution of a streak camera: (1) the line-spread transit (LST)
time, (2) electron transit time spread (TTS), and (3) spacecharge broadening. LST is defined as the time it takes the
sweep to traverse the width of a static cathode image and can
be reduced by using a fast sweep rate and a narrowly focused
cathode image. TTS arises because electrons generated at the
photocathode have a distribution of initial velocity vectors and
do not take the same amount of time to reach the phosphor
output screen. TTS can be decreased by reducing the overall
transit time or narrowing the excess electron energy distribution through judicious choice of photocathode material and/or
signal wavelengths. Space-charge broadening is caused by the
repulsive force felt from neighboring photoelectrons as they
travel down the tube. Space-charge broadening spoils the image
of the cathode and effectively increases the achieved LST. This

Echelon optic

Initial
temporal front

Grating

effect can be managed by keeping the total electron-current
density below an experimentally determined threshold level.
Segmented Spectrometer Design
Using a rectangular mask to limit the beam size and,
therefore, the total number of grooves illumined at the grating
surface is a viable technique to decrease total PFT.3 While
simple and effective, this method reduces system throughput
and is not suitable for low-signal applications. Additionally,
decreasing the beam size increases the imaging f number.
When taken to the extreme, the masked aperture generates a
large diffraction-limited spot size that spoils the instrument’s
spectral resolution. This result is consistent with the concept
that spectral resolving power is directly proportional to the
number of illuminated grating grooves.
A new type of spectrometer layout is proposed that uses the
concept of a masked grating aperture to improve temporal resolution but maintains the throughput of an unmasked system. This
is accomplished by breaking the full-aperture beam into a series
of discrete rectangular segments. Each segment is prescribed
an appropriate amount of delay, such that after the beam exits
the dispersive medium, the individual segments are temporally
aligned. Figure 147.36 shows how a transmission echelon optic
is used to generate the required delay profile to compensate
the overall PFT. The residual PFT is only what is accumulated
across a single segment. The temporal delay between each segment is determined by the step height of the echelon optic and is
set to be equal to the total PFT of a single segment. The practical
limitations to the minimum echelon step width are the same as
for a masked spectrometer. The echelon step width is minimized
until the diffraction-limited spot size is comparable to the other
contributing terms in the spectrometer’s PSF.

dt

Figure 147.36
PFT can be reduced with no loss to throughput
by segmenting the incoming beam into multiple
sub-elements that are individually delayed to
compensate for the path-length difference introduced by the diffraction grating. The residual
PFT is limited to the accumulation across a
single segment and the overall temporal resolution is improved by a factor equal to the number
of sub-elements used.

Segmented delay front
Segments are temporally
introduced by an echelon optic coaligned after diffraction
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Spectrometer Design
A prototype segmented spectrometer (Fig. 147.37) has been
designed to support the development of a fiber-optic Thomsonscattering system at LLE. Thomson scattering will be used to
characterize the growth of electron plasma waves in pump–
probe experiments that last less than 25 ps. The spectrometer
was designed to match the 1-ps temporal resolution of the Rochester Optical Streak System 8200 (Ref. 4). The spectrometer
provides a 100-nm spectral field of view centered at the 527-nm
Thomson-scattering probe wavelength with a 0.8-nm spectral
resolution. Light from the plasma-wave experiment will be
coupled to the spectrometer using a gradient-index fiber optic.
The fiber has a 50-nm core diameter and a 0.2 (f/2.5) numerical
aperture. The input signal is collimated by a 225-mm-focallength, color-corrected doublet lens operating at f/2.9. Angular
dispersion is provided by a 300-g/mm transmission grating
that generates 40 ps of pulse-front tilt. A 34-element reflective
echelon optic with 2.2-mm step widths and 174-nm step heights
is used to improve the achievable temporal resolution to 1.2 ps.
Individual spectrometer segments focus to the streak camera
at f/100, producing diffraction-limited spot sizes of 55-nm full
width at half maximum (FWHM). Figure 147.38 shows how
the echelon step width was optimized to improve temporal

10

0
0.170
0.085
Numerical aperture of sub-element

Figure 147.38
Spectral resolution is determined by convolving the modeled imagingperformance parameters and multiplying by linear dispersion. The overall
beam size was selected based on the geometric limitations of the imaging
optics. Temporal resolution was improved by segmenting the full beam into
properly delayed sub-elements. The design point represents a compromise
between these factors, resulting in 0.8-nm spectral resolution, 1.2-ps temporal
resolution, and f/2.9 throughput.

resolution while maintaining spectral resolution close to the
performance of the nominal full-aperture system.
Conclusions
This article presents a novel spectrometer design that
decouples the relationship between throughput and pulse-front
tilt. An echelon optic is used to segment the aperture of the
spectrometer into a series of sub-elements that are optically
and temporally co-aligned. This technique makes it possible
to optimize the spectral resolution, throughput, and temporal
resolution simultaneously.
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Figure 147.37
CAD model of the spectrometer layout. A pair of f/2.9 doublets collimate and
focus the dispersed input from a 50-n m-core fiber optic. The PFT from the
300-g/mm transmission grating is reduced by using a 34-element reflective
echelon optic.
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Design of an Extreme Ultraviolet Spectrometer Suite
to Characterize Rapidly Heated Solid Matter
Introduction
Solid-density hot plasmas can be created by using a highintensity laser incident on a solid metal foil.1 Following irradiation by the high-intensity laser, the target heats in a matter
of picoseconds. Electrons in the laser’s focal spot are rapidly
energized and confined to a target volume by a sheath set up
around the target. The fast electrons thermalize through collisional and noncollisional processes that occur much faster
than the hydrodynamic expansion time scale. This makes it
possible to heat the target to high temperatures before the
onset of hydrodynamic motion, allowing one to measure the
hot plasma in a pre-expanded state. These conditions form a
platform for measuring intrinsic material properties such as the
equation of state (EOS) of high-energy-density (HED) matter.
X-ray and ultraviolet spectroscopy have been used to extract
information about the temperature and density evolution of
hot, solid-density targets in a variety of conditions. A new
extreme ultraviolet (XUV) spectrometer has been built to
make temperature measurements that provide complementary
information to higher-energy spectroscopic observations (e.g.,
Ka -line spectroscopy or thermal-line radiation) of the massaveraged temperature. The XUV radiation is highly localized
to the surface of the promptly heated material before expansion.
The early-time heating dynamics of the target are important
to understand for future off-Hugioniot EOS measurements.

Entrance slit
2 # 10–1 mm2

Toroidal mirror
3 # 10–3 sr

Spectrometer Layout
Figure 147.39 provides a schematic overview of the spectrometer and camera layout. A high-throughput XUV spectrometer was realized using a grazing-incidence toroidal reflector
and a variable line-space grating.2 A precision-cut 100-mm #
2-mm slit3 is held close to the target with a re-entrant nose
cone. All direct lines of sight between the target interaction and
the charge-coupled–device (CCD) detector are shielded by a
minimum of 6-mm tungsten to minimize the noise from hard
x-ray hits on the camera. Two limited apertures inside the spectrometer serve to limit stray light. The spectrometer consists
of a modular front section that can be mounted to a scientific
CCD camera (Spectral Instruments SI-800), an image plate,
or an x-ray streak camera. Two identical spectrometers have
been built for simultaneous time‑averaged and time-resolved
XUV emission studies.
The spectrometer consists of a 450-lines/mm, variable line
space grating2 and a toroidal mirror,2 which images the spectrum to a flat-field detector located outside the target chamber.
Both the grating and mirror operate at a grazing angle of 7.5°.
The mirror and the detector plane are located 190 mm and
570 mm from the laser focus, respectively. The view angle for
both spectrometers is 45° with respect to the optical axis of the
incident laser. The solid angle of both spectrometers is limited
by the toroidal reflector and is 3 # 10 –3 sr; the spectrometer

Tungsten
shield

Streak-camera
input slit (6 mm)
Chamber wall
Streak camera or CCD

Variable linespace grating
190 mm

Zr-parylene filter (visible light)
(optional)
380 mm

E24738JR

Figure 147.39
Schematic diagram of the extreme ultraviolet (XUV) flat-field spectrometer. CCD: charge-coupled device.
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has a magnification of 3, giving a field of view of +500 nm
in the target plane. A ray-trace model of the spectrometer
was implemented in the code FRED to simulate the optical
performance of the spectrometer.4 The simulation predicts
a spectral resolution of 0.1-nm full width at half maximum
(FWHM) at 12.5 nm.
Figure 147.40 shows a schematic of the spectrometer with
the top sectioned for clarity. The slit aperture is held in place
with a threaded cap on the front nose cone. The cap may be
removed to replace or inspect the aperture slit between shots.
A pointer can be attached to the nose cone to aid in spectrometer alignment on the target chamber’s viewing system. The
cone-shaped projection on the front of the spectrometer body
limits blast material from the experiment from depositing into
the spectrometer or onto the fine-adjust knobs of the grating
carriage. The toroidal mirror is pinned in place on a custom
kinematic mounting. The grating can be rotated !3° about two
axes to allow for pointing and spectral window adjustment. The
actuators for the tip/tilt adjustment pass through to the front
end to allow for adjustment between shots when the chamber

Tungsten
LOS block

Mirror mount
Nose cone

Grating
carriage

Alignment
pointer

E25313JR

Removable aperture cap

Figure 147.40
Schematic of the re-entrant spectrometer’s front end. LOS: line of sight.

Al target
100 # 100 # 3 nm

XUV on
si
emis

is vent cycled. The outer casing of the spectrometer is vented
with sintered plugs to allow for venting during pump out. The
tungsten line-of-sight (LOS) shield forms the rear panel on the
enclosure and provides a limited aperture for the spectrum to
pass through to the detector.
Experiment
An experiment to validate the spectrometer performance
and to measure short-pulse heating was conducted on LLE’s
Multi-Terawatt (MTW) Laser System.5,6 The experimental
setup is shown schematically in Fig. 147.41. A 100 # 100 #
3-n m Al foil was irradiated with 7!1 J of 527-nm light in
a 1-ps pulse with a contrast ratio of +1014. The contrast is
estimated by measuring the pulse contrast at the fundamental
frequency and calculated for the second-harmonic process.7
The laser delivered a focus with 80% of the energy contained
into a 10-nm spot when measured on a low-power shot. The
on-target intensity was +3 # 1018 W/cm2. The XUV photocathode on the streak camera was a 200-Å gold layer flash coated
onto a 0.5-nm parylene base layer. The full photocathode slit
measures 60 mm # 200 nm wide but typically only the central
6 mm # 50 nm of the slit is used when the camera is set for
best temporal focusing.
Data Analysis
Figure 147.42 shows a time-integrated spectrum taken
with the spectrometer onto a FUJI TR image-plate (IP) detector. The spectrum occupies +1 mm on the IP detector in the
direction opposite the spectrum; the values shown are the
summed values from the scanned data. The IP was scanned
at a resolution of 50 n m and a sensitivity level of 10,000.
Several atomic transition lines from Al III, IV, and V ions
are visible superimposed on the continuum emission in this
time-integrated shot. The strongest lines observed are listed
in Table 147.IV; these values were obtained from the National
Institute of Standards and Technology (NIST)8 wavelength
database. The Al III transition was observed in absorption

Spectrometer: XUV Spec 1
Detector: high-speed streak camera

MTW laser
I = >1018 W/cm2
1 ps

Figure 147.41
Schematic diagram of the experimental setup.
MTW: Multi-Terawatt.

X
em UV
iss
ion

Spectrometer: XUV Spec 2
Detector: SI-800 CCD/Image-plate detector
Absolute XUV photon yield
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6

Al IV
11.4 nm

0.2-nm FWHM
Al III, 14.3 nm

5

Al IV
16.0 nm

4
10
E25315JR

12

14

16

Wavelength (nm)

Figure 147.42
Spectrum acquired on a 7-J, 1-ps laser shot onto a 100 # 100 # 3-n m Al target.
The spectrometer resolution was measured to be 0.2-nm full width at half
maximum (FWHM).

(a)

6

Relative
intensity8
250
1000
700
—

Oscillator
strength8
0.332
0.175
0.017
—

only and no tabular data exist for the line strength or relative
intensity. Additionally, the spectrometer resolution at 13.0 nm
was measured to be 0.2-nm FWHM. The Al line at 13.0 nm
is a doublet (13.0 and 13.1 nm) and some broadening of the
peak is expected; however, the resolution at this wavelength is
consistent with simulation predictions (0.2 nm versus 0.1 nm).
The peak at 15.1 nm is likely O IV ions from an oxide layer on
the surface of the target.

Wavelength (nm)

Experimental Reference
data (nm)
data8 (nm)
Al IV
11.4!0.2
11.646
Al V
13.0!0.2
13.0847
Al IV
16.0!0.2
16.169
Al III
14.3!0.2
14.395
Ion

8
10
4

12
14
16

3

18
(b)

6

5

8
Wavelength (nm)

Table 147.IV: Aluminum atomic spectral lines identified in a shortpulse, heated aluminum target.

5

10
4

12
14
16

Figure 147.43 compares a time-resolved spectrum recorded
on an MTW shot and a synthetic spectrum. For this comparison
we used the collisional-radiative code Spect3D to compute
the emergent radiation from the radiation–hydrodynamics
simulation.9 The XUV atomic model in Spect3D includes all
ionization stages and excited-state energy levels. A radiation–
hydrodynamics simulation was run with parameters closely
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log spectral flux
(arbitrary units)

Al V
13.0-nm line

tied to the experiment.10 In the simulation, a uniform energy
density corresponding to the electron deposition was applied to
the solid metal target and allowed to freely expand. The target
temperature was initialized in the simulation at 100 eV. The
emission is assumed to be in local thermodynamic equilibrium.
In the time period of interest, the emission is predicted to be
dominated by a smooth continuum with all the atomic transitions dissolved into the continuum. Later in time, the strongest
emissions from ground-state transitions are observed. Previous
inferences of temperature from the emission in this region
have shown significant departures between the temperature
observed in the continuum and electronic line ratios in timeintegrated XUV spectrum measurements.11,12 The streaked
data here show that the continuum and line radiation occur at
substantially different times in the expansion. This may explain
the discrepancy between the temperature inferred from line
emission and continuum emission.

18

log spectral flux
(arbitrary units)

Summed IP counts (#105)

7

3
0

E25314JR
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Figure 147.43
Comparison of (a) streaked XUV data and (b) simulation.
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The streaked spectra can be corrected for the wavelengthdependent photocathode sensitivity. The first step is to take a
photometric calibration of the streaked spectrometer. A method
similar to those described in Ref. 13 will be implemented
when correcting the raw streak-camera data. During a shot, the
streaked and time-integrated spectrometer acquires a spectrum.
The spectrum captured, on a calibrated IP detector, is then
compared to a streaked spectrum summed in the temporal
direction. Grating efficiency as a function of wavelength will
be corrected using a rigorous coupled-wave theory code, taking
into account the groove shape, depth, and metal reflectivity.14
Conclusion
A spectrometer capable of measuring the time-resolved
XUV emission of a rapidly heated metal target has been
designed and implemented. The spectrometer has a measured
resolution of 0.2 nm at a design wavelength of 13 nm. The
time-resolved spectra show reasonable agreement with radiation–hydrodynamic simulations. Future experiments will further explore the surface-temperature dynamics of these targets
in a variety of metals.
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Influence of Surface Modifications on the Adsorption
and Absorption of Tritium into Stainless-Steel 316
Introduction
High concentrations of tritium develop on stainless-steel
(SS) surfaces exposed to a tritium atmosphere.1 These high
concentrations are attributed to tritium dissolution within the
adsorbed water layers present on all metal surfaces.1–4 Tritium
dissolved within these layers contributes $20% to the total
inventory absorbed by SS.1 Additionally, these water layers
govern the migration of the isotope during an exposure to a
tritium atmosphere, as well as during a storage period following the exposure. Because such a large fraction of the tritium
inventory resides in the water layers, altering these layers by
altering the metal surface can significantly affect the total
quantity of tritium absorbed by SS.
In the present study, the effect of altering the metal surface
on the migration and total absorption of tritium into SS 316
was investigated by preparing SS samples with a variety of
surface modifications, which included mechanical polishing,
electropolishing (EP),5,6 gold plating, nitric-acid treatments,
and Fe or Cr oxidation.7 The migration and total absorption of
tritium in the various SS samples was measured using plasmainduced ion sputtering8 and thermal desorption.9
A quantitative tritium migration model (QTRIMM) based on
Fickian diffusion through composite media is used to describe
the measured total tritium inventories and migration rates. The
composite medium treated in this model is the adsorbed water
layer(s)/metal-lattice system. This model accounts for the high
concentrations of tritium on the surfaces of SS by relating the
tritium concentrations on the surface and in the metal lattice at
the surface/metal-lattice interface.8
Modeling
QTRIMM is based on a numeric solution to the diffusion
equation10 and can be used to calculate the tritium concentration profiles in a metal substrate.8 The boundary conditions
used in this model are based on several fundamental assumptions. The first assumption is that a rapid equilibrium occurs
between tritium in the gas phase and tritium dissolved in the
adsorbed surface water. The second assumption is that all iso150

tope exchange reactions have equal probability; consequently,
there will be equal tritium mole fractions in the gas phase
and on the surface. Equal reaction probabilities are not likely
because the formation of double-isotope species, such as T2O,
is not as probable as the formation of a single-isotope species, such as HTO. The consequence of making this limiting
assumption will be discussed later.
| surf = | gas ,

(1)

where |surf and |gas are the mole fractions of tritium in the
adsorbed water layers and gas phase, respectively. The assumption of equal mole fractions leads to an equation for the quantity
of adsorbed tritium (Asurf ) on a stainless-steel surface during
exposure to tritium gas:

A surf = m ) | gas ) SA ) Q )

2-mol H
,
1-mol H 2 O

(2)

where m is the tritium decay constant (Bq), SA is the surface
area of the metal (m2), and Q is the surface concentration of
absorbed water (mol H2O/m2).
Once tritium adsorbs onto the metal surface, it can diffuse
into the metal lattice. To determine the flux of tritium across
the surface-water layer/metal-lattice interface, the tritium
concentrations at the interface are related through the ratio of
the tritium solubilities in the two regions.8
The final assumption is that negligible quantities of tritium
desorb from the surface during the storage period between
charging the sample with tritium and each experiment. Little
tritium is expected to desorb during this period because the
samples were stored under dry helium at 1 atm. Measurements
of the residual tritium in the storage vessels show that less than
5% of the activity is lost to the vessel during the storage period.
Tritium concentrations redistribute throughout the sample by
diffusing from the water layer into the metal lattice to attain
an equilibrium state.
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Experimental Setup and Procedures
1. Surface Modifications
The surfaces of each sample underwent various pretreatments intended to modify the metal surface. All samples
measured 5.1 # 1.8 # 0.3 cm3, and their surfaces were machined
away to remove manufacturing defects and to expose the metal
lattice. The samples were cleaned first with acetone follwed
by de-ionized water, and finally dried with isopropyl alcohol.
Samples receiving no additional treatment are referred to as “as
received” or AR. The next modification involved mechanically
polishing the AR samples to yield finer surface finishes. Several
mechanically polished samples were then electroplated with
gold to a thickness of 1.7 nm. To bind the gold to the surface, a
nickel strike interface was necessary. This interfacial layer had
a thickness of 6 nm. Another subset of the mechanically polished samples was treated with methods III and IV described
by Boulange-Petermann et al. for generating hydrophobic
and hydrophilic surfaces.11 In this technique, the samples
were washed with 0.5 M of NaOH and then placed in either a
0.2-M or a 4-M nitric-acid bath. Lower acid concentrations are
expected to yield more hydrophobic surfaces, while higher acid
concentrations should yield hydrophilic surfaces.
The remaining mechanically polished samples were divided
into three sets and each set was electropolished for a different
duration. The first set (EP2) was electropolished for 10 min
while the second set (EP3) was electropolished for 5 min. The
third set (EP) was electropolished for an unknown time, as
determined by the polisher. The intent of increasing the duration
of electropolishing was to extend the surface chromium concentrations deeper into the metal lattice. Increased chromium
concentrations are expected to reduce tritium adsorption.12
Several samples from the third set of electropolished samples
were subjected to one of two treatments intended to enhance
either the Fe or the Cr concentrations in the near-surface region.7
These treatments were intended to test the impact of surface
composition on the tritium absorption into stainless steel.

2. Surface Analysis
The surface roughness of each finish was measured using
a Zygo NewView 100 interferometer or a Zygo NEXView
interferometer (Table 147.V). No surface roughness data were
available for Batch C oxidation treatments.
The near-surface compositions obtained with x-ray photoelectron spectroscopy (XPS) for select samples are shown in
Figs. 147.44 and 147.45. The surfaces of samples treated to
enhance either the Fe concentrations (oxidation treatment #1)
or the Cr concentrations (oxidation treatment #2) exhibited
two distinct regions, each with different Fe and Cr concentrations. In the present study, the average surface concentrations
of Fe and Cr were used because the experimental methods
represent average tritium interactions with the entire sample’s
surface. The near-surface composition for the EP sample shows
an increase in the Cr content compared to AR, polished, and
the nitric-acid–treated samples. However, the EP process
suppressed the Fe content compared to AR and the acid and
oxidation treatments. It is also clear that the 0.2- and 4-M acid
treatments increased both the Cr and Fe content of the near
surface compared to AR, but the increase in Cr between the
two acid treatments is nearly identical.
Comparatively, oxidation treatment #2, and the polished
samples have a Cr and Fe composition that falls in between the
two acid treatments. Therefore, if the surface composition controls tritium absorption, the total quantity of absorbed tritium in
polished samples and samples undergoing oxidation treatment
#2 should be between the tritium quantities contained within
the samples treated with either concentration of nitric acid.
Figures 147.45–147.47 compare the Fe and Cr 2p3/2 photoelectron spectra as a function of depth into the metal sample.
To collect these data, the surfaces were etched at a rate of
6.7 nm/min and a spectrum collected every 15 s. The resulting
collection of spectra for a single sample shows the evolution
of the oxidation states of Fe and Cr as a function of depth. In

Table 147.V: Measured surface roughness (Ra) for various surface finishes.

Batch A
Finish
Ra (nm)
AR1
EP2
EP3
0.2-M HNO3
4M
LLE Review, Volume 147

434
110
85
74
73

Batch B
Finish
Ra (nm)
AR2
Polish #12
Polish #8
Polish #3
Gold

351
338
316
46
57

Batch C
Finish
Ra (nm)
AR3
Polished
EP

535
81
92
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general, the results show a decrease in the oxide concentration and an increase in the elemental composition of each
metal with increasing depth. Additionally, each set of spectra
indicate that all surfaces (except EP samples and samples that
underwent oxidation treatment #1) are dominated by a mix of
iron (III) and iron (II) oxides, with a smaller concentration of
chromium (III) oxide.

3. Sample Loading
All stainless-steel samples were charged with tritium by
exposing the samples to a deuterium–tritium (DT) gas mixture at 25°C for 24 h. After exposure, the samples were stored
in separate metal containers under a dry helium atmosphere.
Three separate batches of samples were charged with tritium
using the pressures and tritium purities given in Table 147.VI.

40
35

Cr
Fe

Composition (%)

30
25
20
15
10
5
0

AR

Polished

EP

E25465JR

Oxidation Oxidation 4.0-M
treatment treatment nitric
acid
#1
#2

0.2-M
nitric
acid

Figure 147.44
Measured Cr and Fe content in select samples using x-ray photoelectron spectroscopy (XPS).

5
4

(a)
Etching rate:
6.7 nm/m
0s
15 s
30 s
45 s
60 s
75 s

(b)

576.7

574.2

2
Intensity (#105 counts/s)

Intensity (#104 counts/s)
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2
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Figure 147.45
XPS photoelectron spectra for (a) Cr and (b) Fe atoms bound to the surface of as-received (AR) samples.
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4. Experimental Procedure
Total tritium inventories were measured with temperature-programed desorption (TPD) as described in previous work.9 Tritium migration in the near-surface region
was measured with plasma-induced ion sputtering, also
described elsewhere.8

Table 147.VI: Sample loading and storage conditions.

8
Intensity (#104 counts/s)

7
6
5

Pressure (Torr) Tritium (%) Storage time (days)
550
57
13 to 29
530
58
8 to 29
550
59
6 to 18

(b)

(a)

Etching rate:
6.7 nm/m
0s
15 s
30 s
45 s
60 s
75 s
300 s

576.7

2

574.2

Intensity (#105 counts/s)

Batch
A
B
C

Cr (2p3/2)

4
3

Etching rate:
6.7 nm/m
0s
15 s
30 s
45 s
60 s
75 s

707.0

710.8 709.4
Fe (2p3/2)

1

2
Cr2O3

1

582

580

578

Cr

576

Fe2O3 FeO

574

572

570

720 718 716 714 712 710 708 706 704 702

Binding energy (eV)

E25467JR

Fe

Binding energy (eV)

Figure 147.46
XPS photoelectron spectra for (a) Cr and (b) Fe atoms bound to the surface of samples treated with 4 M of HNO3.
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Figure 147.47
XPS photoelectron spectra for (a) Cr and (b) Fe atoms bound to the surface of samples treated with 0.2 M of HNO3.
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Results and Discussion
The total quantity of tritium removed during thermal desorption experiments shows a strong dependence on the surface
composition as illustrated in Figs. 147.48 and 147.49. Each
thermal desorption experiment was run at least twice, using
separate and fresh samples to verify reproducibility. The AR
samples were included to gauge how the various surface modifications influence the total tritium inventory and to provide a
reference between the different loading batches. The observed
variation in the tritium inventories between the different batches
has not been resolved yet, but it is likely a result of subtle
changes in the loading, storage, and handling procedures.
The data in Fig. 147.48 demonstrate that, relative to AR1
samples, electropolishing reduces the total quantity of tritium
absorbed by the metal. However, increasing the electropolish-

Batch A (PT = 0.41 atm)

Total quantity of tritium
removed (MBq)

180

120

60

0

AR1

E25469JR

4.0-M
HNO3

0.2-M
HNO3

EP2

EP3

Figure 147.48
Quantities of tritium removed during thermal desorption experiments using
samples loaded with tritium in Batch A.

ing duration from 5 to 10 min caused no further reduction in
the total tritium inventory.
The data in Fig. 147.48 also demonstrate that the nitric-acid
treatments result in significantly higher quantities of tritium
absorbed into the samples, as compared with AR1 samples. The
higher inventories are evident even though the acid treatment
increased the Cr content in the near surface (Fig. 147.44). Contrary to expectations, these results suggest that the increased Cr
concentration did not reduce tritium adsorption or absorption.
In general, mechanically polishing a SS surface leads to
a reduction in the quantity of absorbed tritium (Fig. 147.50).
However, this reduction in total tritium inventory is not exclusively caused by smoother surfaces. For example, polish #12
and polish #8 samples from Batch B in Fig. 147.50 had a surface roughness similar to the AR2 samples but retained half
the tritium present on AR2 samples. Additional polishing of
both samples in Batch C to reduce the surface roughness about
eightfold from +351 nm to 46 nm did not reduce the absorbed
tritium content.
The measured total tritium inventories in gold-plated, SS
(Au-SS) samples suggest that the electroplated gold layer does
not act as a barrier to tritium absorption. The Au-SS samples
contain less tritium than the AR2 samples, but comparable
inventories to the polish #3 samples (Fig. 147.50). This suggests
that the reduction in absorbed tritium, when comparing Au-SS
to AR2 samples, is likely a result of polishing the samples, not
electroplating them with gold.
The data provided in Fig. 147.49 again suggest that increasing the near-surface Cr concentration does not alter the absorption of tritium into the substrate. First, the EP samples have

Total quantity of tritium
removed (MBq)

Batch C (PT = 0.43 atm)
60

20
0

E25471JR
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Figure 147.49
Quantities of tritium removed during thermal
desorption using samples from Batch C.
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Batch B (PT = 0.40 atm)

Total quantity of tritium
removed (MBq)

100

samples that underwent the nitric-acid treatments and the
oxidation treatment #2. However, the Fe and Cr concentrations
were comparable.

80

The results shown in Fig. 147.48 also confirm that simply
polishing SS surfaces reduces the tritium inventory in SS
samples. Furthermore, mechanical polishing a surface does
not reduce the tritium inventory to the same degree as oxidizing a surface.

60
40
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E25470JR

AR2 Polish Polish
#12
#8

Polish
#3

Au-SS

Figure 147.50
Quantities of tritium removed during thermal desorption experiments using
samples loaded with tritium in Batch B.

Total activity removed (MBq)

significantly higher Cr concentrations in the near surface,
as compared with the AR samples (Fig. 147.44). However,
the EP samples show comparable tritium inventories to the
AR3 samples. This is, again, contrary to the expectation that
increased Cr concentrations in the near surface lead to lower
tritium inventories. Furthermore, samples treated with oxidation treatment #1 showed comparable Cr concentrations to the
EP samples (Fig. 147.44), but significantly lower total tritium
inventories (Fig. 147.49). Finally, samples treated with oxidation
treatment #2 show comparable tritium inventories to oxidation
treatment #1, even though the Cr and Fe concentrations are
significantly different (Fig. 147.44). These results suggest that
the chemical composition of the near surface of stainless steel
does not influence the absorption of tritium. It should also be
noted that an increase in near-surface Fe concentrations does
not account for the observed differences in total inventories.
Significantly different tritium inventories were recorded for

160

Using the data shown in Figs. 147.48–147.50, the surface
concentration of adsorbed water (Q) can be determined using
QTRIMM. These concentrations were determined by varying Q values until the calculated and measured total tritium
inventories agreed. Averages of the data shown in Figs. 147.48–
147.50 were used in this fitting procedure. The minimization
was accomplished using MATLAB’s nonlinear least-squares
fitting routine. The results of the fits are shown in Table 147.VII
for the various surface finishes and loading batches.
The calculated Q values correspond to submonolayer
water coverage of the surface, which is on the lower end of
the expected values.13 These low values are likely a result
of the limiting assumption of equal isotopic exchange prob-

Polish 1 (#8)
Polish 2 (#12)
Polish 3 (#3)
Polish 4
EP
EP2
EP3
4.0-M nitric acid
0.2-M nitric acid
Au
AR1
AR2
AR3

140
120
100
80
60
40
20
0
0.0

The results in Fig. 147.49 show no correlation with surface
roughness (0 to 0.54 nm) to the total activity determined by
thermal programmed desorption. Different surface alterations
show similar roughness values but drastic variability in the total
activity as seen for polish #4 and the nitric-acid treatments. This
trend suggests that an increased surface area is not indicative of
increased tritium absorption. The data may suggest that the role
of the surface area in the absorption of tritium may contribute
little compared to the chemical absorption processes.
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Figure 147.51
Total activity collected from various samples as a function of
surface roughness.

0.6

Ra (nm)
155

Influence of Surface Modifications on the Adsorption and Absorption of Tritium into Stainless-Steel 316
Table 147.VII: Results of fitting thermal and pulsed-plasma data using QTRIMM.
Q values were determined from thermal-desorption data, while the
removal efficiencies were determined from pulsed-plasma experiments.

A
A
A
A
A
B
B
B
B
C
C
C
C
C

Q
Removal
( nmol/m2) efficiency
AR1 (Fe:Cr = 1.8)
22.04
n/a
4-M HNO3 (Fe:Cr = 1.3)
55.74
n/a
0.2-M HNO3 (Fe:Cr = 2.1)
50.21
n/a
EP2
11.39
n/a
EP3
12.66
n/a
AR2
31.7
0.41
Polish #12
11.6
0.59
Polish #8
9.1
0.61
Polish #3
19.4
0.52
AR3
15.7
0.34
Polished
10.7
0.63
EP (Fe:Cr = 0.5)
16.0
0.75
Oxidized (Fe:Cr = 0.7)
6.2
0.91
Oxidized (Fe:Cr = 2.1)
7.7
0.84
Metal finish

abilities. Lowering the exchange probability for the formation
of double isotope species T2O on the metal surface will result
in an increase in the calculated quantity of adsorbed water.
The derived Q values indicate that $44% of the total tritium
inventory is initially located within the adsorbed water layers
(Table 147.VII).
The Q values found from fitting thermal-desorption data
agree with data obtained from pulsed-plasma experiments. No
plasma data were collected for Batch A. Representative results
obtained from samples supporting AR, polished, EP, and Feoxidized surfaces from Batch B that were subjected to a pulsed
plasma are shown in Fig. 147.52. The data shown have been
normalized to the quantity of tritium removed during the first
exposure in each respective series to allow for direct comparison of the trends in each data series. These trends indicate that
the mechanism for tritium migration to the surface is diffusion
from the metal lattice between each plasma exposure.8
Figure 147.52 also shows fits to the data using QTRIMM.
These fits were calculated by using Q values obtained from
thermal-desorption fits and by varying only the removal efficiency (f) until the data and calculations agreed. To be consistent, only Q values obtained from QTRIMM fitted to thermal
desorption data for samples with the same surface finish and
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A surf A total
(%)
49
57
57
40
42
88
68
62
79
73
65
74
51
56

charged with tritium in the same batch were used to fit pulsedplasma data. The resulting fits to data show excellent agreement
for all data series, except for samples that underwent selective
oxidation pretreatments. Removal efficiencies found for each
fit are given in Table 147.VII for each surface modification.
1.000
Normalized quantity of tritium
removed per exposure

Batch

0.100

0.010

0.001
E24934aJR

AR3
Polished
EP
Oxidized (Fe:Cr = 1.1)
1

10
Number of sequential plasma exposures

Figure 147.52
Comparison of the results obtained from pulsed-plasma experiments to best
fits (calculated using QTRIMM) of various samples charged with tritium in
Batch B. The error in each data point is !5%.
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Conclusions
The experimental data show that modifying the near surface
(#40 nm) of a SS surface by polishing, EP, selective oxidation,
or nitric-acid treatments can significantly alter the total quantity
of absorbed tritium. These results suggest that a significant
fraction of the total tritium inventory initially resides on the
surface since as these modifications affect only the near surface
of the metal substrate (<10 nm).
The nitric-acid treatments of the electropolished SS 316
surfaces increased the total tritium inventory by 200% when
compared against untreated (AR) samples and 300% compared
to EP samples. These results suggest that nitric-acid treatments
created more hydrophilic surfaces when compared to untreated
(AR) samples.
The differences in the total tritium inventories for the various surface treatments appear to be related to the quantity of
water adsorbed on the surface. Increasing or decreasing the
water content appears to increase or decrease the total tritium
inventory. Figures 147.48 and 147.49 suggest that a 50% reduction in water concentration results in a 35% reduction in total
tritium inventory in the electropolished case. On the other hand,
increasing the water content by a factor of +2.4 increased the
total tritium inventory by 200% in the nitric-acid–treatment
case. Measuring the water isotherms is necessary to confirm
the calculation results.
The absorption and migration of tritium in each SS sample
can be described using QTRIMM. Comparing the output of
this model to thermal-desorption data allowed us to determine
the surface concentration of adsorbed water. Using this surface
concentration, the initial contribution of adsorbed tritium to
the total inventory was determined to be $44%. Additionally,
by using the Q values derived from fitting thermal-desorption
data, we could accurately describe the migration of tritium to
the surface for each sample during pulsed-plasma experiments.
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Hugoniot and Release Measurements in Diamond
Shocked up to 26 Mbar
Introduction
The behavior of carbon at millions to billions of atmospheres
of pressure is integral to evolution models for many solar and
extrasolar planets (Uranus, Neptune, 55 Cancri E)1,2 and white
dwarf stars.3,4 In Uranus and Neptune, carbon exists in the form
of methane (CH4) ice at the surface but may be in its elemental
form near the core, where pressures and temperatures reach
~8 Mbar and ~8000 K, respectively.5,6 Theoretical predictions
suggest that the interiors of Uranus, Neptune, or Neptune-like
exoplanets might contain diamond or even liquid oceans of
carbon.1,5 This strongly motivates studies of carbon’s highpressure response in both its solid and liquid phases.7–9

matter at temperatures significantly lower than temperatures
on the Hugoniot. Ramp-compression data exist up to 8 Mbar
in solid SCD20 and 50 Mbar for solid NCD,19 but theories
describing liquid carbon above 18 Mbar are unconstrained by
high-precision experiments. The experiments presented here
provide high-pressure (up to 26 Mbar) shock-compression and
release data for both full-density SCD (t 0 = 3.515 g/cm3) and
the lower-density NCD (t0 ~ 3.36 g/cm3) used in ICF capsules.
The Hugoniot data provide a clear constraint on the pressure,
density, and internal energy of liquid carbon, while the release
data constrain the isentropes from these high-pressure, hightemperature shock states to a several-fold drop in pressure.21,22

Carbon’s equation of state (EOS) is also important to developing predictive models for inertial confinement fusion (ICF)
experiments, where diamond shells are used to contain and
compress the hydrogen fuel.10 An ICF implosion uses a series
of finely tuned shock waves to precompress the shell (ablator)
and fuel. This initiates near isentropic compression while adding the desired amount of entropy needed to hydrodynamically
stabilize the main implosion. An optimal target design is a
delicate balance between these two effects. The diamond used
in ICF targets is polycrystalline with grain sizes of ~10 nm
(Refs. 11 and 12). The low surface roughness and isotropic
character of this nanocrystalline diamond (NCD) compared to
single-crystal diamond (SCD) makes NCD less susceptible to
hydrodynamic instabilities seeded by crystal anisotropy at the
ablator/fuel interface. Current implosion designs melt the NCD
with the first shock to further limit instability growth. Modeling an ICF implosion requires accurate knowledge of NCD’s
response to multimegabar shocks and its behavior when it
releases from these extreme pressures into the low-density fuel.

Single-shock Hugoniot data for diamond (both SCD and
NCD) were collected to 26 Mbar using impedance-matching
(IM) techniques with quartz as a reference material. These
new SCD data agree with density-functional theory molecular
dynamics (DFT-MD) calculations for liquid carbon.23 The
data for NCD, which are expected to be at a slightly higher
temperature, exhibit a compressibility that is even stiffer than
shock-compressed SCD measurements and DFT-MD predictions. The NCD data suggest that, in addition to carbon’s
anomalously stiff fluid state, either its thermal properties
are inadequately understood or the shock compression of
NCD undergoes an additional (frictional) heating explained
by its slightly lower density.

To date, data for carbon above the diamond melt boundary
are limited to shock-compression measurements.13–15 None of
these data include NCD; high-precision measurements (relative density error < 1.5%) for SCD exist up to only 18 Mbar
(Ref. 15). Shock Hugoniot data in solid diamond16–18 and the
solid–liquid coexistence region7,8,15 are supplemented by rampcompression measurements,19,20 which are used to explore
LLE Review, Volume 148

The release data were collected by releasing shock-compressed diamond into several lower-impedance materials with
known shock Hugoniots including quartz,24,25 CH,26 silica
foam,25,27 and liquid D2 (Refs. 28 and 29). This technique was
previously used by Knudson, Desjarlais, and Pribram-Jones to
benchmark the release of shocked quartz25 and aluminum.29
Data were acquired for diamond releasing from 8 to 20 Mbar,
so release paths originated from both the coexistence region
and liquid phase. The release data mostly agree with predictions
using existing EOS models that do not include strength effects,
indicating that strength does not largely affect the diamond
release physics at these pressures. The release measurements
into the low-density liquid D2 are particularly valuable for
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constraining ICF models since liquid D2 is a good surrogate
for the deuterium–tritium fuel in an ICF target.
The following sections describe the experimental design,
targets, and diagnostics used in the laser-driven shock experiments; show the IM technique used to measure Hugoniot and
release states; and present the NCD data analysis techniques
followed by the results.
Experimental Technique
The experiments were performed at the Omega Laser Facility, a Nd:glass laser that is frequency tripled to a wavelength
of 351 nm (Ref. 30). The experiments used 6 to 12 beams having temporally square pulses with durations of 2, 3, or 3.7 ns
with total energies between 1.1 and 3.7 kJ. The beams with
an 876-nm-diam laser focal spot were smoothed by spectral
dispersion31 and distributed phase plates.32 On-target laser
intensities of 0.66 to 3.3 # 1014 W/cm2 were achieved, producing
shock pressures up to 26 Mbar in the diamond targets.
The NCD targets were designed to provide both Hugoniot and release measurements on each shot. The targets
[Fig. 148.1(a)] comprised a CH ablator, a Z-cut a -quartz
standard (pusher), and an NCD sample glued to the pusher’s
rear surface. IM data were obtained at this interface for NCD
Hugoniot measurements. A standard material [quartz, polystyrene (CH), SiO2 foam, or liquid D2] was in contact with the
rear side of the NCD sample to determine its release behavior.

Quartz
pusher
NCD
Standard

OMEGA

VISAR
Quartz
witness

0.4

VISAR-2
shot 79052

0.2
0.0
–0.2
–0.4
0

E25537JR

The NCD targets used nanocrystalline diamond (fabricated
by Diamond Materials GmbH) identical to those used in ICF
targets at the National Ignition Facility (NIF).33 The density
of the NCD samples was determined to be 3.360!0.002 g/cm3
using an Archimedes’ measurement of a larger reference

5
10
Time (ns)

(c)

Shock velocity (km/s)

CH
ablator

Examples of planar cryogenic and warm SCD target designs
are shown in Fig. 148.2. SCD is transparent, obviating the need
for the quartz witness, which allowed us to use one to three
rear standards to obtain multiple release measurements on a
single shot. Hugoniot measurements were made at the quartz/
SCD interface and release measurements were made at the
SCD/rear-standard interfaces. A thin (0.3- or 2-nm) gold layer
was deposited on the rear of the CH ablator in some targets
to help prevent preheat in the SCD and standards. A quartz
baseplate (30 to 50 nm thick) was attached to the front side of
the diamond whenever a gold layer was not used.

(b)
Shock-transit time
in NCD
Position on target (mm)

(a)

Adjacent to the NCD sample, a quartz witness provided a
reference for the temporal history of the shock velocity. The
witness was required because internal scattering attributed to
the nanometer-sized diamond grains and their random orientations make NCD opaque to visible light.12 For this reason,
shock velocities in the NCD were measured from transit times.
To facilitate these measurements, the NCD sample and rear
standard were positioned to provide an unobstructed view of
~100 nm of the rear quartz pusher and NCD faces as shown
in Figs. 148.1(a) and 148.1(b).

29

CH standard
NCD average
NCD
Quartz

27
25
23
21

3 4 5 6 7 8 9
Time (ns)

Figure 148.1
(a) The nanocrystalline diamond (NCD) target design comprising a CH ablator, a quartz pusher and witness, an NCD sample, and a standard positioned to
facilitate measurements of transit times. (b) Raw VISAR (velocity interferometer system for any reflector) data from an experiment using the target design
in (a). (c) Extracted shock velocities from (b). The shock-velocity profile in NCD (black line) was inferred from the average shock velocity (dashed line) and
the observed shock-velocity profile in the adjacent quartz witness (orange line) using the nonsteady waves correction.34 The shock-velocity profile in the CH
standard (solid blue line) is observed once the shock breaks out of the NCD.
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(a)
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Quartz VISAR
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Figure 148.2
Schematics of (a) planar cryogenic and (b) warm targets used in single-crystal
diamond (SCD) Hugoniot and release experiments. Targets had a CH ablator
and one to three standards (liquid D2, CH, quartz, or SiO2 foam) on the rear
side of the SCD.

sample from the same batch.12 The SCD foils obtained from
Applied Diamond had a density of t 0 = 3.515 g/cm3 and were
natural with a G110H orientation or fabricated with chemical
vapor deposition (CVD) with a G100H orientation. The quartz
( t 0 = 2.65 g/cm 3), CH ( t 0 = 1.05 g/cm 3), and SiO2-foam
(t 0 ~ 0.2g/cm3) pieces (see Table 148.I for exact values) were
obtained from Schafer Corporation. The planar cryogenic
targets [Fig. 148.2(a)] comprised a liquid D2–filled, cylindrical
copper cell sealed with quartz on both faces. The initial D2
density was determined from the temperature in the cryogenic
cell and varied between 0.170 and 0.174 g/cm3 on a shot-to-shot
basis.35 The uncertainty in the SiO2 foam density was estimated
to be ~2%, and uncertainties in the SCD, quartz, CH, and liquid
D2 densities were assumed to be negligible.
The shock velocities for impedance matching were measured using the line-imaging velocity interferometer system
for any reflector (VISAR) described in Ref. 36. Opposite the
drive beams, the VISAR probe beam is incident on the rear
side of the target and the reflected signal is relayed to a pair of
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interferometers. A delay etalon is inserted into one leg of each
interferometer so that changes in Doppler shifts of the reflected
probe beam, corresponding to moving reflective interfaces, are
registered as fringe shifts in the interference pattern. The fringe
shifts are proportional to the velocity of the moving interface
through the velocity per fringe (VPF), which depends inversely
on the etalon thickness and the index of refraction of the target medium at the 532-nm probe wavelength. The indices of
refraction for the target materials at 532 nm were 2.42 (SCD),
1.55 (quartz), 1.59 (CH), 1.04 (0.2-g/cm3 SiO2 foam),27 and
1.14 (0.174-g/cm3 liquid D2) (Ref. 28).
The two interferograms, which are recorded on separate
streak cameras, provide time histories of the velocity of moving
interfaces with ~10-ps resolution.36 Fringe jumps or 2r phase
ambiguities between the two records are resolved by using
etalons of different thicknesses. The velocities presented here
for the NCD Hugoniot and all release measurements are those
measured using the more-sensitive VISAR leg. Measurements
using the less-sensitive VISAR leg are presented for some SCD
Hugoniot measurements because it provided better-resolved
fringe shifts of the rapidly decaying shock at the quartz/SCD
interface. Errors were estimated to be the larger of 5% of a
fringe using the more-sensitive leg or the difference between
the velocity from the more-sensitive leg and the weighted velocity average from both legs. An example of raw VISAR data and
the extracted shock velocities from an NCD experiment using
the target design in Fig. 148.1(a) are shown in Figs. 148.1(b) and
148.1(c). The VISAR diagnostic provides 1-D spatial resolution
along the slit of the streak camera so that shock velocities are
observed over an ~800-nm slice of the target.
The targets were shock compressed to a metallic fluid state
producing a reflective shock front. VISAR recorded the shock
velocity as a function of time in the transparent materials.36
In opaque materials, the VISAR probe beam cannot reach the
shock front within the target. Instead, VISAR registers the time
that the shock breaks out of the opaque material. For example,
the shock transit time in the NCD sample is given by the time
between the two vertical lines in Fig. 148.1(b). The first time is
registered by the arrival of the shock at the rear of the quartz
pusher. The second time is registered from its arrival at the rear
NCD interface. For transparent materials, higher-precision,
in-situ, time-varying shock-velocity profiles were measured.
A streaked optical pyrometer37 (SOP) with an ~5-ps temporal
resolution provided additional measurements of shock transit
times. Average velocities in NCD were corrected using the
nonsteady waves model discussed below.
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Table 148.I: Diamond release data. All the single-crystal diamond (SCD) samples had a G110H orientation except for the SCD
Stan are the shock velocities at the interface between
in shot 73733, which had a G100H orientation. U C
s and U s
the diamond and the lower-impedance standard (quartz, CH, silica foam, or liquid D2). U Stan
was corrected to
s
account for the glue layer (when necessary) by linearly fitting to the measured shock velocity in the standard over
a small time interval and extrapolating the fit backward across the glue layer. The initial densities of the liquid
D2 and foam samples are given in mg/cm3 in column 3.

Shot

Diamond Type

Standard

UC
s (km/s)

(km/s)
U Stan
s

77003
77848
77851
77856
79050
79053
73733
75397
75399
75400
75402
75404
77857
77859
77860
75397
75399
75400
75404
77857
77859
77860
75397
75400
77004
77006
77002
77007
79048
77005
77861
77862
79052

SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
SCD
NCD
NCD
NCD
NCD
NCD
NCD
NCD
NCD
NCD

D2 (174)
D2 (170)
D2 (170)
D2 (170)
D2 (174)
D2 (172)
quartz
quartz
quartz
quartz
quartz
quartz
quartz
quartz
quartz
CH
CH
CH
CH
CH
CH
CH
foam (191)
foam (191)
D2 (173)
D2 (172)
quartz
quartz
quartz
CH
CH
CH
CH

29.47!0.06
28.56!0.06
27.39!0.09
29.10!0.06
25.03!0.10
24.62!0.10
25.88!0.06
23.67!0.07
23.87!0.07
23.20!0.11
23.93!0.07
29.05!0.7
31.60!0.06
31.57!0.06
29.33!0.06
23.48!0.07
23.84!0.13
23.20!0.07
28.77!0.07
31.64!0.06
31.46!0.06
29.20!0.06
23.63!0.07
23.10!0.07
26.68!0.82
30.81!0.96
31.21!0.45
28.09!0.32

38.60!0.27
36.86!0.12
34.49!0.12
37.83!0.13
30.14!0.33
29.29!0.22
24.52!0.09
21.63!0.15
21.92!0.11
21.05!0.16
21.77!0.11
27.61!0.11
30.17!0.09
30.05!0.09
28.29!0.09
24.00!0.10
24.94!0.12
23.36!0.15
32.00!0.11
35.37!0.09
35.08!0.10
32.46!0.09
25.01!0.16
24.83!0.16

24.48!0.26
23.94!0.16

33.29!0.12
40.19!0.12
30.11!0.09
26.48!0.09
20.44!0.16
31.90!0.09
27.92!0.10
26.25!0.09
25.87!0.16

79056

NCD

CH

26.57!0.28

28.93!0.16

79060
79051

NCD
NCD

CH
foam (198)

22.93!0.20
23.51!0.25

24.87!0.25
26.22!0.24

22.16!0.18
28.09!0.33
25.76!0.31

NCD: nanocrystalline diamond
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Impedance-Matching Technique
Both Hugoniot and release states in diamond were measured
using impedance matching (IM). The IM technique closes the
Rankine–Hugoniot equations22 to solve for pressure (P),
density (t), and specific internal energy (E) in a shock-compressed material:
t 0 U s = t `U s - u pj,

(1)

P = P0 + t 0 U s u p,

(2)

E = E0 +

1
1
1
P + P0i d t - t n .
2_
0

(3)

These equations describe the jump conditions across a shock
front, where Us is the shock velocity, up is the particle velocity, and states upstream of the shock are characterized by the
subscript 0 (Ref. 22). By measuring Us and up, the kinematic
EOS parameters P, t, and E can be determined. In these experiments, Us is measured using VISAR and up is determined using
the IM technique, which relies on the equilibration of P and
up at the interface between the material of interest (diamond)
and a material with a known EOS. This method for measuring
the Hugoniot and release behavior is described in the following
two sections.
1. Hugoniot Measurements
The Hugoniot of an uncharacterized sample is measured
with knowledge of the standard’s EOS and the shock velocities
about the standard/sample interface. In this work, the diamond
Hugoniot data were measured using a quartz standard.24,25
The pressure and particle velocity in the shocked quartz at the
quartz pusher/diamond interface are given by the intersection
of the Rayleigh line [Eq. (2)] and the quartz Hugoniot (cubic
form taken from Ref. 25). When the shock crosses into the
diamond, the pressure and particle velocity are continuous at
the contact interface to maintain equilibrium. Since diamond
has higher impedance (t 0Us), the quartz is re-shocked to a
higher pressure, off its principal Hugoniot, to reach this new
(P, up) state. This state, given by the intersection in the P–up
plane of the quartz re-shock and the diamond Rayleigh line,
marks a state on the diamond’s Hugoniot.
The quartz re-shock was modeled using a Mie–Grüneisen
EOS of the form
P = PH + Ct _E - E Hi
LLE Review, Volume 148

(4)

with
E - EH =

1
1
1
P + PHi d t - t n,
2_
1

(5)

where P H and E H are the pressure and specific internal energy,
respectively, on the quartz principal Hugoniot, t1 is the density in the singly shocked quartz upstream of the re-shock,
and t, P, and E are the density, pressure, and specific internal
energy, respectively, in the re-shocked quartz. This re-shock
model used the same reference Hugoniot P H and effective
Grüneisen parameter C = Ceff as the quartz release model
described in Ref. 25. It should be noted that P H and Ceff are not
necessarily physical; they were optimized such that the quartz
release model matched experimental data and first-principles
molecular dynamics (FPMD) simulations. This same construct
should be accurate for modeling the re-shock since the quartz
compresses only 20% to 30%. Indeed, the diamond P–up data
determined by this model are only 1% to 2% higher than those
obtained using the simple reflected Hugoniot approximation.
2. Release Measurements
The release behavior of shocked diamond was measured
by impedance matching between diamond and several lowerimpedance standards. The initial and final states of the diamond
release are determined using the known Hugoniots of the
diamond materials (measured previously or in this study) and
those of the standards. By using various lower-impedance standards, the diamond release is measured at incrementally lower
end-state pressures, mapping the release path in P–up space.
The release standards used in these experiments have been
suitably characterized: quartz,24,25 CH,26 silica foam,25,27 and
liquid D2 (Refs. 28 and 29). The diamond–D2 IM data are particularly valuable to ensuring that the initial stages of an ICF implosion set the fuel on the correct adiabat for an optimal implosion.
The CH and liquid-D2 Hugoniot fits used in this work were
re-analyzed using new data for the standards used in those IM
studies. The CH Hugoniot data from Barrios,26 which used a
quartz standard, were re-analyzed using the updated quartz
Hugoniot and release model from Knudson and Desjarlais.25
Similarly the liquid-D2 Hugoniot data from Hicks,28 which
used an aluminum standard, were re-analyzed by Knudson
et al. and presented in Ref. 29. The liquid-D2 Hugoniot from
the Hicks experiments was used in this analysis because both
works were performed on the OMEGA laser and had the same
initial densities to within 2.5%. Because the Hicks Hugoniot
D
fit was determined for t 0 = 0.174 g/cm3, the U s 2 data plotted
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here were normalized to that initial density using the correcHicks
tive term 2.29 a1 - t 0 t 0 k. This offset was determined
in Ref. 28 by comparing the effect of t 0 on the Hugoniots that
were modeled using the stiffest and softest D2 EOS tables; it
affected this data set by only <0.2%.
Shock velocities in diamond and the standards were measured at the IM interface and are presented in Table 148.I.
The shock velocity in diamond at the point of breakout into
the standard was measured directly from the VISAR data in
SCD and inferred from the nonsteady wave correction in NCD.
The shock velocity in the standard was extrapolated backward
across the glue layer to this same point. The extrapolation was
done by linearly fitting to the measured shock velocity over a
150- to 500-ps time interval when the shock first entered the
standard. HYDRA simulations for a different shock experiment
involving a quartz/LiH interface with a 0-, 2-, and 4-n mthick oil layer between them showed that extrapolating the
shock velocity backward across the entire oil (or glue) layer
(as opposed to midway) most accurately represented shock
behavior at the interface when the two materials were in direct
contact.38 Only data with steady or smoothly decaying shocks
over 150 ps on both sides of the interface were used in the
release analysis.
NCD Data Analysis
EOS data obtained from impedance matching require accurate measurements of shock velocities and error propagation
to provide high-confidence data. Modern VISAR systems can
provide <1% velocity measurements in transparent samples,36
yielding precise EOS data.26 Opaque or translucent samples
like NCD present a considerably different challenge. The
methods used to obtain average shock velocities (i.e., transit
times) and to correct those velocities for unsteadiness are
described below.
1. Measurements of Shock Transit Times
Average shock velocities in the NCD samples were determined using the measured thicknesses and shock transit times
presented in Table 148.II. VISAR and SOP were used to measure the times that the shock exited the quartz pusher (t1) and
the NCD (t2). This defined the total time (Dttotal = t2–t1) that the
shock spent in the NCD sample and the glue layer preceding it.
The transit time across the NCD sample alone is calculated by
Dt NCD = Dt total - Dx glue

U glue
s ,

where D xglue is the estimated glue thickness (described in
glue
Measurements of Thickness, below) and U s is the shock
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velocity in the glue estimated using the SESAME 7603 table
for epoxy and the known pressure and particle velocity at the
quartz pusher/glue interface.
For targets with an uncovered NCD step, as shown in
Fig. 148.1(a), shock breakout times were measured using the
drop in the VISAR reflectivity across the step/vacuum interface
seen in Fig. 148.1(b). The peak in the derivative of the reflectivity, denoting the steepest slope in the drop in signal, defined the
shock breakout time. This method yielded the most-consistent
and most-precise transit times since the peaks were measured to
~5 ps. For targets without the steps, breakout times were defined
by the rapid change in thermal emission recorded by the SOP at
the quartz pusher/glue/witness interface (t1) and the NCD/glue/
standard interface (t2). The steepest slope of the SOP signal was
used to define t1 and t 2. An additional uncertainty up to 50 ps
was applied to these measurements because the location of the
peak defining t1 or t 2 was not as consistent since it varied with
the thickness of the glue layer. The SOP signal does not drop to
zero at the glue (or liquid D2) interface, as was observed in the
VISAR reflectivity at the step/vacuum interface. As the shock
approached the rear surface of the NCD sample, the VISAR
reflectivity and the SOP signal increased exponentially because
of reduced volumetric scattering. This contributed to the uncertainty in t 2 because the emission continuously increased across
the NCD/glue/standard (or liquid D2) interface.
2. Measurements of Thickness
The step heights of the NCD samples glued to the quartz
pushers (D xtotal) were measured using white-light interferometry with a Zygo NexView 3-D optical surface profiler. The
average NCD step height was referenced to the quartz pusher
in the areas where the breakout times were measured. The glue
thicknesses were estimated by combining these measurements
with the thickness profiles of the individual samples (D xNCD),
measured using a dual confocal microscope. Glue layers were
kept to ~1 nm and are defined by D xglue = D xtotal–D xNCD. For
some targets, D xglue was set to 0 nm because a negative glue
thickness was inferred; the uncertainty always permitted a positive glue thickness. The average shock velocity in NCD alone
= `Dx total - Dx gluej Dt NCD .
was determined using U NCD
s
3. Nonsteady Wave Correction
In laser-driven experiments, steady shocks are difficult to
attain because of the expanding ablation plasma. A technique
for correcting the average shock velocity to account for nonsteadiness was developed for use in laser-driven experiments.34
For a large planar drive, the shock-velocity history in an opaque
sample is related to and corrected by the observed history in
LLE Review, Volume 148
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2.035!0.020
1.890!0.023
2.384!0.069

2.082!0.020

2.051!0.063
2.109!0.019
2.263!0.021

2.319!0.019

2.704!0.011
1.951!0.008
2.502!0.011
2.517!0.011
2.481!0.011
2.263!0.010
2.315!0.008
2.196!0.010
2.142!0.015
2.398!0.010
2.571!0.015
1.917!0.011
2.079!0.010

77001
77002
77004*

77005

77006*

77862

79048
79049
79051
79052
79054
79055
79056
79057
79058
79059
79060
21233 (EP)
21237 (EP)

62.18!0.41
62.07!0.48
62.65!0.58
63.58!0.30
61.31!0.73
61.54!0.68
65.17!0.66
61.60!0.44
62.72!0.36
61.66!0.46
61.89!0.32
61.95!0.41
63.02!0.48

61.72!0.30

64.19!0.23
63.44!0.39
63.06!0.43

63.03!0.31

64.24!0.44
62.27!0.38
64.80!0.54

D xtotal ( n m)

62.14!0.27
62.17!0.26
63.00!0.25
62.45!0.34
61.83!0.28
61.39!0.25
62.45!0.30
61.22!0.25
62.87!0.25
61.84!0.25
62.16!0.42
61.40!0.33
62.63!0.26

61.43!0.27

63.31!0.50
63.71!0.33
62.61!0.30

62.69!0.28

63.29!0.45
61.89!0.29
64.97!0.50

D xNCD ( n m)

22.97!0.17
31.79!0.26
25.04!0.25
24.81!0.15
24.70!0.30
27.11!0.30
26.98!0.26
27.87!0.22
29.28!0.26
25.70!0.21
24.07!0.18
32.03!0.26
30.12!0.25

26.49!0.25

30.89!0.96
30.08!0.32
27.67!0.31

30.10!0.33

31.10!0.36
32.75!0.45
27.19!0.82

U NCD
s

23.57!0.17
33.87!0.16
26.06!0.16
25.61!0.16
26.80!0.16
28.22!016
28.02!0.16
28.56!0.16
31.00!0.16
26.91!0.16
25.49!0.16
33.95!0.16
31.82!0.16

26.51!0.09

29.27!0.09
29.81!0.09
27.44!0.09

30.17!0.09

29.54!0.09
31.59!0.09
25.94!0.09

UQ
s _t 1i

24.52!0.17
35.10!0.26
27.57!0.24
27.06!0.15
27.15!0.30
29.70!0.31
29.52!0.28
29.93!0.22
32.42!0.25
28.40!0.21
26.77!0.21
35.29!0.25
33.41!0.25

27.66!0.24

31.20!0.96
31.28!0.31
28.89!0.29

31.26!0.31

31.25!0.36
33.03!0.42
27.79!0.80

U NCD
_t 1i
s

13.29!0.16
20.98!0.21
15.02!0.16
14.69!0.15
15.82!0.17
16.67!0.17
16.51!0.17
16.97!0.17
18.81!0.18
15.65!0.16
14.64!0.17
21.04!0.22
19.37!0.19

15.44!0.10

17.36!0.23
17.88!0.12
16.11!0.11

18.25!0.13

17.62!0.13
19.29!0.16
14.86!0.18

u NCD
p

10.95!0.15
24.74!0.27
13.92!0.17
13.36!0.15
14.43!0.18
16.63!0.19
16.38!0.18
17.07!0.18
20.49!0.21
14.94!0.16
13.16!0.13
24.94!0.28
21.75!0.23

14.35!0.11

18.19!0.36
18.80!0.16
15.63!0.13

19.17!0.16

18.50!0.17
21.40!0.22
13.87!0.26

P NCD
(Mbar)

*Shots 77004 and 77006, which used liquid D2–filled targets, were not included in the NCD Hugoniot fit because of the large uncertainty in measuring Dttotal
from the lack of step/vacuum interfaces and contractions of the glue layers in the cryogenic cell.

77007
77861

Dttotal (ns)

Shot

7.34!0.12
8.36!0.17
7.39!0.14
7.35!0.11
8.06!0.21
7.66!0.17
7.63!0.16
7.76!0.15
8.01!0.16
7.49!0.13
7.42!0.16
8.32!0.17
8.00!0.15

7.61!0.13

7.61!0.41
7.85!0.14
7.60!0.14

8.07!0.17

7.71!0.17
8.08!0.22
7.25!0.34

tNCD

(g/cm3)

Table 148.II: NCD transit time data and Hugoniot data from impedance matching (IM) with a quartz standard. The shock transit times (Dttotal) and thicknesses (Dxtotal
j.
and DxNCD), where “total” denotes the combined NCD sample and preceding glue layer, were used to determine the average shock velocity in NCD ` U NCD
s
was corrected using the method described in Nonsteady Wave Correction (p. 164) to determine U NCD
U NCD
_t 1i at the IM interface. The shock velocity in
s
s
NCDl, pressure (P NCD), and density (t
quartz 8U sQ _t 1iB and U NCD
_t1i were used in the IM analysis to determine the particle velocity bu p
NCD) on the NCD Hugoniot.
s
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an adjacent transparent witness.34 This requires that the EOS
of the witness and witness be known.

was used to calculate the NCD shock velocities at times t1 and
t 2 needed for impedance matching.

The amplitudes and temporal spacing of perturbations
originating at the laser drive and arriving at the shock fronts
in NCD and the adjacent quartz witness depend on their
relative equations of state. Deviations from U NCD
are
s
correlated to the observed velocity profile in the witness by
dU sNCD _t - t 1i = GdU Q
s 8_t - t 1i FB, where G and F are linear
scaling factors that describe the relative amplitude and time
Q
history, respectively, of the shock-velocity profiles; dU s is the
deviation from the average shock velocity in the quartz witness over the time period Dt NCD F , which corresponds to the
same set of temporal perturbations experienced by the NCD;
F is determined by the relative sound speeds and Hugoniots
in the two materials; and G is additionally affected by the
Grüneisen parameters. The quartz Hugoniot and C = Ceff (Us)
were taken from Ref. 25, and quartz sound speeds were determined from the derivatives of the release paths calculated using
that construct. Since the intention of this work was to measure
the NCD Hugoniot, an iterative process was used where initial
estimates for the Hugoniot, C’s, and sound speeds were taken
from a tabular EOS (LEOS 9061) (Ref. 23). This EOS model
was chosen because the high-pressure SCD Hugoniot data
best agree with LEOS 9061 predictions. The NCD velocity
histories for the entire data set were first determined using
the correction with these initial estimates. Then, impedance
Q
NCD
matching was done using the measured U s and inferred U s
at the IM interface to produce a linear Us–up relation in NCD.
The process was repeated using the updated Hugoniot fit so
that the NCD velocity profiles were iteratively corrected until
the linear Us–up relation converged. An example of an NCD
velocity history determined using this method is shown by the
black curve in Fig. 148.1(c).

Results
1. Hugoniot Data
a. SCD: The SCD Hugoniot data are listed in Table 148.III
and plotted in Fig. 148.3 with existing diamond data by Knudson
et al.8 and Hicks et al.15 The Knudson et al. experiments
primarily used full-density (3.515-g/cm 3) microcrystalline
diamond and were performed using magnetically driven flyerplate techniques. The Hicks experiments and this work, both
IM experiments carried out using the OMEGA laser, used
G110H-oriented SCD and a quartz standard. The existing data in
Fig. 148.3 suggest that SESAME 7830 best models the Hugoniot
across the coexistence region (6 to 10.5 Mbar) and beyond the
melt (>10.5 Mbar). This work measured less compressibility,
however, than SESAME 7830 above 15 Mbar; this stiffer
behavior is predicted by a DFT-MD EOS model (LEOS 9061).23

Velocity extrapolation across the glue layer at the quartz/
NCD interface was treated differently to take advantage of the
quartz witness. A continuous velocity profile was inferred
across the glue layer at the quartz pusher/witness interface.
Using this interpolation, the velocity profile in the witness
beginning at the time the shock enters the NCD,

bt 1 + Dx glue U glue
s l,
was used in the nonsteady wave correction to determine F and
G. With knowledge of F and G,
NCD
_t i = U s
U NCD
+ GdU Q
s
s 9_t - t 1i FC
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The Hicks data plotted in Fig. 148.3 are not the same as
presented in the original publication; the data were re-analyzed
using the updated quartz Hugoniot and the same re-shock formulation presented here. For a given pressure, this re-analysis
decreased the density by ~3%. For PC > 20 Mbar (corresponding to PQ > 16 Mbar at the IM point), the quartz Hugoniot fit
used in impedance matching was extrapolated to higher pressures than given in the quartz data set.24,25 If the extrapolation
of the quartz Hugoniot is not valid at higher pressure, this could
contribute to the apparent stiffening of the Hugoniot data that
relied on a quartz standard.
b. NCD: The NCD Hugoniot was measured between 10 and
25 Mbar. The data are presented in Table 148.II and plotted in
the Us–up and P– t planes in Fig. 148.4. The Hugoniot curves
derived from the EOS tables in Fig. 148.4 were modeled using
the appropriate lower initial density `t 0NCD = 3.36 g cm 3j.
The NCD Us–up Hugoniot data are approximately linear and
were fit to Us = a 0 + a1(up – b), where the coefficients and their
standard deviations are listed in Table 148.IV. An orthogonally
weighted least-squares linear fit was taken about the centroid
of the data (b) so that the uncertainties in a 0 and a1 are uncorrelated.39 The standard deviation in the fit is given by39
v U _u pi = :v a + v a `u p - bj D
s
0
1
2

2

2 1/2

.

The NCD data are slightly stiffer than predictions using
LEOS 9061 [Fig. 148.4(b)], which well-represented the SCD
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Table 148.III: G110H SCD Hugoniot data from impedance matching with a quartz standard.

Shot

UQ
s

U SCD
s

PSC (Mbar)

U SCD
p

tSCD (g/cm3)

79050

27.54!0.16

28.47!0.10

16.00!0.16

15.98!0.16

8.02!0.11

79053

28.68!0.16

29.56!0.10

17.51!0.17

16.85!0.16

8.17!0.12

77848

32.94!0.11

33.84!0.06

23.79!0.19

20.00!0.16

8.59!0.10

77858

33.17!0.09

34.07!0.06

24.15!0.18

20.16!0.15

8.61!0.10

77860

33.77!0.10

34.24!0.06

24.92!0.20

20.70!0.17

8.89!0.12

77851

34.62!0.09

35.06!0.06

26.27!0.24

21.32!0.19

8.97!0.13

77856

34.82!0.09

35.29!0.07

26.62!0.25

21.46!0.20

8.97!0.14

20
SESAME 7830
SESAME 7834
LEOS 64
LEOS 9061
Hicks 2008
Knudson 2008
This work

15

10

7

8

Figure 148.3
Full-density ( t 0 = 3.515 g/cm3) diamond Hugoniot data from this work (open
squares), Knudson8 (orange triangles), and Hicks15 re-analyzed using the
updated quartz equation of state (EOS)25 (blue circles). The data are compared
to Hugoniots modeled using diamond EOS tables.

9

Density (g/cm3)

E25540JR

(a)

Shock velocity (km/s)

36

(b)
25

34
32
30

SESAME 7830
SESAME 7834
LEOS 64
LEOS 9061
Porous model

28
26
24
12

E25539JR

14

16

18

20

Particle velocity (km/s)

22

Pressure (Mbar)

Pressure (Mbar)

25

20

15

10

7.5

8.0

8.5

Density (g/cm3)

Figure 148.4
NCD ( t 0 = 3.36 g/cm3) Hugoniot data (gray squares) from impedance matching with a quartz standard. (a) The shock velocity versus particle velocity data
and (b) the pressure versus density data are compared to Hugoniots modeled using diamond EOS tables and a porous model (solid black line) modeled using
Eq. (6) with C = 1.03. The porous model using C = 1.03!0.1 is shown by the gray-shaded areas.
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Table 148.IV: Coefficients and uncertainties to the orthogonally
weighted least-squares fit to the NCD Us–up data of
the form Us = a 0 + a1 (up – b).

a 0 (km/s)

a1

b (km/s)

va 0

va1

29.424

1.361

16.62

0.077

0.037

Hugoniot in the same pressure range (Fig. 148.3). NCD’s lower
initial density and reduced compressibility compared to SCD
are consistent with that of a porous sample:
NCD
bm = t SCD
t0
= 1.046l.
0

Porous samples exhibit stiffer and even “reverse” Hugoniots
as a result of added entropy during the pore-collapse phase of
compression.22
We find that NCD’s Hugoniot can be described using
a simple porosity model from McQueen 21 (black line in
Fig. 148.4), given by

NCD _ i
SCD
PH
t = P H _ti

t

2 f t SCD

1-

C

1-

C

0

t

2 f t NCD
0

- 1p
- 1p

,

(6)

SCD
SCD
where P H is the SCD Hugoniot, t 0
= 3.515 g/cm 3,
NCD
t0
= 3.36 g/cm 3 , and C = 1.03. This model is derived from
the definition of the Grüneisen parameter, such that the Hugoniots of the porous and crystal-density materials are related
SCD
through C. The reference Hugoniot `P H j was established
by fitting the SCD Us–up Hugoniot data in the same highpressure fluid region (>11 Mbar) as where the NCD data were
obtained. This orthogonally weighted linear fit is given by Us =
(30.018!0.057) + (1.208!0.020) (up –17.12). For simplicity, C
was assumed to be constant and was optimized at 1.03. The
range of the porous model using C = 1.03!0.1 is represented
by the gray-shaded area in Fig. 148.4. C ~ 1 is ~20% higher
than predicted by the DFT-MD model, which predicts C ~ 0.8
over the same density range as the data. This suggests that
compared to the DFT-MD model, more energy goes into D P
than other degrees of freedom for a given D E. This difference
is related to the discrepancy between the DFT-MD Hugoniot
NCD
(using t 0 ) and the NCD data despite agreement with the
SCD Hugoniot data.
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c. Error analysis: The values and errors in the Hugoniot
data (Tables 148.II and 148.III) represent the mean and standard
deviation of each parameter determined using a Monte Carlo
error analysis with 10,000 runs for NCD and 100,000 runs
Q
for SCD. For each run, the observable parameters `U s and
Q
U SCD
for SCD, or U s D xNCD, D x total, D t total, and t NCD
s
0
for NCD) were varied within their error estimates. The cubic
quartz Us–up coefficients and Ceff used in impedance matching were varied once per run using the co-variance matrices
listed in Ref. 25. For NCD, the nonsteady wave correction and
impedance matching were done each time until convergence
was met, yielding 10,000 possible sets of Hugoniot data. The
total error bars in tNCD are between 1.5% and 3%, with the
dominating error caused by the uncertainty in target metrology
and transit times.
2. Release Data
The diamond release data (Table 148.I) are plotted in
Fig. 148.5 in terms of the observables, i.e., shock velocities
Stan
on either side of the IM interface. The U C
data
s and U s
are shown for the release of diamond into liquid D2, SiO2
foam, CH, and quartz (the blue triangles, green diamonds, red
squares, and orange circles, and respectively). The data are
compared to the velocities predicted at the IM interface (lines)
using the diamond EOS models. These lines were created
using states on the diamond Hugoniot (abscissa) from which
release paths were calculated. The intersections of release
paths with the Hugoniot of the known standard provided the
final states (ordinate).
The SCD release data in Fig. 148.5(a) show that SESAME
7830 (black lines) and LEOS 9061 (colored lines) are best for
modeling the overall behavior of the diamond release at the
pressures where their respective Hugoniots are most valid,
i.e., SESAME 7830 below U C
s < 28 km/s and LEOS 9061
above that velocity. The SCD data with U C
s < 24.4 km/s , which
corresponds to the completion of melt along the Hugoniot,7
should be in the coexistence region upon release. The data do
not deviate from the SESAME 7830 predictions, which do not
include strength effects, indicating that strength does not play
a significant role in the release from >8 Mbar. Shock-wave
splitting into an elastic precursor and an inelastic wave should
not occur until U C
s decays below ~22.3 km/s in the G110H SCD
and ~21.6 km/s in polycrystalline diamond,16 and therefore
should not affect the SCD or NCD data sets.
For the NCD [Fig. 148.5(b)], the data are well represented
using a Mie–Grüneisen release model referencing the porous
Hugoniot shown in Fig. 148.4 with a constant C = 1.03 along the
LLE Review, Volume 148

Hugoniot and Release Measurements in Diamond Shocked up to 26 Mbar
(a) SCD (t0 = 3.515 g/cm3)
8 Mbar
18 Mbar
40

Standard shock velocity (km/s)

35
30
25

Liquid D2
SiO2 foam
CH
Quartz

20
(b) NCD (t0 = 3.36 g/cm3)
40
35
30
25
20
22

E25541JR

24

26

28

30

32

does not fully capture the NCD Hugoniot, it does represent the
release data. This indicates that LEOS 9061 correctly models
the NCD ablator’s release into surrogate liquid D2 fuel when
the experimental liquid D2 Hugoniot (Hicks28 re-analyzed by
Knudson29) is used. For comparison, the Kerley deuterium
model40 predicts faster shock velocities at the IM interface
than the Hicks Hugoniot fit.
The NCD was most likely shocked into the liquid phase at
the front NCD surface where the Hugoniot was measured. In
the shots to the left of the melt line in Fig. 148.5(b), the shock
decayed sufficiently enough during its transit that the NCD was
at least partially solid upon release at its rear surface. This was
apparent from the VISAR data of the unobstructed NCD step,
which showed finite reflectivity at the NCD free surface after
shock breakout, indicating a solid rather than a liquid state. The
U Stan
data still follow the LEOS 9061 predictions, whereas
s
when SCD released from the solid phase, the U Stan
data were
s
slower than the LEOS 9061 predictions. Thermal effects from
NCD’s porosity could be contributing to the different response
when NCD releases from the coexistence region.

Diamond shock velocity (km/s)

Figure 148.5
(a) SCD and (b) NCD release data compared to predictions using diamond
EOS models and existing Hugoniot fits for the standards. Data points are
shock velocities for diamond releasing into liquid D2 (blue triangles), SiO2
foam (green diamonds), CH (red squares), and quartz (orange circles). PreStan
dicted U C
relationships using LEOS 9061 (colored lines) to model
s -Us
the diamond Hugoniot and release paths and existing Hugoniot fits for the
standards: liquid D2 (Refs. 28 ad 29) (dashed–dotted blue line), SiO2 foam 27
(dashed–dotted green line), CH (Ref. 26) (dashed red line), and quartz24,25
(solid orange line). Dotted portions of lines indicate that an extrapolation of
the Hugoniot fit outside the standard’s data range was used. The black lines
Stan
in (a) are predicted U C
relationships using SESAME 7830 to model
s -Us
the diamond Hugoniot and release paths. The black lines in (b) are predicted
Stan
relationships using a Mie–Grüneisen model for the diamond
UC
s -Us
Hugoniot and release paths with the same C = 1.03. The dashed vertical lines
in (a) and (b) indicate the completion of melt on the diamond Hugoniot at
24.4(!0.4) km/s (Ref. 7). For data to the left of the line, diamond released
from the coexistence region. For data to the right of the line, diamond released
from the liquid phase.

release path (black lines). This is consistent with the C = 1.03
used in the porous model that fits the Hugoniot data. LEOS
9061 (colored lines) is also adequate for predicting the release
data, despite a slight 1% to 2% offset in inferred density for
a given pressure on the initial Hugoniot state. The NCD data
< 32 km/s (~12 < P NCD < ~20 Mbar)
in the range 24 < U NCD
s
release from an initial state where LEOS 9061 is within the
error of the NCD Hugoniot measurements. While LEOS 9061
LLE Review, Volume 148

Conclusions
The Hugoniot and release behavior of diamond were measured at multimegabar pressures and the Grüneisen parameter for high-pressure fluid carbon was extracted from the
experimental data sets. These measurements are important to
constrain models used in planetary astrophysics and to design
ICF targets with NCD ablators. The SCD Hugoniot above
15 Mbar agrees with DFT-MD calculations (LEOS 9061) in
liquid carbon. NCD’s response to shock compression is slightly
stiffer than that of SCD and the DFT-MD predictions, even
when taking into account its lower initial density. This behavior
can be described using a standard porosity model,21 indicating that thermal effects from the initial pore collapse affect
NCD’s high-pressure Hugoniot. This effect must be included
when using the EOS tables to model NCD. The stiffer NCD
response compared to the DFT-MD EOS model (LEOS 9061)
has implications for ICF target designs because additional heating raises the adiabat of the implosion. A Grüneisen parameter
of ~1 in the liquid phase (11 to 26 Mbar) was derived from
the experimental NCD and SCD Hugoniot fits. This value is
consistent with a Mie–Grüneisen EOS that accurately models
the NCD release data.
We measured two data points of NCD releasing into liquid
D2 and six SCD/liquid D2 data points, which are especially
valuable for constraining ICF models that describe the NCD
ablator release into the hydrogen fuel.41,42 The diamond–liquid
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D2 IM data can be reproduced when using the appropriate
diamond EOS model (SESAME 7830 or LEOS 9061 based on
the diamond type and U Cs i and the experimental liquid D2
Hugoniot.28,29 Overall, the release response of both types of
diamond are adequately modeled using existing EOS tables,
which do not include strength effects. Strength may affect the
diamond release behavior at lower pressure when the elastic
precursor is separated from the main shock wave. Some difference in behavior exists between SCD and NCD when releasing
from the coexistence region. Thermal effects from NCD’s
porosity could be the source of this difference.
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The National Direct-Drive Program on OMEGA
and at the National Ignition Facility
Introduction
The main approach to ignition by means of laser-driven inertial
confinement fusion (ICF)1 currently pursued at the National
Ignition Facility (NIF)2 is x-ray (or indirect) drive (ID), where
the laser energy absorbed in a high-Z hohlraum is re-emitted
in the form of x rays that drive the fuel capsule. In the other
mainline ICF laser approach, direct drive (DD),3 the target
is driven by laser irradiation directly coupled to the plasma
ablated from the imploding capsule. The main advantage of
ID is reduced sensitivity of implosions to short-scale beam
nonuniformities. The main advantage of DD is higher coupling
efficiency (by a factor of 3 to 5) of the laser energy into kinetic
energy of the shell (hydrodynamic efficiency) compared to that
of ID. The OMEGA Laser System4 and the KrF laser NIKE at
the Naval Research laboratory (NRL)5 have been the principal
facilities for DD experiments in the U.S. When the decision
to pursue ID as the main ICF approach was made by the U.S.
ICF program back in 1976, single-beam laser quality was a
major concern for achieving high compression in DD implosions without the shell breaking apart from the Rayleigh–Taylor
(RT) instability1 seeded by laser imprint. Early challenges
in improving beam uniformity have been resolved over the
last several decades by introducing several beam-smoothing
techniques. These include distributed phase plates (DPP’s),6
polarization smoothing with birefringent wedges,7 and smoothing by spectral dispersion (SSD).8 In addition, implementing
adiabat-shaping techniques9,10 significantly reduced the impact
of RT instability growth during shell acceleration. Also, imprint
reduction was demonstrated by using mid-Z–doped ablators11
and high-Z target overcoats.12 Such progress along with the
challenges in achieving ignition on the NIF using ID13 suggests
considering direct drive as a viable alternative for developing
a burning-plasma platform in a laboratory. In addition to the
conventional “hot-spot” ignition designs, several alternative
direct-drive–ignition schemes have been proposed in the past.
Shock ignition,14 the most-promising approach, is currently
being considered as an alternative symmetric direct-drive–ignition design for the NIF.
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Compared to x-ray drive, direct-drive targets couple a
larger fraction of laser energy into shell kinetic energy and
internal energy of the neutron-producing central region of the
target (hot spot) at peak fuel compression. This relaxes the
requirement on shell convergence and hot-spot pressure in an
igniting target. The ignition condition follows from Lawson
criterion,15,16 which can be written in a form commonly used
in the ICF community as1
_tRihs # T L 0.3 g cm # 5 keV,
3

(1)

where t, Rhs, and T are the hot-spot density, radius, and ion
temperature, respectively. The requirement shown in Eq. (1)
is intuitively simple: the hot-spot temperature must be ~5 keV
for PdV work of the incoming shell to overcome radiation
losses and have an alpha-particle production rate sufficient
to create bootstrap heating; an areal density of ~0.3 g/cm 2
is required to stop alpha particles inside the hot spot at these
temperatures. A product of these two quantities enters into
the ignition condition since ignition at lower temperatures
and higher areal densities is still possible because the cold
shell becomes more opaque to radiation at higher shell areal
densities (assuming that larger hot-spot areal density leads
to larger shell areal densities), limiting radiation losses from
the hot spot.16 Substituting expressions for the pressure phs =
(1 + Z)tT/mi (Z is the average ion charge and mi is the average ion mass) and internal energy E hs = 3/2 phsVhs (Vhs is the
neutron-averaged hot-spot volume) into Eq. (1) gives a minimum pressure requirement (threshold) for ignition:
p hs > p thr / 250 Gbar d

E hs -1/2
n
,
10 kJ
(2)

or
P

/

p hs
p hs
d
n
p thr = 250 Gbar

E hs
> 1,
10 kJ
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where P is the ignition pressure parameter. Equation (2) also
sets the limit on the hot-spot volume in an igniting target:
Vhs < V40 d

E hs 3/2
n , or max _R hsi ~ E hs ,
10 kJ

(3)

where V40 = 4r/3 (40 nm)3 is the volume of a 40-nm sphere.
Figure 148.6 plots the alpha-amplification factor ( Ya Yno a - 1,
where Ya and Yno a are the target yields with and without alphaparticle deposition and fuel heating, respectively) as a function
of ignition pressure parameter P . The plot is obtained using
1-D LILAC17 simulations of cryogenic targets at different laser
drive energies (from OMEGA- to the NIF-scale designs). The
solid line in the figure shows a fit to the simulation results at
P < 1, dY Y = P exp _1.7 P 2/3i. P ~ 1 defines the ignition
threshold. When P > 1 and the fuel areal density at peak compression is large enough [(tR)fuel > 1 g/cm2] to burn a significant fraction of the main fuel, the target gain greatly exceeds
unity (G > 10). In simulations where the main fuel areal density
is low, the shell burnup fraction is not significant and the yield
amplification continues to follow the fit even for P > 1.

High tR, low longwavelength shell
asymmetries;
gain > 1

With the goal of a successful ignition demonstration using
direct drive, the recently established national DD strategy
has several elements and involves the following facilities
and institutions: Omega (a leading facility for DD research);
NRL [which leads the effort on laser imprint reduction and
plays a major role in the mitigation of coupling losses caused
by laser–plasma interaction (LPI)]; Lawrence Livermore
National Laboratory (which recently established a DD working group concentrating its effort on understanding LPI at
ignition-relevant scales, developing DD target designs with
yields in the range from 100 kJ to a few MJ, and developing
3-D computational capability for DD applications); and Los
Alamos National Laboratory (which leads the effort in simulating high-Z overcoats, experimental study of long-wavelength
drive asymmetry, and developing platforms to study material
properties in the warm-dense-matter regime). The elements of
DD strategy include experimentally demonstrating on OMEGA
the hot-spot conditions (phs > 100 Gbar) relevant for ignition
at MJ-scale laser energies available on the NIF and developing
an understanding of LPI and laser coupling using DD experiments on the NIF in the current indirect-drive configuration.

Confinement time
is limited (small fuel tR
or low-, tR asymmetries);
gain ~ 1

OMEGA Cryogenic Implosions
The target performance depends on both the drive and uniformity conditions. We begin this section with a discussion on
the one-dimensional (1-D) physics.

dY/Y = Ya/Yno a – 1

Spherically symmetric DD cryogenic designs on OMEGA
presently couple up to 0.44 kJ (out of 26-kJ incident laser
energy) into the hot-spot internal energy.18 When hydrodynamically scaled to the NIF-size laser energy (1.5 MJ to

100

Simulations

10
1
0.1
0.5

TC12864JR

1.0

1.5

Ignition parameter P = (phs/250 Gbar) Ehs/10 kJ

Figure 148.6
Alpha-amplification factor dY/Y as function of the ignition pressure parameter P . The points represent the results of 1-D LILAC simulations of designs
at different laser energies in the range of OMEGA to National Ignition
Facility (NIF) scale. The solid line shows a fit to the simulation results at
P < 1, dY Y = P exp _1.7 P 2/3i.

LLE Review, Volume 148

1.8 MJ), these designs are predicted to couple 5 # to 10 #
more energy into the hot spot [25 kJ to 40 kJ for DD designs,
depending on the laser-coupling efficiency] compared to that
of ID (4 kJ to 5 kJ is inferred in the current best-performing ID
implosions on the NIF), resulting in 2.5# to 3 # lower hot-spot
pressures required for DD ignition. The hot-spot size also gets
larger with E hs [see Eq. (3)], leading to smaller shell convergence ratio (CR ~ 22 compared to 35 to 40 in the ID ignition
designs) and resulting in less-demanding long-wavelength
drive-uniformity requirements.

1. One-Dimensional Physics
To emphasize the importance of drive conditions in designing ignition targets, the 1-D scaling laws (which exclude multidimensional effects) for peak pressure and hot-spot energy are
written in terms of implosion parameters: implosion velocity
vimp (the peak mass-averaged shell velocity), peak drive (ablation) pressure pabl, adiabat a of the unablated fuel mass (ratio
of the shell pressure to Fermi pressure at shell density), and
peak in shell kinetic energy E kin (Ref. 19):
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1/3

1D
p hs- ~

a

1-D
E hs ~ E kin

P 1-D ~

10/3

p abl v imp

,

4/3
v imp

a

2/5 4/15
p abl

IFARDD ~

,

4
1/5
E kin v imp
p abl

a

6/5

.

(4)

Modeling these critical implosion parameters must be experimentally validated before an assessment of the importance
of multidimensional effects on the target performance can
be made. The implosion velocity and shell kinetic energy are
inferred in an experiment by measuring ablation-front trajectory and mass ablation rate using self-emission imaging.20 The
ablation pressure is inferred from simulations that match the
measured ablation-front trajectory, mass ablation rate, bang
time,21 and scattered-light power and spectrum.19,22 Finally,
the shock-induced adiabat is inferred by measuring shock
velocities early in the pulse using the velocity interferometer
system for any reflector (VISAR).23 An additional increase in
the fuel adiabat caused by hot-electron preheat is estimated
by measuring the hard x-ray signal24 and areal density25,26 in
mid- to high-adiabat implosions (the areal density in 1-D, for
a given laser energy, depends mainly on shell adiabat,27 tR ~
a–0.5). A detailed comparison of 1-D simulation results using
LILAC with the data shows good agreement between the two
for a variety of target designs and drive conditions.19 Onedimensional simulations include a nonlocal thermal-transport
model,28 a ray-based cross-beam energy transfer (CBET)
model29 (see discussion on CBET in Laser Coupling and
CBET, p. 177), and first-principles equation-of-state (FPEOS)
models30 for both the DT ice and CD ablator.
2. Multidimensional Effects
The stability properties of indirect- and direct-drive designs
are different. In direct drive, a thin CH layer is ablated from the
shell early in the pulse to take advantage of the higher hydrodynamic efficiency of DT.19 Since the shell consists mainly of
DT during acceleration, the fuel adiabat a [which enters into
the ignition scaling laws shown in Eqs. (4)] and the average
in-flight shell adiabat ashell (which determines shell stability
property) are approximately equal, a ~ ashell (ashell L a in
adiabat-shaped designs10). Then, the shell’s in-flight aspect
ratio (IFAR, defined as ratio of the target radius to the shell
thickness) can be written as31
174

v 2imp

` p abl a shellj
2/5

3/5

~

v 2imp

` p abl a
2/5

j

3/5

.

(5)

While the in-flight shell adiabat in DD designs is determined
primarily by the strength of initial shocks (the radiation preheat
in DD cryogenic implosions raises the fuel adiabat by ~20%),
the shell adiabat and IFAR in ID designs are determined
mainly by the radiation transport, ablator opacity, and x-ray
drive spectrum (the majority of shell mass during acceleration
in indirect drive consists of the ablator material; ablator and
main fuel masses become approximately equal at the end of
acceleration). As a result,

IFARID ?

v 2imp

` p abl a shellj
2/5

3/5

.

(6)

Note that even though IFAR and the ablation-front RT growth
in ID are determined by the x-ray heating of the ablator and
not by the strength of initial shocks, the initial condition for
RT instability is set during the shock propagation through the
shell early in the drive, the so-called Richtmyer–Meshkov
(RM) phase of perturbation evolution.32 Therefore, the difference in the stability properties of indirectly driven shells for
a = 1.4 and “high-foot” a = 2.5 designs13 is caused mainly by
differences in nonuniformity growth during the RM phase.33
Substituting Eq. (5) into Eq. (4) gives the following hot-spot
scaling laws for DD implosions:
1-D
p hs
~ p abl IFAR 5/3,
1-D

V hs ~
1-D

E kin
,
p abl IFAR

E hs ~ E kin IFAR

2/3

,
2

P 1-D ~ p abl E kin IFAR .

(7)

Equations (7) shows that the hot-spot pressure and the ignition
pressure parameter P can be increased in 1-D mainly by raising the shell IFAR (by reducing the shell mass, for example)
and by making the laser drive more efficient (by increasing the
ablation pressure and shell kinetic energy). The maximum value
of IFAR in a design is set by the target stability properties and
the level of nonuniformity seeds: the short-scale modes (which
LLE Review, Volume 148
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satisfy kD < 1, where k is the perturbation wave number and
D is the in-flight shell thickness) disrupt the shell during the
implosion if IFAR is too large [current cryogenic implosions
on OMEGA are unstable if IFAR > 20 (a/3)1.1 (Ref. 19)]. The
long-wavelength perturbations (kD > 1) seeded by the laser
power imbalance, laser mispointing, and target misalignment
can prevent the hot spot from reaching the 1-D stagnation pressures if the RT instability and Bell–Plesset (BP)1 nonuniformity
growth are excessively large during deceleration. The design
IFAR can be increased, nevertheless, if (1) the short-scale
nonuniformities seeded by target imperfections and imprint
are reduced and (2) the source of the long-wavelength perturbations (beam imbalance, target offset, and beam mispointing)
is minimized.

internal energy are inferred18,34 by using the measured neutron
yield, the burn duration Dtburn (Ref. 21), the neutron-averaged
ion temperature GT i H n, and the hot-spot size. Diamonds represent the experimentally inferred P scaled and squares represent
the 1-D LILAC predictions. The trend lines represent the best
linear fit to the simulation data. The highest hot-spot pressure
inferred in these experiments is 56!7 Gbar (Ref. 18). According to Fig. 148.7, when scaled to the laser energy available on
the NIF, the current OMEGA implosions reach up to ~40% of
the pressure required for ignition. Then, using the alpha amplification scaling shown in Fig. 148.6, these implosions would
yield a 2 # yield amplification because of alpha heating. Similar
conclusions were reached using an independent calculation
recently performed based on the Px analysis.35

3. Target Performance
Figure 148.7 shows the scaled ignition pressure parameter
P inferred in OMEGA cryogenic implosions. Since vimp, pabl,
and a are invariants with respect to laser energy E L and E kin is
proportional to E L (assuming constant laser-coupling efficiency
for different E L), P scales as E kin [see Eq. (2)]. Therefore,
extrapolating the OMEGA results to the NIF-scale laser energy
1/2
E OMEGA
leads to P scaled = P OMEGA `E NIF
j .
L
L

To understand the trends shown in Fig. 148.7, the effects of
shell nonuniformity must be considered. As the shell adiabat
increases, the target performance becomes less sensitive to the
nonuniformity growth and the inferred P approaches the 1-D–
predicted values. For lower values of shell adiabat, however,
the deviation of the observed P from the predictions increases.
Since the 1-D value of P decreases with the adiabat [see
Eq. (4)], the inferred value has a maximum at a ~ 3.5, which
is a consequence of the interplay between a 1-D reduction in
P and a shell stability improvement as the adiabat increases.

The latter quantity is plotted in Fig. 148.7 for OMEGA cryogenic implosions driven at different values of the fuel adiabat
(calculated using LILAC simulations). The hot-spot pressure and
1-D simulations

1.2
1.0

1-D simulations
with mitigated CBET

0.8
0.6
Error bar

0.4
0.2
0.0

2

TC12865cJR

3

4
Adiabat

5

6

Figure 148.7
Ignition pressure parameter scaled to 1.8-MJ laser energy. Diamonds represent
values inferred from the experimental data, squares show the 1-D simulation results with the full cross-beam energy transfer (CBET) effect, and the
solid green line represents a linear fit through simulations with CBET fully
mitigated. The short vertical line shows a typical error bar for the inferred
values of P . To ignite, P scaled in a design must exceed unity (dashed line).
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The performance-degradation mechanisms in cryogenic DD
implosions include both the long-wavelength modes and the
short-scale growth (which breaks up the shell during acceleration and introduces mix between the ablator and the hot spot
as well as between the cold, denser part of the fuel and the hot
spot). The long-wavelength modes increase the volume of a
central, lower-density region (which forms the hot spot when
the effects of asymmetry growth are negligible but might contain colder regions excluded from the hot spot in a perturbed
implosion) as well as create thin spots in the cold shell during
deceleration, producing expanding bubbles that reduce pusher
efficiency and limit hot-spot confinement.18,36
4. Three-Dimensional Results
The evolution of long-wavelength nonuniformities seeded
by the target offset, beam geometry, beam-power imbalance,
and mispointing is studied using the 3-D hydrocode ASTER.36
These simulations show that such nonuniformities form bubbles
(regions of low-density material that protrude from the central
region into the higher-density shell) that develop because of
the deceleration in RT and BP growth. As the shell continues
to converge, the bubbles eventually break out of the shell,
prematurely quenching the hot-spot confinement and neutron
175
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The performance degradation in lower-adiabat implosions
(a < 2.5) is caused by both the long wavelengths (as described
above) and the short-scale nonuniformities. The latter are
seeded mainly by laser imprint, nonuniformities caused by
target fabrication, and debris accumulated during cryogenic
176

(a)

1.2
1.0
DT (keV)

The experimental evidence of low-mode asymmetries
includes the x-ray self-emission imaging from a tracer Ti
layer embedded into the CH shell.37 This technique shows
that significant low-mode nonuniformities developed during
deceleration. Another self-emission imaging technique that
maps the implosion shape during the acceleration indicates
the growth of low-  modes while the target is being driven
by laser illumination.38 In addition, significant variations in
the measured ion temperature along different lines of sight
(LOS’s) in cryogenic implosions are also indicative of asymmetry flows. The ion temperature is inferred in an experiment
by measuring the spectral width of neutrons created as a result
of fusing D and T. The spectral broadening, however, is caused
not only by the thermal effects but also by the bulk motion
with velocity distribution not aligned in a single direction.
This results in higher temperature inferred from the fit GTH fit
compared to the true thermal ion temperature T (Refs. 31
2
and 39): T fit - T + 2 3 m i V f , where mi is the average mass
of fusion-reaction products and Vf is the bulk velocity. Since
asymmetry growth creates different Vf along different LOS’s,
different values of ion temperature are inferred along multiple
LOS’s in a highly distorted implosion. The maximum measured temperature difference along three LOS’s in OMEGA
cryogenic implosions is shown in Fig. 148.8(a). The inferred
temperature differences, up to 1 keV, correspond to nonradial
flow velocities of Vf ~ 2.5 # 107 cm/s. This is consistent with
the results of 3-D ASTER simulations that include the effect
of power imbalance and target offset. The plot in Fig. 148.8(b)
shows the calculated neutron spectra at three perpendicular
views (solid lines) together with neutron spectrum calculated
without the effect of bulk motion (dashed line). Figure 148.8(a)
also shows that the measured temperature variation strongly
correlates with the yield degradation relative to the 1-D predictions, suggesting that the residual kinetic energy plays a
detrimental role in reducing the target performance.

target production. Simulations indicate that the surface defects
are the most damaging since they quickly evolve into nonlinear
bubbles (modulations that produce local depressions in shell
density) at the ablation front that are not stabilized by ablation40 and grow at a rate exceeding the classical limit. Such
growth leads to the ablator mixing into the main fuel and the
vapor region.41 These effects are directly observed in experiments. The ablator/cold shell mix is inferred from the backlit
images obtained using a monochromatic x-ray imager.42 The
observed enhancement in x-ray attenuation by the main fuel in
the low-adiabat implosion, not predicted by 1-D calculations,

0.8
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0.0

0
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Yield over clean (%)
Ti is measured along three lines of sight
(b)
3-D simulation
DT neutron spectra
Normalized spectrum

yield.34,36 Because nonuniformities cause the peak burn to
occur earlier, our observations based on the fusion products
sample the implosion conditions when the shell convergence
has not yet reached the peak value. This effect and nonradial
flows caused by the 3-D effects prevent the fuel from reaching stagnation, limiting conversion efficiency of shell kinetic
energy into internal energy of the hot spot at peak burn.
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Figure 148.8
(a) The measured variation in ion temperature DT (keV) among three lines
of sight in cryogenic implosions on OMEGA as a function of yield-overpredictions. (b) Neutron spectra along three perpendicular views (solid lines)
as calculated using ASTER simulations of an OMEGA cryogenic implosion
assuming ~20- n m target offset and 15%-root-mean-square (rms) power
imbalance. The dashed line shows the neutron spectrum without the effects
of the bulk fuel motion.
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5. Laser Coupling and CBET
The shell’s stability properties can be significantly improved
by increasing laser coupling and making the shell thicker. This
can be accomplished by increasing the drive hydroefficiency.
An analysis of direct-drive implosions on OMEGA has shown
that coupling losses related to CBET29 significantly limit the
ablation pressure (as much as 40% on OMEGA and up to 60%
on NIF-scale targets), implosion velocity, and shell kinetic
energy. CBET results from the scattering of incoming laser
light caused by stimulated Brillouin scatter. The reduction in
the ablation pressure caused by CBET is shown in Fig. 148.9,
where the ablation pressure, calculated at the time when the
ablation surface had converged by a factor of 2.5, is plotted
for OMEGA and NIF-scale symmetric designs at different
drive intensities. Considering such losses, demonstrating the
hydrodynamic equivalence of implosions on OMEGA to ignition designs on the NIF requires the shell IFAR to exceed the
current stability threshold level (~22) (Ref. 19).

pressure.29,34,45 The benefit of reducing beam size to enhance
laser coupling is illustrated in Fig. 148.10, where the predicted
time-dependent ablation pressure (plotted as a function of shell
convergence) is shown for different ratios of R b R t (R b is
defined as the radius of a 95% beam-energy contour). Figure 148.10 shows that the largest increase in coupling occurs
early in the implosion when the critical surface is at a larger
radius and the refraction effects prevent beams from intersecting in regions where CBET is effective (Mach ~ 1 surface in
plasma corona). Later in the implosion when the critical surface
has moved inward a sufficient distance, beams start to intersect in the CBET-resonant regions and exchange their energy,
increasing CBET losses. When CBET is fully mitigated, the
shell’s kinetic and hot-spot internal energies increase, allowing implosions to reach ignition condition at a higher adiabat.
This is illustrated in Fig. 148.7, where the green trend line
shows the ignition pressure parameter with the enhanced laser

250
Ablation pressure (Mbar)

is consistent with 0.1% to 0.2% atomic mixing of C into DT.
No mixing is required to explain the observed fuel opacity in
higher-adiabat implosions (a > 3.5). In addition, the x-ray core
emission at peak compression is also enhanced when the fuel
adiabat is reduced to a < 2.5, indicating that ablator carbon
penetrates all the way into the hot spot during the implosion.43
The plastic ablator in direct-drive designs is thin and gets
ablated in the middle of the drive pulse. The presence of the
ablator in the hot spot suggests therefore a significant growth
in local surface features that produce jet-like structures in the
shell early in the implosion and bring the ablator material into
the hot spot.41
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Ablation pressure as a function of incident laser intensity
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One of the CBET mitigation strategies44 involves reducing the laser beam size relative to the initial target size. This
strategy, as demonstrated both theoretically and experimentally, recovers some coupling losses and increases the ablation

Rb = Rt, no CBET
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coupling. The adiabat in the ignition designs can be increased
in this case up to a ~ 5.5, significantly improving the shell’s
stability properties.
Experimental campaigns performed on OMEGA with the
reduced R b R t have demonstrated increased hydrodynamic efficiency.34 The target performance in such implosions, however, was
degraded. This was explained, based on the results of 3-D ASTER
simulations,36 by asymmetries caused by power imbalance,
enhanced in these implosions because of reduced beam overlap.

3. R. S. Craxton, K. S. Anderson, T. R. Boehly, V. N. Goncharov, D. R.
Harding, J. P. Knauer, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer,
J. F. Myatt, A. J. Schmitt, J. D. Sethian, R. W. Short, S. Skupsky,
W. Theobald, W. L. Kruer, K. Tanaka, R. Betti, T. J. B. Collins, J. A.
Delettrez, S. X. Hu, J. A. Marozas, A. V. Maximov, D. T. Michel, P. B.
Radha, S. P. Regan, T. C. Sangster, W. Seka, A. A. Solodov, J. M.
Soures, C. Stoeckl, and J. D. Zuegel, Phys. Plasmas 22, 110501 (2015).
4. T. R. Boehly, D. L. Brown, R. S. Craxton, R. L. Keck, J. P. Knauer,
J. H. Kelly, T. J. Kessler, S. A. Kumpan, S. J. Loucks, S. A. Letzring,
F. J. Marshall, R. L. McCrory, S. F. B. Morse, W. Seka, J. M. Soures,
and C. P. Verdon, Opt. Commun. 133, 495 (1997).
5. S. P. Obenschain et al., Phys. Plasmas 3, 2098 (1996).

Conclusions
The direct-drive approach to ignition, when compared
to indirect-drive designs, offers a significant increase (by a
factor of 3 to 5) in laser coupling to the shell kinetic energy.
Cryogenic implosions on OMEGA have reached hot-spot
pressures of 56 Gbar, which is ~40% of what is required for
ignition. Extrapolating these results to NIF-scale laser energy
is predicted to enhance the yield caused by alpha heating by a
factor of 2. The cryogenic campaigns with reduced beam size
relative to the target size `R b R t < 1j, performed on OMEGA
to reduce CBET losses, demonstrated increased laser coupling
and hydrodynamic efficiency; however, this coupling enhancement did not improve the target performance. Numerical simulations indicate that long-wavelength nonuniformities caused
by target offset and power imbalance lead to an increased
target central volume and early burn truncation. Reaching the
goal of demonstrating hydrodynamic equivalence on OMEGA
must include improving laser power balance, target position,
and target quality at shot time. CBET must also be reduced to
increase the fuel mass and improve shell stability. CBET mitigation strategies include reduction in the beam size relative to
the target size and laser wavelength separation.46
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Using laser-plasma optical systems to manipulate the basic
properties of light waves has caused a recent surge of interest.1–4 Plasma-based photonic devices are attractive because
they can be ultrafast, damage resistant, and easily tunable.
Alleviating concerns about optic damage by replacing conventional optics with plasma-based components could lead to
the next generation of high-power, large-scale laser facilities.
Plasma gratings in particular have received a great deal of
attention because they are routinely used to mediate cross-beam
energy transfer in indirect-drive inertial confinement fusion
(ICF) experiments at the National Ignition Facility (NIF).5–7
Multiple experiments8,9 —including ICF experiments at the
NIF10,11—have consistently failed, however, to observe the
level of energy transfer expected on the basis of linear theory.
Recently, that theory was revisited when it was recognized
that plasma gratings could also be used to dynamically control
the polarization of light waves.1 The effect of a laser-plasma
system on an independent probe laser beam can be described
by a complex refractive-index perturbation that is a function of
the wavelength shift between the interacting beams; the system
can consequently (anisotropically) modify both the phase and
the amplitude of the probe and therefore act as a wave plate
and/or a polarizer.1 Turnbull et al. recently presented the first
demonstration of a laser-plasma wave plate utilizing the system’s nonzero real refractive-index perturbation that exists even
in the absence of a wavelength shift between the beams. This
article reports on our use of wavelength tuning to more fully
map out the complete refractive-index perturbation. For the
first time the real component is measured as a function of the
wavelength shift. The imaginary component, which underlies
cross-beam energy transfer (CBET) experiments at the NIF, is
measured with sufficient accuracy to resolve both nonresonant
and resonant energy transfer and is found to be in excellent
agreement with linear theory (both for the first time), yielding
implications for ICF experiments. The data also include the
first demonstration of a laser-plasma polarizer with 85% to
87% extinction, further complementing the existing suite of
plasma-based photonic devices.

LLE Review, Volume 148

Our laser-plasma optical system consists of a plasma with
electron density ne, electron temperature Te, and ion temperature T i, as well as a “pump” laser beam with electric field E 0
and frequency ~ 0. A probe laser beam with E1 and ~1 will
encounter resonances if ~1– ~ 0 = ! ~IAW; i.e., the frequency
difference between the two beams is equal to the frequency of
an ion-acoustic wave (IAW) with wave number k b = k 0 - k 1 .
The driven ion-acoustic wave mediates energy transfer between
the two beams, thereby modifying the probe’s amplitude. As
described by the Kramers–Kronig relations, any frequencydependent variation of the probe’s amplitude in the vicinity of
an optical resonance must be accompanied by variation in the
real refractive index seen by the probe. The net impact of the
pump on the probe beam can be described as a complex refractive-index perturbation dh such that E 1l = E 1exp `ik 1dhL h 0j
after interacting with the laser-plasma system, where L is the
interaction length and h 0 is the unperturbed plasma refractive
index. The full expression for the refractive-index perturbation
was derived in Michel et al.1 using a kinetic plasma model.
Critically, it was also shown in that work that the perturbation
is seen only by the component of the probe’s electric field that
is parallel to the projection of the pump’s electric field in the
probe’s plane of polarization (cf., Fig. 148.11). The ability to
induce anisotropy via the relative orientation of the pump and
probe polarizations can be exploited for precise manipulation of
the probe’s polarization.1,2 Here we present measurements that
show excellent agreement with linear theory for both the real
and imaginary components of the refractive-index perturbation
as a function of the wavelength shift between the pump and
probe. Previously, the real component had been measured only
at zero-wavelength shift,2 and measurements of the imaginary
component were not found to agree with linear theory.8
The experiment was conducted at Lawrence Livermore
National Laboratory’s Jupiter Laser Facility. A gas jet equipped
with a 3-mm-outlet-diam supersonic nozzle released methane
gas prior to the arrival of the pump and probe, which were
focused over the nozzle with a relative crossing angle of 27°.
Two different phase plates were used to give the pump and
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Figure 148.11
The presence of the pump introduces anisotropy to the plasma as seen by an independent probe beam. Only the component of the probe’s polarization that
is aligned with the pump polarization will have its amplitude and/or phase modified by the interaction, both of which can be measured using polarimetry.
TCC: target chamber center.

probe speckled but roughly flattop (in an average sense) intensity distributions with 600-nm and 200-nm diameters at best
focus, respectively. The pump had an .3-ns square pulse shape
and established the plasma conditions prior to the arrival of
the probe, which had an .250-ps Gaussian pulse shape with
the peak delayed .1.3 ns from the rise of the pump. Using the
nominal pump energies (292!8 J), fast-diode–based, pulseshape measurements, and an assumed spot size based on the
phase-plate properties, the pump intensity was expected to be
in the range of I0 = (3.6!0.2) # 1013 W/cm2 averaged over the
interaction region. The initial probe energy and intensity were
.27 mJ and 3.4 # 1011 W/cm2, respectively. Both beams used
the fundamental frequency of an Nd:YLF laser (m . 1053 nm),
but different front ends allowed wavelength tuning within the
bandwidth of the gain medium; here, a range of –3 # Dm # +3 Å
was used, where Dm is the wavelength difference between
pump and probe. A polarizer was used before the last turning
mirror to orient the probe polarization close to 45° relative to
the horizontal pump polarization. This provides a convenient
and novel method of diagnosing probe amplitude changes
induced by the laser-plasma system; exploiting the anisotropic
nature of the interaction, only the horizontal component of
the probe’s polarization will either grow or decay under the
influence of the pump, and the orthogonal vertical polarization
182

provides a baseline that factors in shot-to-shot variation of the
incident probe-beam energy as well as inverse bremsstrahlung
absorption in the plasma, as shown in Fig. 148.11. Separating
the polarizations with a Wollaston prism subsequent to the
interaction and taking their ratio provides a direct measure of
the amplification. To compare with linear theory, the plasma
electron density and temperature were measured with Thomson
scattering. The scattered light was dominated by the highenergy pump beam, collected at a scattering angle of 90°, and
directed to a streaked spectrometer measuring the blue-shifted
electron plasma wave feature. To obtain additional information
about density gradients in the plasma, optical interferometry
was used, employing a dedicated diagnostic beam that was
incident on the plasma orthogonal to the pump beam. Both
diagnostics were analyzed at the time of the pump–probe
interaction. The experimental setup is shown in Fig. 148.11.
The effect of the refractive-index perturbation’s imaginary
component can be expressed as a gain exponent G, where
E 1l ,|| = E 1exp _Gi and G = k 1 F 7dhAL h 0 . Intensity being proportional to the square of the electric field, the intensity gain
exponent is GI = 2G and is related to amplification, the ratio
of intensity in each polarization subsequent to the interaction,
by GI = ln(A). Figure 148.12 shows the experimental data
LLE Review, Volume 148
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plotted with a calculation using the linear theory developed
to compute CBET in indirect-drive ICF experiments on the
NIF.5 The electron density and temperature inputs used in the
calculation were n e n c = 0.0104 and Te = 220 eV, where nc
is the critical density, consistent with the experimentally measured values of n e n c = 0.011! 0.001, and Te = 224!24 eV.
Since several necessary inputs were not directly measured,
three-dimensional radiation–hydrodynamic simulations using
HYDRA12 were performed to obtain estimates for ion temperature and flow velocity. The pump-beam energy, spatial profile,
and pulse shape used in the simulation closely reproduced the
experimental conditions, and the initial methane gas density
and the flux limiter were then adjusted to match the measured
electron density and temperature. The simulations predicted
an ion temperature of Ti Te . 0.09, whereas Ti Te . 0.12
is used in the linear theory best fit. The small difference is
comparable to the level of ion heating expected from thermalizing the energy in the driven ion-acoustic waves, which is not
included in the simulations. HYDRA also predicts an outwardly
directed radial flow resulting from the expansion of the plasma
channel formed by the pump beam, which broadens the ionacoustic resonance by shifting the peak in different portions
of the interaction region; this was directly imported into the
linear theory calculation because of the lack of a flow velocity
measurement. The effective pump intensity was also reduced
20% from the expected value (to I0 = 2.9 # 1013 W/cm2), which
3

GI = –2k01(dh)L/h0
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Figure 148.12
The intensity gain exponent is plotted as a function of the relative wavelength
shift between the probe and pump. The parameters used in the linear theory
calculation are listed in the text and are quite consistent with measured values
(where available) and three-dimensional HYDRA simulations.
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we attribute to unmeasured transport losses through the final
optics, inverse bremsstrahlung absorption in the plasma, pump
depletion effects, and/or imperfect focusing of the pump beam.
In specifying the crossing angle, the calculation takes into
account the finite spread given by the f/6.7 and f/10 pump and
probe beams, respectively, which also broadens the ion-acoustic
resonance. Finally, the peak location of the ion-acoustic resonance was most easily matched by specifying the ion species
fractions as f C = 0.4 and fH = 0.6, whereas f C = 0.2 and fH =
0.8 were expected based on the initial methane-gas composition. This implies that species separation is occurring in this
system. In principle, hydrogen—being lighter and having a
higher charge-to-mass ratio—is expected to lead the plasma
channel expansion, leaving a higher concentration of carbon in
the interaction region. This effect has been observed previously
using simultaneous electron and ion feature Thomson scattering
in an expanding CH plasma.13,14 Assessing this effect quantitatively requires multi-ion-fluid simulations, however, and is considered outside the scope of this study. Species separation is an
increasingly active field of research in the ICF community.15–19
It is evident that the linear theory accurately reproduces
the data both near the resonance peaks and in the off-resonant
region between the Stokes and anti-Stokes peaks. Previous
work utilizing a simple geometry had determined that CBET
was maximized near the ion-acoustic resonance, but the peak
location was not predicted accurately; the data lacked the precision to measure off-resonant transfer. It was also determined
that the gain was lower than expected from the linear theory by
a factor of 20 (Ref. 8). ICF hohlraums have also provided evidence that the amount of energy transfer is less than expected
from linear theory.10,11 In both previous examples, the linear
theory calculations used plasma conditions taken entirely from
radiation–hydrodynamic simulations. The agreement found in
this better-characterized experiment suggests that inaccuracies
in the assumed density and temperature may be one source of
discrepancy. Weak turbulence effects associated with having
many of these coupled-beam interactions in the same region of
plasma may also be a factor in indirect-drive ICF.10 Note that
while the conditions of this experiment are very different from
an ICF environment in terms of wavelength, intensity, density,
and temperature, it can still be considered a good surrogate by
several metrics. Gain was larger in this experiment than even
the most resonant of interactions in an ICF hohlraum, so this
can be considered an upper bound on the parameter space relevant to ICF. Furthermore, the normalized ion-acoustic–wave
damping is o/~IAW . 0.1 to 0.2 (i.e., strongly damped) in both
cases; achieving this in the present experiment motivated the
use of the multispecies methane gas.20
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40
Dz = k00(dh)L/h0 (°)

As mentioned, the imaginary refractive-index perturbation
component is accompanied by a real refractive-index change,
which introduces a phase delay between the probe’s vertical
(noninteracting) and horizontal (interacting) components.
While amplification was determined by separating the vertical and horizontal components and taking their ratio (which
is insensitive to the phase delay), inferring the phase delay Dz
requires a second measurement in which the Wollaston prism
is rotated 45° in order to separate the 45° and 135° polarization components. With each signal’s energy in arbitrary units
given by Uj, where j is the polarization angle, the phase delay
for each pair of measurements (assuming polarized light and
perfect shot-to-shot reproducibility) is given by

20
0

–40
–3
E25777JR

R
V
S_U 45c - U 135ci _U 45c + U 135ciW
W.
Dz = cos - 1 S
S 2 U 0c U 90c _U 0c + U 90ci W
T
X

(1)

Unlike the imaginary component, the real component of the
refractive-index perturbation is nonzero even in the absence of
a wavelength shift between the pump and probe. Turnbull et al.
exploited this property previously in the first demonstration
of a laser-plasma wave plate, converting an initially elliptical
polarization into a nearly ideal circular polarization.2 Here,
wavelength tuning capability allows us to validate other points
along the real refractive-index perturbation curve, as shown in
Fig. 148.13. Again, the linear theory provides a good match to
the experimental data using the same parameters that were used
to fit the amplification data, with key features—nonzero phase
delay at zero wavelength shift, larger dephasing on either side of
the resonance, and zero dephasing at the peak—evident in the
data. Note that the measurement does not actually discriminate
between positive and negative phase delay, but since the data
are consistent with the shape of the curve as predicted by linear
theory, we assume that those points to the left of the peak are
positive and points to the right of the peak are negative. This
is the first (to our knowledge) measurement of a laser-plasma
optical system’s real refractive-index perturbation as a function
of wavelength tuning.
The experiment was designed in such a way to test the concept of a “plasma polarizer,” which was proposed by Michel
et al.1 When m1–m0 < 0, the probe transfers energy to the pump
but only out of its horizontal component (which is aligned
with the pump polarization) resulting from the anisotropy of
the laser-plasma system, so the system is effectively a linear
polarizer. The data point at the negative peak of Fig. 148.12
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Figure 148.13
The phase delay induced by the real refractive-index perturbation is plotted
as a function of the wavelength shift between the pump and probe. The linear
theory is once again in good agreement with the experimental data.

represents an extinction of 85%. The data are shown in
Fig. 148.14; the incident polarization was oriented in order to
have nearly equal horizontal and vertical components, but after
propagating through the system, the horizontal polarization
is significantly attenuated. Additional shots were conducted
in which the incident probe intensity was increased up to I1 .
3 # 1012 W/cm2, and the extinction stayed in the range of 85%
to 87%. Note that the probe is otherwise minimally affected by
the system because the phase delay induced between the vertical polarization and what is left of the horizontal polarization is
close to zero near the resonance peak, absorption in this fairly
tenuous plasma is calculated to be modest, and the probe is
not degraded by other laser–plasma instabilities. Maintaining
similar plasma conditions, the extinction could be increased or
decreased by changing the pump intensity. This demonstrates
another ultrafast, damage-resistant, and tunable laser-plasma
photonic device. Having now achieved both a wave plate and
a polarizer, it is possible to design a laser Q switch using only
laser-plasma systems.
In summary, a laser-plasma optical system’s complete refractive index—both its imaginary and real components—was
mapped out for the first time, using a consistent set of laser and
plasma parameters. It was found to be in excellent agreement
with the linear theory for coupled beams in a plasma that is used
to compute cross-beam energy transfer in indirect-drive ICF
experiments. The ability to correctly predict energy transfer in
this well-characterized context, but not in ICF experiments,10,11
points to possible errors in the hydrodynamic inputs to the ICF
LLE Review, Volume 148
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Phys. Rev. Lett. 116, 205001 (2016).
3. D. J. Stark et al., Phys. Rev. Lett. 115, 025002 (2015).
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5. P. Michel et al., Phys. Rev. Lett. 102, 025004 (2009).
6. S. H. Glenzer et al., Science 327, 1228 (2010).

Vertical (shot)

Horizontal (shot)

7. J. D. Moody et al., Nat. Phys. 8, 344 (2012).
8. R. K. Kirkwood et al., Phys. Rev. Lett. 76, 2065 (1996).
9. R. K. Kirkwood, J. D. Moody, A. B. Langdon, B. I. Cohen, E. A.
Williams, M. R. Dorr, J. A. Hittinger, R. Berger, P. E. Young, L. J.
Suter, L. Divol, S. H. Glenzer, O. L. Landen, and W. Seka, Phys. Rev.
Lett. 89, 215003 (2002).
10. P. Michel et al., Phys. Rev. Lett. 109, 195004 (2012).
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Figure 148.14
The anisotropic laser-plasma system acts like a pure linear polarizer at the
negative resonance peak, depleting the probe’s horizontal polarization component. The color scale for each pair is normalized to the vertical polarization.
The vertical and horizontal spots appear to be different because the Wollaston
prism slightly affects the imaging. The pre-shot images were obtained without
any plasma, and the horizontal polarization was brighter than the vertical
polarization because the polarizer setting the incident polarization was not
quite oriented at 45°; 85% to 87% of the horizontal polarization was then
extinguished by the laser-plasma polarizer, whereas the vertical polarization
was minimally perturbed by the system.

calculations and/or weak turbulence effects from having many
such coupled beam interactions in the same volume of plasma.
We also achieved the first demonstration of a laser-plasma
polarizer, which extinguished 85% to 87% of an independent
probe beam’s horizontal polarization.
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Commissioning an X-Ray Detector System for Spectral Analysis
of Tritium-Filled Targets
Introduction
Both glass and plastic targets filled with deuterium–tritium
mixtures (DT) are used at LLE for research into inertial confinement fusion experiments. These targets are imploded with
the 60-beam OMEGA Laser System. The permeation-filling
process can take up to a week since the targets must be pressurized to tens of atmospheres without crushing the fragile, thinwall shells. The overall time required to fill targets depends on
the permeation time constant. Typically five or six permeation
time constants are used to fill targets to the desired pressure.
Although the fill pressure and DT ratio are known precisely, a
nondestructive method to verify that the targets actually contain
the expected fill pressure at shot time is currently unavailable.
Two factors can lead to underfilling a target: (1) The permeation
time constant is underestimated so sufficient time is not allowed
for the charging pressure to equilibrate with the gas pressure
inside the target, or (2) a defect develops in the shell, causing
the target to depressurize more rapidly than predicted by the
permeation time constant.

The arrangement of the equipment is illustrated in
Fig. 148.15. The origin of the optical axes was defined by
centering the window of the detector on the x, y origin in one
camera’s field of view (FOV) and the side view of the detector window in the z origin of the other camera. The detector
was then retracted 25.4 mm in the z direction so that targets
placed in the center of both cameras’ FOV would be positioned
25.4 mm in front of the detector with a repeatable precision of
10 nm. During all measurement campaigns, the environment
was purged with helium at a flow rate of 4 L/min to provide a

(a)
View from above

View from side
Target
Camera
1

Camera 2

He in
x,y,z stage (SDD)
SDD

Target

Camera 1
SDD

Exhaust
An x-ray detection system (XDS) originally developed to
measure bremsstrahlung of tritium b decay from the surface of
metals1–3 has been modified and developed with the capability
of measuring the pressure of DT fuel inside a target just prior to
the shot. This system permits rapid, nondestructive identification of underpressurized targets. This article details the design
of the system, discusses preliminary measurements of x-ray
emission from glass and plastic targets, and demonstrates that
the method can achieve accurate, repeatable measurements.
Equipment Design Features
The XDS comprises three primary components: a highresolution, dual-axes imaging system for repeatable, accurate target positioning; a helium enclosure with triple-axes
micrometer positioning; and an Amptek silicon drift detector
(SDD). The SDD was fit with a silicon nitrate (Si3N4) window
to measure x-ray energies from 200 eV to 40 keV. The detector
features a 25-mm2 silicon drift diode with a measured 130-eV
full-width-at-half-maximum resolution at 5.9 keV.
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Figure 148.15
Layout of the x-ray detection system. SDD: silicon drift detector.
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tenfold volume exchange per minute within the enclosure to
minimize air contamination of the chamber and to purge any
tritium that permeated from plastic targets.
The response of the SDD was calibrated in air and helium
using an 55Fe source. The resulting spectrum is shown in
Fig. 148.16. Calibration in air shows the suppression of lowerenergy Ka lines such as aluminum and the presence of the
argon Ka , as expected. Ka lines from manganese, the 55Fe
decay product, are also clearly visible in both the air and helium
cover gases. A 109Cd source was used to calibrate the detector
over the full energy range of the tritium spectrum.

Three glass-target silicon Ka lines were measured for 5 min
and compared. Two of these targets were imploded on OMEGA
later on the same day. As shown in Fig. 148.20, the two silica
targets had a Si Ka count rate within 5% of each other and
produced neutron yields within 10% of each other on OMEGA.

Intensity (counts/keV)

Spectrum in air
Spectrum in helium
Mn Ka
escape peak

104

Al Ka

103

Si Ka

102

Mn Kb
escape
peak

Mn Ka
Mn Kb
Pulse
pileup

Ar Ka

The emission spectra of glass targets are dominated by
the fluorescence from silicon and oxygen atoms in the shell’s
wall. Two spectra from a glass target filled with 10 atm of
38.3% tritium in DT are shown in Fig. 148.18: one for a 5-min
measurement time and one for a 15-h measurement time. The
longer measurement time yielded a higher-resolution spectrum
with more-discernible features, notably the Al Ka line from
the housing of the detector itself. Figure 148.19 illustrates that
once the DT gas has leaked out of the glass target, the emission
spectrum drops to background levels, demonstrating that the
amount of tritium dissolved into the glass is negligible.
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Spectral Analysis of SiO2 , CH, and CD Targets
Decay betas in tritium-filled targets generate both fluorescent and bremsstrahlung x rays as they interact with the
shell material. These interactions are illustrated in Fig. 148.17
for both glass (SiO2) and plastic targets. The permeability of
tritium through glass is very low at room temperature and
very little tritium is present in the enclosure. Additionally, the
solubility of tritium in glass is very low and very little tritium
resides inside the glass wall of the shell. Almost all decay betas
originate in the DT gas and interact with the glass to generate
x rays. These electrons have insufficient energy to penetrate
the glass wall. By contrast, plastic is highly soluble and permeable to tritium. A 100-nm Al permeation barrier is applied to
the shell’s exterior to reduce tritium losses from the targets to
manageable levels. The plastic contains a significant amount
of tritium, and measureable amounts of tritium escape into the
enclosure. In this case, decay betas originate in the gas and the
plastic and can penetrate the aluminum overcoat together with
x rays and tritium molecules.

LLE Review, Volume 148

e–

9

Figure 148.16
The response of the silicon drift detector to an 55Fe source in air and helium.
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Figure 148.17
Illustration of the interactions decay betas undergo in glass and plastic targets.
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Figure 148.18
Comparison of a 5-min emission spectrum and a 15-h emission spectrum
collected from a glass target containing 3.83 atm of T.
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Figure 148.19
A 5-min spectrum collected from a glass target containing 10 atm of DT
compared to a 15-h spectrum collected from glass target that has lost its DT.

Fluorescence does not dominate emission spectra from
plastic targets. Figure 148.21 compares two plastic targets in
the energy range from 2.5 keV to 12 keV. One target was filled
with 4.2 atm of T2 at Lawrence Livermore National Laboratory
(LLNL) and then shipped to LLE at liquid nitrogen temperature
for attachment to a stalk. The second target was filled at LLE
with 16.7 atm of 38.3% tritium in DT, or an equivalence of
3.2 atm of T2 gas. This target was attached to its support stalk
using ~80 ng of epoxy prior to filling with DT. Both targets
exhibited strong bremsstrahlung emission with fluorescence Ka
peaks for aluminum and oxygen. Additionally, the target filled
at LLE presented silicon and sulfur Ka lines. Tritium soaked
into the silicon stalk and the epoxy while the target was filled
with tritium at LLE and subsequently fluoresced the silicon
and the sulfur present in the epoxy. The larger amplitude of the
aluminum Ka line found in the emission spectrum of the LLNL
target may be attributed to the higher tritium pressure and thinner shell wall in that target by comparison to the LLE target.
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Figure 148.20
Five-minute spectra of the three glass targets listed in the table. These targets
were fielded on OMEGA.
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Figure 148.21
Five-minute spectra collected from two plastic targets: one filled to 3.2 atm
of T2; the other filled with 4.2 atm of T2.

Beta particles that emerge from the plastic targets can
interact with the detector window if the detector is within the
beta range. This effect is demonstrated in Fig. 148.22, where
emission spectra from plastic and silica targets are compared
at 2.54 cm and 1.27 cm from the detector. The silica target
exhibits the same bremsstrahlung spectrum at 1.27 cm as it
does at 2.54 cm since no betas escape the shell. On the other
hand, the emission spectrum from the plastic target develops
a more-pronounced bremsstrahlung signature than the silica
target at 1.27 cm when the target is close enough to the detector
for escape betas to interact with the detector window.
LLE Review, Volume 148
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Figure 148.22
Comparison of spectra collected from glass and plastic targets at two distances
from the detector to illustrate how decay betas escape from plastic targets
interacting with the detector.

Correlation Between Plastic Target Activity and Pressure
Gas loss from plastic targets is approximately exponential.
The permeation time constant is measured for each target
using D2 gas at General Atomics after fabrication. These time
constants are then used to guide the tritium-filling rate. Once
charged to the desired pressure with tritium gas, the targets
are placed in cold storage to reduce permeant losses. Targets
at LLNL are stored at 77 K, increasing the permeation time
constant by a factor of about 1100, while targets at LLE are
stored at 150 K, increasing the permeation time constant by a
factor of about 800.
The x-ray spectra of five plastic targets were taken continuously while they were outgassing at room temperature to correlate the tritium activity against the gas pressure. All targets
were measured at 2.54 cm from the detector face to suppress
bremsstrahlung from the detector membrane. The environment was purged with helium at a flow rate of 4 L/min during
measurements to prevent a buildup of tritium in the housing

as targets outgassed. Two targets (A1 and B1) were measured
immediately after removal from cold storage during the diagnostic development campaign and then again after five days of
outgassing at 24-h intervals for an additional five days. Three
targets (A2, B2, and B3) were measured continuously upon
removal from cold storage for a period of six days to obtain the
energy/time spectrum. The targets in Group A were filled at
LLE with 16.7 atm of DT (38.3% tritium) or an equivalent T2
fill pressure of 3.2 atm while the targets in Group B were filled
at LLNL with T2. Estimates of tritium content in the targets
at the time of the initial x-ray emission measurement and the
shell composition are provided in Table 148.V.
All targets were mounted at LLE. For the ease of comparison, DT-filled targets are from here on reported in their
equivalent T2 concentrations.
The time evolution of the spatially integrated count rate of
the targets takes on the shape of a double-exponential function as seen in Fig. 148.23. Decay betas from two sources
are most likely responsible for the shape of the activity–time
curve: decay betas from tritium gas inside the shell and decay
betas from tritium dissolved in the target shell. The decay in
activity is the result of losing tritium through diffusion through
the shell or the dissolution of tritium out of the shell into the
helium gas flow away from the detector. The two sources are
referred to as the “gas activity” and the “shell activity” to
differentiate between the two sources and their effect on the
time evolution of the spectrum. The time constant for the gas
activity component is expected to be short and dependent on
the gas pressure in the target. The shell activity is expected to
have a very long time constant since the tritons are most likely
chemically bound in the plastic. A 40-h measurement of the
change in the baseline activity suggests the time constant for
the shell activity is of the order of 3.6 years.

Table 148.V: Tritium-fill pressure and the estimated tritium pressure in each target at the time
of the x-ray measurement.

Target ID

Tritium-fill pressure
(atm)

A1
A2
B1
B2
B3

3.2*
3.2*
5.0
5.1
12.2

*Actual
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Estimated target pressure at time
of x-ray measurement
(atm)
2.9
2.4
3.6
3.2
12.2

Shell composition
CD
CH
CH
CD
CD

fill pressure of 16.7 atm using 38.3% T in DT.
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Figure 148.23
The time evolution of the spectrally integrated count rate of three plastic
targets outgassing at room temperature.

The spectra were fit with weighted double-exponential
functions after reaching the baseline shell activity and using
3.6 years as the half-life for the shell’s exponential function.
Using the measured coefficients, the gas and shell activity were
deconvolved from the spectra by subtracting each from the raw
data as shown in Fig. 148.24. The measured permeation time
constants for the gas activity source are provided in Table 148.VI
and compared against the values provided by General Atomics.
In each case the DT time constants are longer by at least 50%
than the reported time constants determined with D2 gas.
The pressure of the targets at each measurement interval was
calculated using the reported soak time and fill pressures and
the measured DT time constant, assuming the tritium loss rate
from the target to be exponential. Table 148.VII compares the
soak and fill pressures. The calculated target pressure evolution was plotted against the deconvolved gas activity evolution
and is shown in Fig. 148.25. Pressure correlates linearly with
activity as expected. The slopes of the pressure–activity curves
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Figure 148.24
The continuous x-ray spectrum from a plastic target deconvoluted to show the
contributions from the DT gas inside the target and from DT gas dissolved
in the plastic.

10

Pressure (atm)

Intensity (×104 counts/h)

Commissioning an X-Ray Detector System for Spectral Analysis of Tritium-Filled Targets

A2
B2
B3
B3 adjusted

8
6
4
2
0

E25776JR

0

10

20

30

40

50

Activity (counts/h × 103)

Figure 148.25
The calculated DT pressure loss from a plastic target compared against the
x-ray emission from the residual DT inside the plastic target.

Table 148.VI: Comparison of the D2 reported time constant with the measured time constant using DT.

Target ID
A2
B2
B3

D2 reported time constant
(h)
5.1
11.3
23.7

Mass-adjusted time constant
(h)*
5.7
13.8
26.5

DT time constant
(h)
12.8
20.2
39.0

Ratio of measured/reported
2.3
1.5
1.5

*GA

reported half-lives converted to a DT-equivalent time constant using a root-mass difference of the hydrogen isotopologues: D2, DT,
and T2, i.e., 5 4 and T2 by 3 2 .
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for targets A2 and B2 lie within 8% of one another, while the
slope for target B3 is 1.6 # greater than the average slopes of
the other two targets. Taking the measured tritium activity to
be accurate with <1% error in the counting statistics, the initial
fill pressure of B3 should be closer to 7.6 atm of T2 as opposed
to the reported 12.2 atm. The pressure–activity curve for B3
using a fill pressure of 7.6 atm of T2 (shown in Fig. 148.25)
is observed to fall in line with the curves for the other two
targets. The reduced fill pressure is being determined under
the assumption that targets A2 and B2 had more accurately
reported fill pressures since their slopes were within 8% of
each other.

comparison with future glass targets, allowing targets to be
screened for low, or vacant, tritium content.

The shell activity of each target was measured independently
using liquid scintillation counting at the end of each measurement campaign. Each target was crushed in liquid scintillation
fluid to capture any residual tritium. Each crushed shell was
soaked in the liquid scintillation fluid for several days to leach
tritium from the plastic. A 1-mL aliquot was extracted from
the leachate and measured in the liquid scintillation counter.
These activities are also summarized in Table 148.VII. The
shell activity was found to be linearly proportionate to the fill
pressure of the target, or the initial total activity. Additionally,
the plastic walls retained ~30% of the initial target activity.

The target fill pressure at the time of x-ray measurement
was calculated taking into account the different half-lives, fill
pressures, and storage times of the targets. Based on the target
fill pressure, the activity of A2 was calculated to be 17% lower
than A1. The measured activity of A2 was 16% less than A1
for a +1% difference. The targets from Group B exhibited significant deviation from their expected activities. The difference
between the expected and measured activities is attributed to
an underestimate in the permeation time constant. Adjusting
for the longer time constant in the activity of B3 reconciles the
apparent discrepancy in the pressure–activity curve when the
B3 curve is compared against the curves measured for A2 and
B2. The fill pressure of B2 at the time of measurement was
calculated to be 7% less than B1, with an expected similar difference in activity. The actual measured activity for B2 was 11%
greater than B1 for a difference of +18%. The actual fill pressure
of B3 was calculated to be ~33% less than the value reported
by General Atomic, based on the slope of the pressure versus
activity over time when compared with targets A2 and B2.

Conclusions
An XDS has been developed and successfully commissioned with an intended application of nondestructively measuring the activity in tritium-filled targets. The XDS allows for an
expedient verification of tritium content in a target prior to it
being loaded into the OMEGA target chamber. The measured
activities of two of the glass targets have been measured to
have a Si Ka activity rate within 5% of each other, which corresponded to neutron yields within 10% after being imploded
by the 60-beam OMEGA Laser System. This activity in glass
targets is believed to provide a suitable initial baseline for

The T2 permeation half-life has been measured for three
plastic targets by continuously measuring the decrease in
activity over a period of six days each. The measured half-lives
were observed to be between 1.5# and 2.3# longer than the corresponding D2 half-life values measured by the manufacturer,
after taking into account the root–mass difference for DT and
T2. The activity of the tritium bound to the shell was observed
to be proportionate to the initial fill pressure. The shell activity
was ~30% of the total activity in the target.

The XDS is a robust, nondestructive technique for confirming the actual tritium fill pressure in either glass or plastic
targets.

Table 148.VII: Comparison of the shell activity to fill pressure and total target activity.

Target ID

Soak pressure
(atm)

Target pressure
(atm)

Fill-to-destruction
duration

Shell activity
(kBq)

A2
B2
B3

3.2*
5.1
12.2

2.4
3.2
7.6**

48
46
53

926
950
1259

Shell activity/
target pressure
(kBq/atm)
386
297
166

Shell/total
activity
(%)
31
28
29

*Adjusted

**Fill

for the actual T2 content.
pressure based on known soak time and DT measured time constant.
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The Eighth Omega Laser Facility Users Group Workshop

Introduction
The Eighth Omega Laser Facility Users Group (OLUG) Workshop was held at the Laboratory for Laser Energetics (LLE)
on 27–29 April 2016. More than 110 scientists, postdoctoral
fellows (postdocs), and students from institutions in the U.S.
and abroad attended the workshop. As has been the case in
previous workshops, postdocs and students received travel
support for the workshop from the Department of Energy’s
(DOE’s) National Nuclear Security Administration (NNSA).
The Workshop Program
The workshop program included an overview on the National
Inertial Confinement Fusion (ICF) Program presented by Keith
LeChien from NNSA; four review and science talks by Craig
Sangster (National ICF Direct-Drive Program), Carlo Graziani
(Inferring Morphology and Strength of Magnetic Fields from
Proton Radiographs), Philip Nilson (High-Resolving-Power,
Ultrafast Streaked X-Ray Spectroscopy on OMEGA EP), and
Jonathan Davies (An Overview on Laser-Driven Magnetized

Liner Inertial Fusion on OMEGA); one Omega Laser Facility
talk given Samuel Morse (Progress on Recommendations and
Items of General Interest); three poster sessions including a total
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Figure 148.26
Craig Sangster (LLE) discussed the National ICF Direct-Drive Program.
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Figure 148.27
Attendees at the Eighth Omega Laser Facility Users Group Workshop.
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of 76 research posters and 15 Omega Laser Facility posters (the
majority of the contributed posters were presented by postdocs
and students) two mini-workshop sessions dedicated to streak
cameras (organized by Charles Sorce) and magneto-inertial
fusion electrical discharge system (MIFEDS) (organized by
Gennady Fiksel); a students and postdocs panel discussion; a
discussion and presentation of the Findings and Recommendations (p. 197); and research and career opportunity talks by
representatives from Lawrence Livermore National Laboratory
(LLNL) (Robert Heeter), Los Alamos National Laboratory
(LANL) (S. Batha), Sandia National Laboratories (SNL)
(P. Knapp), and LLE (Michael Campbell).
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Figure 148.28
Carlo Graziani (University of Chicago) gave a talk on inferring morphology
and the strength of magnetic fields from proton radiographs.
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Figure 148.29
Philip Nilson (LLE) gave a talk on high-resolving-power, ultrafast streaked
x-ray spectroscopy on OMEGA EP.
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Student and Postdoctoral Poster Awards
In an effort to motivate and reward excellence in young
researchers, the posters presented at the OLUG Workshop by
students and postdocs are reviewed and ranked by a committee
of scientists. As a result, prizes and honorable mentions are
given to those posters at the top of the ranking. The following
are the awards granted at this OLUG Workshop:
Student Awards
1st prize: Scott Feister, Ohio State University, “Acquisition and
Analysis for High-Repetition-Rate HEDP (10 Hz to 1 kHz)”

U2054JR

Figure 148.30
Patrick Knapp discussed research and career opportunities at Sandia National
Laboratories.
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Figure 148.31
Michael Campbell discussed research and career opportunities at LLE.
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2nd prize: Jeffrey Fein, University of Michigan, “Modeling of
OMEGA EP Experiments Studying Z Dependence of the
Two-Plasmon–Decay Instability”

Honorable-Mention Awards
Kevin George, Ohio State University, “Modifying the TNSA
Ion Spectrum with Front-Surface Microstructures”

3rd prize: Samuel Totorica, Stanford University, “Non-Thermal
Electron Energization from Magnetic Reconnection in
Laser-Driven Plasmas”

Amina Hussein, University of Michigan, “Optimization of Cold
K-alpha Emission Using Copper Foams”
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Figure 148.32
Student and postdoc poster awardees. From left to right, back row: Hans Rinderknecht, Alex Zylstra, Scott Feister, Jeffrey Fein, Samuel Totorica, and Hong
Sio; front row: Willow Wan, Theodore Lane, and Amina Hussein. Also on the far right, front row are Maria Gatu Johnson and Craig Sangster who led the
poster awardees selection process.
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Figure 148.33
Rachel Young (University of Michigan) presented a poster on laser-generated
plasma jets.
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Figure 148.34
Federica Coppari (LLNL) discusses her poster on equation-of-state measurements on OMEGA.
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Bylaws, Nominations, and Election
In the fall of 2015, members of OLUG approved the first set
of bylaws for OLUG. Paul Drake (University of Michigan) gave
a presentation on the bylaws and the approval process. Based
on the guidelines established by the bylaws, Roberto Mancini
(University of Nevada, Reno) led in the winter of 2016 the
first nomination and election to select two new members for
OLUG’s Executive Committee (EC): one representative from
a U.S. university/small business and one representative from a
national laboratory/major business. To this end, a nominations
committee was set up comprised of Roberto Mancini (Chair),
U2051JR

Figure 148.35
Cody Parker (Ohio State University) presented a poster on nuclear reactions
with application for ICF diagnostics.

Theodore Lane, West Virginia University, “Improving the Fidelity of Interpreting Time-Averaged Spectra on Z for Development of a Multi-Element Stark-Broadening Diagnostic”
Mary Kate Ginnane and Ethan Turner, State University of New
York at Geneseo, “Time-Resolved Tandem Faraday Cup
Development for High-Energy TNSA Particles”
U2056JR

Willow Wan, University of Michigan, “Observation of Vortex
Merger and Growth Inhibition in a Dual-Mode, Supersonic
Kelvin–Helmholtz Instability Experiment”

Figure 148.36
Paul Drake (University of Michigan) discussed the OLUG bylaws approved
in the fall of 2015.

Hong Sio, Massachusetts Institute of Technology, “Studies of
Kinetic/Multi-Ion–Fluid Effects and Ion–Electron Equilibration in ICF Plasmas Using Multiple Nuclear and X-Ray
Emission Histories”
Postdoctoral Fellow Awards
1st prize: Hans Rinderknecht, Lawrence Livermore National
Laboratory, “Studies of Ion Species Separation in ICFRelevant Plasmas at Omega”
2nd prize: Alex Zylstra, Los Alamos National Laboratory,
“Studying Astrophysical Nucleosynthesis Using Inertially
Confined Plasmas at Omega”
3rd prize: Siddarth Patankar, Lawrence Livermore National
Laboratory, “Initial Results of Short-Pulse Laser Interactions with Optically Levitated Microdroplets”
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Figure 148.37
Roberto Mancini (University of Nevada, Reno) explained the nomination and
election process carried out in the winter of 2016.
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Tammy Ma (LLNL), and Farhat Beg (University of California, San Diego). This committee requested nominations from
OLUG members from mid-January through mid-February of
2016. The election, which followed in February and March,
resulted in the selection of Johan Frenje (MIT) and Mingsheng
Wei (GA) as new members of the EC. Current members of
OLUG’s EC for April 2016–April 2017 include the following:

The first chairperson of OLUG, Richard Petrasso, has
stepped down after leading OLUG for the eight years since its
creation. The EC and the members of OLUG are very grateful to Richard Petrasso for his leadership, commitment, and
generous dedication to making OLUG a success and serving
as a role model for other facility users groups in the U.S. in the
area of high-energy-density science.

• Chair: Roberto Mancini (University of Nevada, Reno)

Summary of Findings and Recommendations
An important outcome of OLUG’s annual workshop is the
list of Findings and Recommendations that OLUG submits for
consideration to LLE’s management. The list of 2016 Recommendations is summarized below, including those put forward
by the postdocs and student panel.

• University/small business: Paul Drake (University of
Michigan), Johan Frenje (MIT), and Mark Koepke (West
Virginia University)
• National laboratory/major business: Peter Celliers (LLNL),
Kirk Flippo (LANL), and Mingsheng Wei (GA)

1.

A two-step upgrade of the magnetic-field capability on
OMEGA: first, increase the magnetic field to 30 T within
the next two years; second, a future enhancement to
increase to 50 T.

2.

Investigate the “straight-through” issue with the streaked
x-ray spectrometer (SXS-SSCA) including the option of
replacing the TIM-based streak camera (SSCA) with a
newer/better camera.

• Junior researcher: Alex Zylstra (LANL)
• Non-U.S. researcher: Peter Norreys (Rutherford Laboratory, U.K.)
• LLE, ex-officio: James Knauer
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Figure 148.38
OLUG Executive Committee for April 2016–April 2017. From left to right: Johan Frenje (MIT), Mingsheng Wei (GA), James Knauer (LLE), Roberto Mancini
(University of Nevada, Reno, Chair), Alex Zylstra (LANL), Peter Celliers (LLNL), Kirk Flippo (LANL), Paul Drake (University of Michigan), and past-chair
Richard Petrasso (MIT). Not shown in the photo: Mark Koepke (West Virginia University) and Peter Norreys (Rutherford Laboratory, U.K.).
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Figure 148.39
Paul Drake led the discussion on the Findings and Recommendations.

Figure 148.40
Students and postdocs are shown during their panel discussion session.

3.

Make a second x-ray streak camera available on OMEGA
with capabilities similar to those of SSCA.

4.

Implement a Rochester Optical Streak System (ROSS)
streak camera on OMEGA for the particle and x-ray temporal diagnostic (PXTD).

11. Improve the projection capability of the OLUG Workshop
conference room so that material being used in the discussion sessions can be projected from any Windows laptop
or MacBook in the room.

5.

6.

Use charge-coupled–device (CCD) detectors with the x-ray
framing cameras on OMEGA EP.
Implement a standardized calibration procedure of the
OMEGA optical Thomson-scattering system.

7.

Implement faster framing cameras for Thomson-scattering
measurements on OMEGA.

8.

Undertake the necessary modifications on frequency conversion, final focusing optics, and distributed phase plates
to enable a 2~ operation on one of the long-pulse beams
of OMEGA EP.

9.

Implement near-backscatter–imager (NBI) and timeintegrated scatter calorimeter (SCAL) diagnostics on
OMEGA EP.

10. Reconfigure the spherical-crystal-imaging (SCI) diagnostic hardware on OMEGA EP to a design similar to the SCI
operational on OMEGA, where the line-of-sight block is a
component held by the same ten-inch manipulator (TIM)
and the detector is outside of the TIM.
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12. Make several improvements to OMEGA’s capability to
measure low-energy neutron spectra in a DT background.
13. Enhance the active shock breakout (ASBO)/streaked optical pyrometer (SOP) diagnostic.
14. Install a planar cryogenic system on OMEGA EP to
provide an additional capability that could complement
the National Ignition Facility (NIF) capability and significantly broaden the possibilities for experiments in this
area of study.
15. Consider adding plasma sacrificial mirrors to OMEGA EP.
16. Investigate the implementation of an enhanced laser pulseshaping capability on OMEGA.
17. Allocate more resources to the CR39 etch/lab group to better support the increasing demand of this detector system
on OMEGA and OMEGA EP experiments.
18. Consider making gas jet targets available for OMEGA and
OMEGA EP.
19. Consider the development of a high-spectral-resolution
x-ray spectrometer for OMEGA.
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20. If possible, avoid parallel OLUG Workshop sessions in
the future. We recommend that next year’s evening session focus on x-ray imaging techniques. We appreciate the
reinstatement of the national labs session on Friday and
recommend additional opportunities for career-oriented
interaction between young researchers and representatives of the laboratories—for example, during lunch or
by creating an employment-opportunities board. The
student/postdoc representative will organize these events
at the 2017 workshop in consultation with the rest of the
executive committee.
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21. Continue the effort to improve and modernize webbased resources. We also recommend that LLE commits resources to development in two new areas: first,
enhance the data downloading capability: exporting shot
request form (SRF) configuration data as a “parseable
file” (e.g., XML), providing diagnostic characterization
information, and moving all results and analysis to the
Principal Investigator (PI) computer; second, overhaul the
data access permissions so that they are more reliable and
potentially more granular, rather than blanket institutionbased access.
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LLE’s Summer High School Research Program

During the summer of 2016, 13 students from Rochester-area
high schools participated in the Laboratory for Laser Energetics’ Summer High School Research Program. The goal of
this program is to excite a group of high school students about
careers in the areas of science and technology by exposing
them to research in a state-of-the-art environment. Too often,
students are exposed to “research” only through classroom
laboratories, which have prescribed procedures and predictable results. In LLE’s summer program, the students experience many of the trials, tribulations, and rewards of scientific
research. By participating in research in a real environment,
the students often become more excited about careers in science and technology. In addition, LLE gains from the contributions of the many highly talented students who are attracted
to the program.
The students spent most of their time working on their
individual research projects with members of LLE’s technical
staff. The projects were related to current research activities at
LLE and covered a broad range of areas of interest including
laser physics, computational modeling of implosion physics,
experimental diagnostic development, experimental modeling
and data analysis, physical chemistry, optical design, tritium
capture and storage, cryogenic target characterization, and
scientific web page development (see Table 148.VIII).
The students attended weekly seminars on technical topics associated with LLE’s research. Topics this year included
laser physics, fusion, holography, nonlinear optics, atomic
force microscopy, optical instruments, and pulsed power. The
students also received safety training, learned how to give scientific presentations, and were introduced to LLE’s resources,
especially the computational facilities.
The program culminated on 24 August with the “High
School Student Summer Research Symposium,” at which the
students presented the results of their research to an audience
including parents, teachers, and LLE staff. The students’ written reports will be made available on the LLE Website and
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bound into a permanent record of their work that can be cited
in scientific publications.
Three hundred and fifty-three high school students have
now participated in the program since it began in 1989. This
year’s students were selected from approximately 60 applicants.
At the symposium LLE presented its 20th annual William D.
Ryan Inspirational Teacher Award to Mrs. Shayne Watterson,
a chemistry teacher at Penfield High School. This award is
presented to a teacher who motivated one of the participants
in LLE’s Summer High School Research Program to study
science, mathematics, or technology and includes a $1000
cash prize. Teachers are nominated by alumni of the summer
program. Mrs. Watterson was nominated by Emma Garcia
and Felix Weilacher, participants in the 2014 program. Emma
wrote, “Mrs. Watterson inspired me and the rest of her classes
every single day, regardless of the difficulty of the topic…
Mrs. Watterson’s enthusiasm for her subject is unmistakable…
Plenty of times she came up with creative and fun ways
for us to learn new concepts. For example, she made up an
electromagnetic wave dance to show how the electric wave
and the magnetic wave combine and move together.” She
noted that Mrs. Watterson “is concerned with the success of
each of her students as individuals” and concluded by saying,
“Mrs. Watterson is probably the best teacher I have ever had,
and has showed me both how much fun science can be and how
I can pursue it as a career.” Felix said of Mrs. Watterson, “There
are those who choose to make lives out of leading and inspiring
future generations, and for their efforts our communities are
certainly and greatly enriched.” He noted that Mrs. Watterson
“spent huge amounts of time with individual students, be it after
school or during free periods, helping them steadily through
areas they did not understand.” He described Mrs. Watterson
as “a truly inspirational teacher, who can affect a student in
wonderful ways, pushing the student into new experiences,
guiding the student through new layers of learning, and
unlocking that student’s potential.”
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Table 148.VIII: High School Student and Projects—Summer 2016.

Name

High School

Supervisor

Kyle Bensink

Victor

D. W. JacobsPerkins

Post-Shot Data Analysis Tools for Cryogenic
Target Shots

Lindsay Browning

Penfield

R. S. Craxton

Development of a Standardized Saturn Ring
for Proton Backlighter Targets at the National
Ignition Facility

James Hu

Brighton

R. W. Kidder

Using Social Media Technologies for Online
Scientific Analysis and Collaboration

Webster Kehoe

Wilson Magnet

R. S. Craxton

Beam-Pointing Optimizations for OMEGA
Implosions

Grace Lenhard

Prattsburgh

W. T. Shmayda

Characterizing a Cu/Mn Alloy for Extracting Oxygen
from Inert Gas Streams

Joseph Mastrandrea

Webster Thomas

W. T. Shmayda

Measuring Hydrogen Pressure over a Palladium Bed

Nathan Morse

Allendale Columbia

M. J. Guardalben

Sapna Ramesh

Pittsford Mendon

K. L. Marshall

Archana Sharma

Webster Schroeder

A. Kalb

Jonah Simpson

Brighton

C. Stoeckl

Validating the Fast-Ion Energy Loss Model
in the Monte Carlo Simulation Toolkit Geant4
and Simulating Laser-Driven Nuclear Reaction
Experiments on OMEGA EP

Matthew Wang

Pittsford Sutherland

C. Stoeckl

Impulse Response Calibration of a Neutron Temporal
Diagnostic Using the Multi-Terawatt Laser

Leah Xiao

Webster Schroeder

R. S. Craxton

Simulations of Laser-Driven Magnetized-Liner
Inertial Fusion

Joy Zhang

Penfield

R. T. Janezic

Development of a Digital Microscope
for the Characterization of Defects
in Cryogenic DT-Filled Targets
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Project Title

OMEGA Frequency-Conversion Crystal Designs
for Improved Power Balance
Characterization of the Electrical Properties
of Contaminated Dielectric Oils
for Pulsed-Power Research
Design and Optimization of a Portable Wavefront
Measurement System for Short-Coherent-Length
Laser Beams
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During FY16, the Omega Facility conducted 1414 target shots
on OMEGA and 779 target shots on OMEGA EP for a total of
2193 target shots (Tables 148.IX and 148.X). OMEGA averaged 11.7 target shots per operating day with Availability and
Experimental Effectiveness averages for FY16 of 95.6% and
96.6%, respectively.

OMEGA EP was operated extensively in FY16 for a variety
of internal and external users. A total of 718 target shots were
taken into the OMEGA EP target chamber and 61 joint target
shots were taken into the OMEGA target chamber. OMEGA EP
averaged 7.9 target shots per operating day with Availability
and Experimental Effectiveness averages for FY16 of 96.9%
and 95.8%, respectively.

Table 148.IX: OMEGA Laser System target shot summary for FY16.

Laboratory/
Program
CEA
HED
LANL
LBS
LLE
LLNL
NLUF
SNL
Calibration
Total

Planned Number
of Target Shots
44
423.5
44
115.5
352
77
198
22
0
1276

Actual Number
of Target Shots
55
491
52
136
327
75
232
22
24
1414

ICF
—
—
52
—
—
75
—
22
—
149

Shots in Support
of ICF
—
—
—
—
327
—
—
—
24
351

Non-ICF
55
491
—
136
—
—
232
—
—
914

Table 148.X: OMEGA EP Laser System target shot summary for FY16.

Laboratory/
Program
HED
LBS
LLE
LLNL
NLUF
NRL
SNL
Calibration
Total

202

Planned Number
of Target Shots
180
54
120
12
90
18
24
0
498

Actual Number
of Target Shots
292
82
161
14
110
25
37
58
779

ICF
—
—
—
14
—
25
37
—
76

Shots in Support
of ICF
—
—
161
—
—
—
—
58
219

Non-ICF
292
82
—
—
110
—
—
—
484
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FY16 Laser Facility Report
Highlights of Achievements in FY16
Spherical implosions on the OMEGA Laser System benefit
from symmetric laser drive and uniform beam focal spots.
As we continue to seek higher implosion pressures, we have
embarked upon a system-wide campaign for improvements in
subsystems to achieve improved power balance and uniformity.
In FY16, efforts have focused on temporally balancing the
energy over 100-ps intervals of the pulse shape. To achieve this,
each stage of beam splitters, spatial filters, and amplifiers must
have the passive transmission losses and active gain balanced.
An observed visible scatter (haze) has developed on several
amplifier disks over 21 years of service, prompting investigation of transmission in situ. The haze is a scattering source
for IR light and is a primary loss mechanism in the OMEGA
system. Efforts in FY16 led to the discovery that this haze
can be cleaned and the disks restored to pristine transmission
characteristics. Since each amplifier exhibits a unique amount
of haze, we will utilize system time in FY17 to systematically
address the losses. Additionally, the spatial-filter transmission
is affected by damage sites in the lenses. A tighter threshold for
replacement was adopted in FY16 to minimize contributions to
imbalance. We also completed development of a characterization tool to ensure quantitative measurement of the lens-damage
site area within the beam aperture.
The OMEGA equivalent-target-plane diagnostic is a precision far-field laser instrument for characterizing the on-target
beam uniformity. It has existed since FY01 and had been used
to sample Beam 46 for 15 years. During FY16 it was changed
from Beam 46 to Beam 56 to allow a second sample of the
laser system. This capability will be used in FY17 to further
study the on-target focal spot compared to x-ray images of
the same beam recorded on an x-ray charge-coupled–device
(CCD) diagnostic.
The relative phase of OMEGA smoothing by spectral dispersion (SSD) modulators gives an effective pointing shift to
the on-target focal spot when SSD is used on picket pulses.
This phenomenon led LLE to synchronize the modulators to
the pulse shape. Previously, the co-timing has been set at the
beginning of the day using target shots in an operationally
costly manner. This year, a pulse shape was created that has
a temporal profile matching the modulation period so that
the majority of setup can be achieved before target shots and
verified during the standard setup shots such as the pointing
shot. Additionally, a streaked spectrometer at the output of
the system has been fabricated and dedicated to SSD phase
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measurement, ensuring that drift does not limit this key aspect
of focal-spot position during the campaign.
Several efforts have also been pursued to improve laser
capabilities on OMEGA. The beam-to-beam timing system has
been optimized to reduce the mean arrival time of the pulse to
<3-ps root mean square (rms).1 This method was demonstrated
in FY15 and refined to enable quarterly calibration runs during
FY16. The UV spectrometer focus was improved and spectrally calibrated using an in-house laser source matched to the
primary wavelength. The OMEGA users identified a need for
additional beam blocks to prevent blowthrough on the target
chamber. Nine additional units were acquired, increasing the
total available to 15.
LLE has supported laser-driven MagLIF (magnetized
liner inertial fusion) experiments on OMEGA, including
experiments where preheating the gas within a magnetized
cylindrical target during compression is required. MagLIF
on OMEGA utilizes 40 laser beams to compress a cylindrical
target, one beam to preheat the fuel, and the magneto inertial
fusion electrical discharge system (MIFEDS) to provide an
axial magnetic field. A project was implemented in FY16 to
improve the symmetry by properly orienting a single laser
beam with respect to the compression beams. This symmetry
is not readily available with the spherical symmetry of beams
on OMEGA. The Beamline 35 pulse is redirected with the use
of multiple mirrors to Port P9 and focused onto the cylindrical
target using a newly acquired focus lens for the third-harmonic
(351-nm) light. The energetics of Beam 35 are controlled by
detuning frequency-conversion efficiency to achieve ~200 J
in a 2-ns pulse.
The OMEGA EP short-pulse laser presents a number of
challenges to operation because of the high fluence of the beam.
Early in FY16, the lower-compressor diagnostic beam path was
augmented with a large-aperture, neutral-density (ND) filter to
reduce the accumulated B-integral distortions and enable the
ability to diagnose the temporal and spectral characteristics of
the signal path beam at higher energies. Significant improvements in the available uniformity of filter glass made it possible
to calibrate the spatial transmission of this optic. This action
ensured the safe operation of the laser at energies much closer
to the upper-compressor capabilities.
Numerous improvements have been made to the OMEGA EP
Laser System including an overhaul of the SBSS (stimulated
Brillouin scattering suppression) system. This system ensures
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that acoustic waves are not generated during propagation
of laser pulses by giving the beam a small amount of bandwidth to avoid the nonlinear Brillouin scattering effect. This
effort reduced the amount of lost shot time from >600 min
to <40 min per quarter. The short-pulse diagnostic package
scanning autocorrelator was upgraded with an improved CCD
detector replacing a photodiode, and the ultrafast temporal
diagnostics (UTD) upgrade continued to explore the capabilities of pulse lengths between best compression (~700 fs) and
10 ps. The UTD scopes were ordered and will be installed in
early FY17.
Additional diagnostic capabilities added in FY16 include a
low-yield neutron time-of-flight diagnostic on the H15 port of
OMEGA, covering a new range of neutron energies. The proton temporal diagnostic received a 3-cm nose cone, enabling
one to more precisely measure DD and D3He reaction history.
LLE has taken important steps in the development of
future target diagnostics, one of which is the OMEGA EP subaperture backscatter system—an initial capability established
in FY16. This hardware will measure the stimulated Brillouin
and stimulated Raman scattering bands on a UV beam from

204

the target. Measurements began in the fourth quarter and will
be used to define the final system architecture.
Important time-integrated measurements of the highresolution spectrometer diagnostic were completed in FY16.
The shots collected data on scientific cameras (future use will
include a streak camera for time-resolved measurements) using
the two crystal options and paved the way for final design of
the system.
The Experimental Operations and support groups have
integrated several new key features to improve operational efficiency. The OMEGA Target Bay structure has been augmented
with 600 ft2 of additional decking space to make storage of
the increasing ten-inch–manipulator diagnostic inventory more
readily available. Additionally, the darkrooms have been outfitted with digital scanners to rapidly provide a moderate resolution image of film-based data to the Principal Investigator and
aid in experimental direction during the campaign.
REFERENCES
1. W. R. Donaldson, J. Katz, R. Huff, E. M. Hill, J. H. Kelly,
J. Kwiatkowski, R. B. Brannon, and R. Boni, Rev. Sci. Instrum. 87,
053511 (2016).
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Under the facility governance plan implemented in FY08 to
formalize the scheduling of the Omega Laser Facility as a
National Nuclear Security Administration (NNSA) User Facility, Omega Laser Facility shots are allocated by campaign. The
majority (68.2%) of the FY16 target shots were allocated to the
Inertial Confinement Fusion (ICF) Campaign conducted by
integrated teams from Lawrence Livermore National Laboratory (LLNL), Los Alamos National Laboratory (LANL), Naval
Research Laboratory (NRL), Sandia National Laboratories
(SNL), and LLE and the High-Energy-Density (HED) Campaigns conducted by teams led by scientists from the national
laboratories, some with support from LLE.
The Fundamental Science Campaigns accounted for 25.5%
of the Omega Facility target shots taken in FY16. Over 61%
of these shots were dedicated experiments under the National
Laser Users’ Facility (NLUF) Program, and the remaining
shots were allotted to the Laboratory Basic Science (LBS) Program, comprising peer-reviewed fundamental science experiments conducted by the national laboratories and by LLE.

FY16 NLUF Program
FY16 was the second of a two-year period of performance
for the NLUF projects approved for FY15–FY16 funding and
Omega Laser Facility shot allocation. Thirteen NLUF projects
(see Table 148.XI) were allotted Omega Laser Facility shot
time and conducted a total of 342 target shots at the facility.
The FY16 NLUF experiments are summarized in this section.
Fast-Electron Energy Coupling and Transport
in Warm Dense Plasmas
Principal Investigators: F. N. Beg and C. M. Krauland (University of California, San Diego)
Co-investigators: M. S. Wei (General Atomics); J. J. Santos
(Centre Lasers Intenses et Applications, Université Bordeaux);
and W. Theobald (LLE)
Graduate Students: S. Zhang and J. Peebles (University of
California, San Diego)

The facility users during this year included 13 collaborative
teams participating in the NLUF Program; 14 teams led by
LLNL and LLE scientists participating in the LBS Program;
many collaborative teams from the national laboratories and
LLE conducting ICF experiments; investigators from LLNL,
LANL, and LLE conducting experiments for high-energy-density–physics programs; and scientists and engineers from CEA.

Understanding the transport physics of an intense relativistic
electron beam in plasmas of varying density and temperature
is crucial for many high-energy-density systems, including
advanced ignition schemes (e.g., fast ignition and shock ignition) and energetic proton source generation. The fast-electron
current (>MA) produced from petawatt laser–matter interaction
is much greater than the Alfvén current, and while propagating
in plasmas, this super-Alfvénic electron beam draws a return
current of background electrons that acts as a neutralizing
force. As the return current propagates in the target, resulting
joule heating causes variations in the resistivity. Depending on
the medium and the current density, either divergence-causing
resistive filamentation instabilities or collimating resistive
magnetic fields can occur. This award investigates fast-electron
propagation in cold and pre-assembled large-volume plasmas
to understand the role of resistive effects.

In this article, we briefly review all the external user activity
on OMEGA during FY16.

In FY16 experiments, we used OMEGA EP to examine
electron-beam transport in allotropes of carbon. Samples of

The Omega Laser Facility was also used for several campaigns
by teams from the Commissariat à l’énergie atomique et aux energies (CEA) of France. These programs are conducted at the facility
on the basis of special agreements put in place by Department of
Energy (DOE)/NNSA and participating institutions.
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Table 148.XI: NLUF proposals approved for shots at the Omega Laser Facility for FY15–FY16.

Principal Investigator

Institution

Title

F. N. Beg

University of California, Fast-Electron Energy Coupling and Transport in Warm Dense Plasmas
San Diego

A. Bhattacharjee

Princeton University

Dynamics of Magnetic Reconnection and Instabilities of Current Sheets
in High-Energy-Density Plasmas

R. P. Drake

University of Michigan

Experimental Astrophysics on the Omega Laser Facility

T. Duffy

Princeton University

Dynamic Compression of Earth and Planetary Materials
Using the OMEGA Laser

P. Hartigan

Rice University

Magnetic Accretion Shocks and Magnetospheres in the Laboratory

R. Jeanloz

University of California, Exploring the Quantum Mechanics of Dense Matter
Berkeley

K. Krushelnick

University of Michigan

X-Ray Measurements of Laser-Driven Relativistic Magnetic
Reconnection Using OMEGA EP

D. Q. Lamb

University of Chicago

Nonlinear Amplification of Magnetic Fields in Laser-Produced Plasmas

E. P. Liang

Rice University

Creation of a Magnetized Jet Using a Hollow Ring of Laser Beams

R. D. Petrasso

Massachusetts Institute
of Technology

Explorations of Inertial Confinement Fusion, High-Energy-Density
Physics, and Laboratory Astrophysics

A. Spitkovsky

Princeton University

Generation of Collisionless Shocks in Laser-Produced Plasmas

M.-S. Wei

General Atomics

Hot-Electron Scaling in Long-Pulse Laser–Plasma Interactions Relevant
to Shock Ignition

L. Willingale

University of Michigan

High-Energy Electron-Beam Acceleration from Underdense Plasma
Using OMEGA EP

both single-crystal, chemical-vapor–deposition diamond and
vitreous carbon were compared since the atomic ordering of a
material can have a significant impact on resistivity itself. If the
ions are highly disordered, as in the case of vitreous carbon,
then electrons scatter incoherently and their mean free path
limited to the mean inter-ionic distance results in high resistivity. We used the OMEGA EP IR sidelighter beam (850 J, 10 ps)
to irradiate a 10-n m-thick coating of Al on both targets to
produce the electron beam. Transport and energy deposition are
inferred from the measured fast-electron–induced fluorescence
emission of a Cu tracer layer on the opposite side of the carbon,
seen in the target schematic of Fig. 148.41. We also compared
the initially cold target shots to those that were shock heated
from the high-energy, 4-ns-long pulse laser irradiation (~2 #
1014 W/cm2) onto a 30-nm CH ablator. The shock propagated
through the carbon layer toward the Al, creating a roughly
uniform heated medium behind the front. The electron beam
was then injected at various times relative to the shock location.
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Our results show distinct differences in the divergence of
hot electrons between the two initially cold samples. In data
from a spherical crystal imager (SCI) tuned to Cu Ka (~8 keV),
the short-pulse interaction with the Al target layer is recorded
by the bright bremsstrahlung spot produced at the interaction.
This provides a spatial fiducial for the 2-D, time-integrated Cu
fluorescence images resulting from electrons moving through
the target and impacting the Cu layer. SCI shows that strong
resistive filamentation occurs in the vitreous carbon but not
the diamond [Figs. 148.42(a) and 148.42(b)]. This is expected
from the instability growth analysis that shows the higher
resistivity leading to faster growth rates. When both targets
are first heated via long-pulse irradiation, the background and
high-angle divergence emission is significantly reduced and
a more-focused beam is evidenced in the diagnostics. Fig‑
ure 148.43(a) shows the difference in profiles for the cold
versus heated high-density carbon, suggesting a collimating
effect from magnetic-field growth. Similarly, in the vitreous
LLE Review, Volume 148
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Five-channel
electron
spectrometer
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Figure 148.41
Schematic of the shock-heated sample experiment in the OMEGA EP chamber
and the primary diagnostics detecting hot-electron characteristics. The targets
were either high-density carbon (HDC) or vitreous carbon (VC). Some shots
were performed without the UV beam in an otherwise identical configuration.

(b)
500-nm-thick
vitreous carbon

0.1
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Figure 148.42
Spherical crystal imager (SCI)–measured Cu Ka images from short-pulse–
only shots for (a) HDC and (b) VC. A spherical crystal imager (SCI) views
the target 73.4° off of target normal.
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bon case. Spectral analysis is ongoing but preliminary results
suggest significant variation in temperature when the electron
beam is injected at different delays. Particle-in-cell simulations
are being performed to separate the effects of resistive heating
and magnetic-field growth, including at target layer interfaces.

22727

carbon case, a more-localized emission is observed along the
target axis but there is no evidence of filamentation. When the
electron beam is injected into a fully shocked vitreous carbon
layer, the Cu Ka yield is comparable to the high-density car-

Shot number

Figure 148.43
(a) SCI spatial profile of fluorescence emission from copper in HDC shots,
showing evidence of a focused electron beam with bright localized emission
when the target is initially shock heated. (b) Plot of Cu K a photon yield
calculated from spectra recorded on the calibrated zinc von Hamos x-ray
spectrometer. While the overall signal drops when the targets are initially
heated, this is likely caused by the refluxing of electrons over the entire target, as seen in the SCI data. The red, blue, and yellow dots correspond to a
shock position 1/5, 2/3, and fully through the carbon target layer, respectively.
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Multi-Nanosecond X-Ray Source Characterization
on OMEGA
Principal Investigators: R. P. Drake, P. A. Keiter, and C. C.
Kuranz (University of Michigan)
Co-investigators: D. Shvarts, Y. Elbaz, and G. Malamud (Negev
Research Center); A. Frank and E. Blackman (University of
Rochester); and B. van der Holst (University of Michigan)
Graduate students: J. Davis and R. Van Dervort (University
of Michigan)

the gold, and that the foil density remains high enough to prevent the laser from penetrating through the foil up to 6 ns. As
foil thickness increases, the effective temperature decreases
significantly. The results were very reproducible.

Soft x-ray sources provide a unique tool for probing and
driving matter in high-energy-density systems. Our specific
interest is using them for laboratory-astrophysics experiments
driven by soft x rays at below 1 keV. To produce a readily
characterized source of such x rays, we used a gold conversion
foil, heated by high-energy laser beams, then acting as a quasiblackbody emitter. Previous sources of this type had durations
of 1 ns or less. Here, we used OMEGA to demonstrate a source
with a duration of 6 ns. To optimize the source for this duration, we characterized the temporal and spatial emission from
laser-heated foils of varying thickness.

(a)

We therefore have demonstrated that one can produce a
simple, reliable x-ray source near 100-eV effective temperature,
several nanoseconds in duration on OMEGA. We intend to use
this source for laboratory-astrophysics experiments.

To Dante

Non-irradiated
side

Incoming beams

To XRFC

We measured emission from both the irradiated and nonirradiated sides of the foil. The measurements of the irradiated
side provided a baseline for future comparison when the source
is used with a physics package and the emission from the nonirradiated side cannot be measured. From the Dante output
we inferred a time-varying effective temperature, defined as
the temperature of a blackbody source that would produce the
observed energy flux. The thinnest foils (0.5 nm) produce an
~6-ns, 100-eV source. Thicker foils result in a lower effective
temperature as well as a delay in the onset of emission. We were
surprised to find the emission to be sustained for 6 ns with a
foil as thin as 0.5 nm. Modeling of this case suggests that the
laser heating creates and sustains a heated region throughout
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Figure 148.44 shows a schematic of the experiments. The
experiments used 0.5-, 0.75-, 1.0-, and 1.5-n m-thick foils,
which were directly heated by a 2.0-kJ, 6-ns laser pulse
produced by overlapping laser beams that were smoothed
using SG5 phase plates, to produce a laser energy flux of 1 #
1014 W/cm2. We measured the spatial profile of the x-ray emission using an x-ray framing camera with a soft x-ray nose cone
to be able to image the x-ray emission in the 200- to 300-eV
and 400- to 500-eV bands in addition to imaging the harder
x rays. The Dante photodiode array measured the temporal
characteristics of the emission with particular focus on the
sub-keV energy bands [Fig. 148.44(b)].
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Figure 148.44
(a) Experimental schematic. The laser irradiates the left side of the gold, with
Dante and the x-ray framing camera (XRFC) performing most measurements
on the non-irradiated side. (b) Effective temperature versus time calculated
from the Dante voltage signals. The onset slows and the peak effective temperature decreases as foil thickness increases.

LLE Review, Volume 148

National Laser Users’ Facility and External Users’ Programs
Crystal Structure and Melting of a Laser-Shocked
Fe–Si Alloy
Principal Investigators: T. S. Duffy (Princeton University) and
R. G. Kraus (LLNL)
Co-investigators: R. F. Smith and F. Coppari (LLNL); J. K.
Wicks (Princeton); and T. R. Boehly (LLE)
Graduate Student: M. G. Newman (California Institute of
Technology)
The equations of state of potential Earth core alloys at pressures and temperatures near the solid–liquid coexistence curve
are important for understanding dynamics at the inner core
boundaries of the Earth and super-Earth extrasolar planets.
Silicon is one of the most-promising candidates for the light
element of the core. An iron–silicon alloy with composition
Fe–15wt% Si (Fe–15Si) has been shown to phase separate at
static high pressures into an Fe-rich hexagonal close-packed
(hcp) phase and a cesium chloride structured (B2) phase.1 This
decomposition requires chemical diffusion of atoms, which is
an inherently slow process. Previous studies of the structure and
melting behavior of the iron silicide system have been limited
to the more-modest temperatures and pressures that are attainable with a laser-heated diamond anvil cell. The OMEGA and
OMEGA EP Laser Systems offer the capability to probe the
iron silicide system at higher pressures and temperatures as
well as dramatically different time scales (~1 ns versus ~1 h).
We have conducted a series of laser-driven shock-melt
experiments on textured polycrystalline Fe–15Si samples on
OMEGA and OMEGA EP. Measured particle velocities in the
Fe–15Si samples using the line velocity interferometer system
for any reflector (VISAR) were used to infer the thermodynamic state of the shocked samples. In-situ x-ray diffraction
measurements using the powder x-ray diffraction imageplate (PXRDIP) diagnostic (Fig. 148.45) were used to probe
the melting transition and investigate the decomposition of
Fe–15Si into a Si-poor hcp phase and Si-rich B2 phase. Our work
addresses potential kinetic effects of decomposition caused by
the short time scale of laser-shock experiments. In addition, the
thermodynamic data collected in these experiments add to our
understanding of the equation of state of Fe–15Si, which is a
candidate for the composition in Earth’s outer core.
Our experimental results show a highly textured solid phase
upon shock compression to pressures ranging from 170 to
300 GPa. The high degree of texturing makes it difficult to
definitively identify the structure of the high-pressure solid
phases, and both hcp and B2 phases are considered candidate
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Figure 148.45
Schematic illustration of powder x-ray diffraction image-plate (PXRDIP)
diagnostic for x-ray diffraction measurements on OMEGA and OMEGA EP.
The diagnostic consists of a rectangular box whose interior is lined with image
plates. X rays from a backlight source are used to probe the crystal structure
of the laser-driven Fe–Si sample. The target package consists of an ablator,
Fe–Si sample, and a LiF window mounted on a pinhole that serves to collimate
the incident x rays. VISAR: velocity interferometer system for any reflector.

structures. Upon shock compression above 300 GPa, the intense
and highly textured solid diffraction peaks give way to diffuse
scattering and loss of texture, consistent with melting along the
Hugoniot (Fig. 148.46). This is the first direct determination of
Hugoniot melting of a Fe–Si alloy. These measurements will
enable us to place new constraints on the effect of alloying on
the melting temperature and crystal structure of iron near-Earth
core conditions.
Dynamics of Magnetic Reconnection
in High-Energy-Density Plasmas
P r incipa l I nvestigators: W. Fox, D. Schaeffer, a nd
A. Bhattacharjee (Princeton University); G. Fiksel (University
of Michigan); and D. Haberberger (LLE)
We have developed and conducted experiments on
OMEGA EP to study the phenomenon of magnetic reconnection. Magnetic reconnection occurs when regions of opposite
directed magnetic fields in a plasma can interact and relax to a
lower-energy state; it is an essential plasma-physics process in
many systems that governs the storage and explosive release of
magnetic energy in systems such as the Earth’s magnetosphere,
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the solar corona, and magnetic-fusion devices. The energy
thereby liberated can produce heat and flows and can cause a
large number of particles to accelerate to high energies.
These experiments on OMEGA EP used an externally applied
magnetic field of the order of 10 T as the seed field for reconnection. With an externally applied field, the fields undergoing
reconnection are under experimental control, so it is possible to
conduct experiments with variable fields and topologies.
We have successfully carried out two experimental shot
days on OMEGA EP. These experiments used the magnetized
colliding plasma platform developed by our group and first
published in Ref. 2.
The first shot day used the angular filter refractometry
diagnostic to observe the density evolution of the expanding
plumes. These experimental results provide a measurement of
the plasma density flowing with the magnetic field. This determines the plasma regime for reconnection and the flows and
allows us to apply accurate initial conditions in our computation
models of the colliding plumes and reconnection.
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Figure 148.46
(a) Representative x-ray diffraction data for shocked
Fe–15Si projected into 2i versus z space, which correspond to the polar and azimuthal angles about the
incident wave vector, respectively. The red arrows
point to the diffraction peaks associated with the
shock-compressed sample. (b) The corresponding
1-D integrated diffraction patterns for these experiments. [(a) and (b)] At 286 GPa, textured diffraction
peaks consistent with hcp/B2 Fe–Si are observed.
[(c) and (d)] At 317 GPa, we observe diffuse scattering consistent with shock melting of the sample.

On the second shot day we used the proton radiography
to obtain high-resolution images of the magnetic fields in the
colliding plasmas. We successfully obtained data at both highand low-temperature plasma conditions. These results were
obtained very recently and are under analysis, but sample data
are shown in Fig. 148.47. The data show proton-radiography
measurements that are sensitive to the magnetic fields. Light to
dark represents increasing fluence of the protons. We observe
white “ribbons” on the edge of each expanding plume; each
plume is a region of compressed magnetic field that is sufficiently strong enough (B ~ 25 T) to deflect the diagnostic
protons off-detector and leave a white low-fluence area. We
also observe thin, dark “caustics,” which are regions where
the protons are focused owing to large gradients of magnetic
field. The results show a very rapid evolution of the current
sheet from laminar to breaking up as the two plasmas collide,
over only a very short time span (3.8 ns versus 4.0 ns). The fast
breakup includes the generation of horizontal caustics, indicating the generation of multiple islands resulting from multiple
reconnection sites. These results are presently being analyzed
and compared with our particle-in-cell code.
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Figure 148.47
Fast evolution of the current sheet measure with proton radiography. The contrast indicates fluence of diagnostic protons, and white areas indicate regions
where the magnetic field frozen into the plasma is strong enough to deflect the
diagnostic protons off-film. (a) Evolution at 3.8 ns showing the formation of the
current sheet as two plumes collide. (b) Evolution a short time later at 4.0 ns
showing the fast breakup of the current sheet into smaller-scale structures.

Magnetized Accretion Shocks and Magnetospheres
in the Laboratory
Principal Investigator: P. Hartigan (Rice University)
Co-investigators: C. C. Kuranz, G. Fiksel, J. Levesque, and
R. Young (University of Michigan); J. M. Foster and P. Graham
(Atomic Weapons Establishment; A. Frank (University of
Rochester); A. Liao (Rice University); and C. K. Li and R. D.
Petrasso [Massachusetts Institute of Technology (MIT)]
LLE Review, Volume 148

Our campaign seeks to develop experiments that feature
strongly magnetized, high-Mach-number shock waves in a
controlled laboratory environment. These experiments are
motivated by the many astrophysical systems where magnetic
fields play a key role in determining how supersonic flows interact with their surroundings. Examples include stellar winds, jets
from young stars and black holes, interacting binary systems,
accretion disks around young stars, planetary magnetospheres,
and exoplanetary atmospheres that are subjected to both radiation and winds from their host stars.
Our previous work succeeded in making analogues for
both a magnetized-accretion column and a planetary magnetosphere. The accretion-column experiments impacted a
magnetized plume of supersonic plasma onto a surface, while
the magnetosphere designs drove a supersonic flow (the laboratory equivalent of a solar wind) past a current-carrying wire
(a planetary magnetosphere), with the goal to see if we could
observe the enhanced magnetic pressure influence the offset of
the bow shock from the surface of the wire. While both experiments showed promise, in both cases it was clear that the flow
was too dense and too impulsive—the flow simply pushed the
shock onto the surface of the obstacle.
To address this issue, we developed a new drive (Fig. 148.48)
and performed a series of Thomson-scattering measurements in
October 2015 to verify that the numerical models provided the
desired ranges of density and velocity. Figure 148.48(b) highlights several regions in density and velocity that are unsuitable
for the study of magnetized dynamical effects because the gas
is too dense to be a plasma (mauve area), the field diffuses out
of the material (green area), a shock does not form (blue area),
the field is too strong to allow a shock to form (gray area), or
the field is too weak to show dynamical effects (red area). We
have found diagrams like that in Fig. 148.48 to be very useful in
providing a broad overview of the plasma parameters associated
with any experimental design. Our numerical models, verified
by the Thomson-scattering data, show that the wind from the
colliding flows remains in the desired range of parameter space
for over 100 ns, equivalently 20 # the characteristic dynamical
time scale for laminar flow past the wire.
During the most recently completed shot day (in August 2016),
we successfully acquired our first proton radiography images of
the system (Fig. 148.49). These experiments used a dual-wire
configuration for the target: one wire carrying current and the
other one inactive. The images, still being analyzed, reveal a
very sharp feature that we believe is a compressed magnetic
layer in the dense zone behind the bow shock. These images have
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significantly better spatial resolution than the two-photon–decay
imager (TPDI) optical images we have been using to date and
appear to be an excellent diagnostic for these types of experiments. Our preliminary analysis implies that a radial flow from
the wire, driven by irradiation from the foils, also affects the

system dynamics. If confirmed, the system would then resemble
an irradiated exoplanetary atmosphere embedded within a strong
stellar wind. Differences between the thicknesses and intensities
of the caustics for the 3-MeV and 15-MeV protons should provide
clues as to the thickness of the magnetized shocked layer.
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Figure 148.48
New drive design. (a) Design concept showing two colliding flows. Lasers
irradiate graphite foils and create oppositely directed impulsive flows that
collide and make a more-steady supersonic wind. Adjusting the angle
between the two flows allows one control over both the density and velocity.
(b) Parameter space for the drive. Shaded areas (green: magnetic diffusion;
mauve: warm dense matter; blue: no shock formation; gray: sub-Alfvénic;
and red: weak field) are not optimal for observing dynamical effects of fields.
The line shows that the drive parameters remain in the correct regime for a
time interval of over 100 ns.
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Figure 148.49
Proton radiographs of the wire magnetosphere experiment. The magnetic
field from the current in the wire bends protons away from the wire to form a
caustic, which is displaced more when the protons are less energetic. A second
caustic forms as the magnetic field is compressed in the post-shock region.
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The program currently supports the thesis work of three
graduate students: R. Pierson and J. Levesque (University of
Michigan) and A. Liao (Rice University). These students have
been directly involved in the target designs, data analysis,
and numerical modeling and on shot days have traveled to the
Omega Laser Facility, where they have been involved with
real-time decisions concerning the experiment.

To pave the way for future National Ignition Facility (NIF)
experiments, our team also started to develop an indirect-drive
diamond anvil cell (DAC) platform on OMEGA using gold
halfraums. Three half-day campaigns provided a wealth of
information on this new platform and showed that a higherpressure, highly planar shock could be obtained. Strong photoionization was always observed, however, even when using
different halfraum geometries of drive configurations.

Quantum Mechanical and Indirect Diamond
Anvil Cell Campaigns
Principal Investigator: R. Jeanloz (University of California,
Berkeley)
Co-investigators: P. Loubeyre and S. Brygoo (CEA); and
M. Millot, J. R. Rygg, J. H. Eggert, P. M. Celliers, and G. W.
Collins (LLNL)

X-Ray Measurements of Laser-Driven Relativistic
Magnetic Reconnection Using OMEGA EP
Principal Investigators: K. Krushelnick, A. Raymond,
L. Willingale, A. Thomas, and T. Batson (University of
Michigan); P. M. Nilson and C. Mileham (LLE); G. J. Williams
and H. Chen (LLNL); and W. Fox (Princeton University)

In FY16, the University of California, Berkeley–CEA–
LLNL team continued to explore the properties of warm dense
hydrogen isotopes at extreme density using ultrafast optical
diagnostics under shock compression. We conducted three
half-days of experiments, using several-kJ, 1-ns drives to launch
strong shocks in hydrogen precompressed to 15 GPa. Active
shock breakout (ASBO, velocimetry) and streaked optical
pyrometry (SOP) were used to monitor the shock-front velocity, reflectivity/absorptivity, and thermal emission during its
travel in the hydrogen layer and in the quartz reference plate.
Using impedance matching, new pressure–density–temperature equation-of-state data were obtained, and new data were
collected on the metallization of hydrogen at unprecedented
conditions approaching the predicted plasma-phase transition
(PPT) (Fig. 148.50). In parallel, the team also developed a new
approach for collecting multishock data on precompressed
samples that allowed us to reach even higher densities in the
vicinity of the PPT.

Previous laser-driven magnetic-reconnection experiments
used kilojoule-class, nanosecond-duration laser pulses (longpulse regime) focused to moderate intensities I ~ 1014 to
1015 W/cm 2 to heat a solid target and create two colliding
plasmas. Azimuthal megagauss magnetic fields in each are
driven together by frozen-in-flow, i.e., the bulk motion of the
plasma, or hot-electron flows, resulting in electron acceleration
by the reconnection fields to energies exceeding an order of
magnitude larger than the thermal energy. This experimental
regime allows for dimensionless parameter scalings with many
astrophysical systems. Until now, however, the extremely
energetic class of astrophysical phenomena, including highenergy pulsar winds, gamma-ray bursts, and jets from galactic
nuclei, where the energy density of the reconnecting fields
exceeds the rest mass energy density, has been inaccessible in
the laboratory. This is the regime of relativistic reconnection,
which results in much higher energies of accelerated electrons
because of longer confinement of the charged particles within
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Figure 148.50
Raw velocimetry [active shock breakout (ASBO)] data for a multishock
in deuterium precompressed to 13 GPa that will provide new insight into
hydrogen’s insulator-to-metal transition near the predicted plasma-phase
transition. After the breakout of a two-shock structure from the diamond
into the deuterium layer, D2 becomes opaque before becoming reflecting
(metallic) when the shock bounces off the second diamond anvil and sends
a second shock into the D2.

–100
–1.0 –0.5

0.0

U2098JR

LLE Review, Volume 148

0.5

1.0

1.5

2.0

2.5

Time (ns)

213

National Laser Users’ Facility and External Users’ Programs
the acceleration region. With OMEGA EP we have been able to
use laser pulses of much higher intensity (I > 1018 W/cm2) that
generate a dense, relativistic electron plasma within the focal
volume during the interaction with a solid foil target. In this
regime, magnetic-field–generation mechanisms and transport
are governed by the relativistic electron population and its
dynamics. The expansion of the hot-electron plasma rapidly
sets up a space-charge field at the target–vacuum interface,
confining a large portion of the electrons to expand radially
along the target surface. These currents generate an azimuthal
magnetic field with ~100-MG magnitude expanding radially at
about the speed of light. Generating two such interaction sites
produces a reconnection geometry with plasma characteristics
of the relativistic reconnection regime.
In these experiments an x-ray (copper Ka) imaging technique visualized the fast electrons accelerated in the reconnection region to provide spatial information about the extent
of the current sheet and also allowed us to take time-resolved

measurements of the x-ray emission. Our simulations show
that the plasma density and magnetic-field characteristics in
the reconnection region satisfy v > 1, indicating these experiments are in the relativistic reconnection regime. The experiments focused two short-pulse laser beams onto micron-scale
thick copper foil targets to focal spots separated by a distance
xsep. A generalized experimental schematic and diagram of
the two-spot field geometry with corresponding magnetic and
electric fields are depicted in Fig. 148.51. When the antiparallel
magnetic fields meet in the midplane between the interaction
sites, the field lines can break and reconnect within a reconnection layer, deflecting inflowing electrons and supporting a
target-normal electric field supported by the Hall effect and
by thermal pressure. This localized electric field generates a
current sheet, with electrons being accelerated into the dense
regions of the plasma. These fast electrons undergo ionizing
collisions with atoms in the target and K-shell electrons are
emitted (these atoms recombining on femtosecond time scales).
Ka x-ray emission occurs as the L-shell electrons transition to
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Figure 148.51
A schematic of the experimental geometry for the OMEGA EP experiments. The spherical crystal images x rays from the front side of the target onto a detector.
A typical Ka image is shown with the reconnection layer highlighted in the white box with length (L) and width (d) labeled. A physical picture of the interaction illustrates the two azimuthal magnetic fields expanding into the reconnection region where a target normal electric field accelerates the electrons into the
dense target to generate the copper Ka emission in the midplane.
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the K shell. Therefore, by imaging the Ka (8.048-keV) emission with a spherically bent quartz x-ray crystal, we are able
to produce a map of the current sheet generated between the
magnetic-field regions and therefore diagnose the reconnection process.

allowed us to estimate that they originated from within a cold,
relatively deep plasma, consistent with a population of accelerated electrons in the midplane by the reconnection electric
field. Further, x-ray pinhole camera images found no midplane
emission between 2 to 6 keV, ruling out collisional heating
between the two plasmas as a source of the Ka enhancement.
Figure 148.53 shows the measured midplane signal (a) width
and length and (b) normalized signal as a function of the focal
separation. To search for additional signatures of electrons
accelerated by the reconnection electric field, a five-channel
electron spectrometer was utilized on OMEGA EP at the target
rear (Fig. 148.54). It showed angularly dependent nonthermal
features super-imposed on a quasi-Maxwellian energy distribution, suggesting rear target-normal accelerated electrons
propagated through the target and escaped into vacuum. The
nonthermal features were suppressed when a 100-ps delay was
introduced between the pulses, supporting their association
with reconnection.

With this experimental geometry, separation scans of
the focal spots were performed with the HERCULES laser
at the University of Michigan (2-J, 40-fs pulses focused to
extreme intensities 2 # 1018 W/cm2 onto 12-nm copper foils)
and OMEGA EP at LLE [500 J/1000 J, 20 ps focused to
comparable intensities of (1 to 2) # 1018 W/cm2 onto 50-nm
copper foils]. Two bright Ka sources corresponding to the
target heating within the focal volume were observed on both
systems (Fig. 148.52). Additionally a separation-dependent
enhancement of the Ka radiation at the midplane was measured
corresponding to the current sheet. Detailed analysis of the
midplane K photons with a von Hamos crystal spectrometer
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Front-side copper Ka images from focal-spot separation scans using (a) the HERCULES laser and (b) the OMEGA EP laser. The 50-n m horizontal lineouts
are superimposed.
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(a) The enhanced midplane signal full width at half maximum (FWHM) width (d) and length (L) and (b) integrated signal normalized to the per-shot average
of the integrated signal density from the focal-spot regions.
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Figure 148.54
The electron spectra (for 500- n m separation) from the OMEGA EP multichannel spectrometer at angles from the transmitted laser axis in the case
of (a) a 100-ps pulse-to-pulse delay (no reconnection) and (b) no pulse-to-pulse delay (reconnection).

Nonlinear Amplification of Magnetic Fields
in Laser-Produced Plasmas
Principal Investigator: D. Lamb (University of Chicago)
The experiments we performed during our second shot day
(10 August 2016) on the OMEGA laser studied the turbulent
dynamo amplification of magnetic fields, a ubiquitous process
in astrophysical systems, and the effects of magnetized turbulent plasmas on nonthermal particle diffusion and acceleration
processes relevant to cosmic rays. The experiments utilized
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a platform [Fig. 148.55(a)] very similar to the one fielded on
OMEGA during our very successful first shot day, during which
we demonstrated nonlinear amplification by turbulent dynamo
for the first time in a laboratory environment. We designed the
experimental platform aided by numerical modeling effort on
one of the nation’s leading supercomputers [Fig. 148.55(c)] and
it is uniquely fitted to generate turbulent plasmas in the large
magnetic Reynolds numbers regime, where dynamo can operate. The configuration consists of two diametrically opposed
foil targets, 8 mm apart, that are backlit with temporally
LLE Review, Volume 148
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Figure 148.55
(a) Experimental platform of the National Laser Users' Facility (NLUF) Campaign to study turbulent dynamo amplification and nonthermal particle acceleration
and diffusion, processes that occur in astrophysical environments like galaxy clusters. The assembly consisted of two polystyrene foils and a pair of meshes,
held together by four boron rods. The foils and meshes were carefully designed and machined to optimize the conditions in the interaction region for turbulent
field amplification. By changing the specifications of the grids, we are able to control the injection scale of the turbulence and the shape of the interaction region.
The shields and flaps protect the interaction region, the imploding D3He capsule, and the diagnostics from the direct view of the laser spots. The shield with
the pinhole—on the side of one of the grids—made it possible to create collimated proton beams to investigate diffusion of charged particles by magnetized
turbulence. (b) X-ray image of the interaction region after the collision. The flow exhibits strong turbulence and is considerably hot. The wealth of experimental
diagnostics has made it possible to characterize the magnetized plasma, study the turbulent dynamo mechanism, and probe the physics behind the interaction
of magnetized turbulence with charged particles. (c) Three-dimensional radiation–magnetohydrodynamic simulation of the experimental platform, performed
with the multiphysics code FLASH. A large simulation campaign on Argonne National Laboratory’s Mira BG/Q supercomputer guided us in the design of a
platform capable of probing the turbulent dynamo regime. The figure displays a 3-D rendering of the simulated electron density (in cm–3), after the jets collide.

stacked beams that deliver 5 kJ of energy on each side. The
beams drive a pair of colliding plasma flows that carry seed
magnetic fields, generated by the Biermann battery effect. The
flows propagate through a pair of grids that destabilize the
flow and produce turbulence with a driving scale defined by
the grid specifications. By varying the latter we can assess the
properties of turbulence injection. The turbulent flows meet at
the center of the chamber to form a hot, turbulent interaction
region where seed magnetic fields are amplified to saturation
values. The magnetized turbulent flow is probed with pinholecollimated proton beams to study spatial diffusion; we also
measure the electron energy spectrum in search of particle
acceleration signatures.
Our 13 shots have yielded a wealth of experimental data.
The diagnostics we fielded made it possible to fully characterize the turbulent interaction region, quantify its energy budget
and power spectrum, and study the effects of magnetized turbulence on diffusing and accelerating charged particles. More
specifically, x-ray imaging [Fig. 148.55(b)] made it possible to
directly visualize the turbulent region and explore how different
grid specifications altered the dynamics of the flow interaction.
LLE Review, Volume 148

From the x-ray intensity fluctuations we also reconstructed the
density power spectrum of the turbulence and inferred its power
law. Moreover, the time-resolved spectrum from the Thomsonscattering diagnostic yielded clear ion-acoustic features that
allowed us to characterize the plasma properties, including
ion and electron temperatures, turbulent and bulk flow velocity, and electron density. By coupling the Thomson-scattering
diagnostic with a Wollaston prism, we were also able to separate the light’s polarization into two orthogonal components
and measure Faraday rotation caused by the magnetic field.
In conjunction with proton radiography and the novel mapping techniques we developed, we were able to reconstruct
the strength and topology of the magnetic field in space and
time. By introducing a pinhole [Fig. 148.55(a)] in the path of
the protons, we were also able to create a collimated proton
beam that interacted with the electromagnetic fields of the
turbulent plasma and spatially diffused, as cosmic rays would,
with astrophysical turbulence. Lastly, by fielding the Osaka
multichannel spectrometer, we were able to recover the energy
spectrum of the electrons. This plenitude of experimental data
is still under analysis and scrutiny and promises to expand our
understanding of the puzzle that is astrophysical turbulence.
217

National Laser Users’ Facility and External Users’ Programs
Creation of Magnetized Jet Using a Hollow Ring
of Laser Beams
Principal Investigator: E. Liang (Rice University)
Progress toward the objectives of the project as listed in the
original application has exceeded expectations. We carried out
a one-day OMEGA laser experiment in December 2015, using
20 beams to form a hollow-ring focal pattern to create a magnetized jet from a flat plastic target. The hollow-ring radius varied
from 0 to 800 nm. Eleven shots were completed successfully.
Thomson-scattering (TS) diagnostics were used to measure the
on-axis electron and ion densities, temperature, and flow velocity at 2.5 mm from laser target for each shot. The TS results
confirmed the predictions of FLASH 2-D simulations, namely
that the on-axis density, temperature, and velocity are highest
for the 800-nm-radius ring and lowest for the 0-radius ring.
Both 3-MeV and 14-MeV monoenergetic protons from D3He
capsule implosions were used to measure the magnetic-field
geometry and magnitude in the jet via proton radiography.
The results show much stronger and more filamentary magnetic fields embedded in the jet than FLASH 2-D simulation
predictions. We deduced peak magnetic fields exceeding 10 T.
This important and unexpected result means that the plasma
properties of the hollow-ring jet, including its collisionality, will
be significantly impacted by the self-generated magnetic field.
Posters on the preliminary results were presented at both the
Omega Laser Facility Users Group Workshop in April 2016 and
the High-Energy-Density Laboratory Astrophysics (HEDLA)
Stanford Linear Accelerator (SLAC) meeting in June 2016.
A more-updated poster will be presented at the American
Physical Society Division of Plasma Physics Conference in
November 2016, in which details of the proton-radiography
results and magnetic-field deconvolution will be discussed.
Explorations of Inertial Confinement Fusion, HighEnergy-Density Physics, and Laboratory Astrophysics
Principal Investigators: R. D. Petrasso C. K. Li, and J. A.
Frenje (MIT)
Co-investigators: F. H. Séguin and M. Gatu Johnson (MIT)
MIT work in FY16 included a wide range of experiments
that applied proton radiography, charged-particle spectrometry,
and neutron-spectrometry methods developed by MIT and collaborators to the study of laboratory astrophysics, high-energydensity physics (HEDP), and inertial confinement fusion (ICF)
plasmas. Seventeen papers3–19 about NLUF-related research
were published in FY16 (four by students4–7) and many invited
talks and contributed talks were presented at conferences.
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Former MIT Ph.D. student Dr. M. J. Rosenberg (Fig. 148.56)
won the 2016 Marshall N. Rosenbluth Outstanding Doctoral
Thesis Award based on his 2014 thesis20 entitled “Studies of
Ion Kinetic Effects in Shock-Driven Inertial Confinement
Fusion Implosions at OMEGA and the NIF and Magnetic
Reconnections Using Laser-Produced Plasmas at OMEGA.”
He is only the second Ph.D. student supported by NNSA and/
or the joint program to ever receive this prestigious award (the
first was Dr. M. J.-E. Manuel, whose 2013 MIT thesis was also
based on NLUF research). Dr. Rosenberg is now a Research
Scientist at LLE.
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Figure 148.56
Dr. M. J. Rosenberg, who won the 2016 Marshall N. Rosenbluth Outstanding
Doctoral Thesis Award based on his 2014 thesis20 entitled “Studies of Ion
Kinetic Effects in Shock-Driven Inertial Confinement Fusion Implosions at
OMEGA and the NIF and Magnetic Reconnections Using Laser-Produced
Plasmas at OMEGA.”

Two new Ph.D. students (R. Simpson and A. Rosenthal)
and one new postdoc (C. Parker) have joined our division
and are becoming active participants in the NLUF program.
They work alongside continuing graduate students N. Kabadi,
B. Lahmann, H. Sio, G. Sutcliffe, and C. Wink.
One of the major areas of research was the study of plasma
jets and the effects of magnetic fields on their propagation.
Of particular importance was a scaled laboratory experiment
designed to shed light on jet dynamics in the Crab-nebula (as
described in Ref. 3). The remarkable discovery by the Chandra
X-Ray Observatory that the Crab nebula’s jet periodically
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changes direction provides a challenge to our understanding
of astrophysical jet dynamics. It had been suggested that this
phenomenon may be the consequence of magnetic fields
and magnetohydrodynamic instabilities, but experimental
demonstration in a controlled laboratory environment was
lacking. In the experiment (shown schematically in Fig. 148.57),
high-power lasers were used to create a plasma jet that could
be directly compared with the Crab jet through well-defined
physical scaling laws. The jet generated its own embedded
toroidal magnetic fields; as it moved, plasma instabilities
resulted in multiple deflections of the propagation direction,
mimicking the kink behavior of the Crab jet. The experiment
was modeled with 3-D numerical simulations that showed
exactly how the instability develops and results in changes of
direction of the jet.
Other research and publication topics included the stopping
of ions in plasmas,19 utilizing charged fusion products from
ICF implosions and measurements of their energy losses in
passing through the ICF-capsule plasma with charged-particle
spectrometers; this work is of great importance for ignition
since it is relevant to the deposition of alpha-particle energy in
burning fuel. In addition, studies of kinetic, multi-ion effects
and ion–electron equilibration rates in ICF plasmas (e.g., Ref. 4)
continued in the ongoing series of developments evolving from
Ref. 20. Thermonuclear reactions at energies relevant to stellar

7.0 mm
1-ns square
1-kJ laser

(a)

nucleosynthesis and big-bang nucleosynthesis were studied
using ICF implosions.9 Effects of fuel-capsule shimming and
drive asymmetry on ICF symmetry and yield were studied
on OMEGA.15,16
Generation of Collisionless Shocks
in Laser-Produced Plasmas
Principal Investigators: A. Spitkovsky (Princeton University)
and C. Huntington (LLNL)
The FY16 MagShock EP Campaign was dedicated to
the detection of collisionless magnetized shocks in ablated
plasma flows. Such shocks form in supernova remnants and
in the heliosphere, among others. The shock thickness is
determined by the Larmor radius of the incoming protons, and
the mean free path must be much longer. The setup is shown
on Fig. 148.58. The experiments used the OMEGA EP Laser
System in which a 3-D–printed Helmholz coil powered by
MIFEDS (magneto-inertial fusion electrical discharge system)
was inserted. Three targets were mounted on MIFEDS. A
400-J, 1-ns pulse was used to ablate plasma that propagated
along the coil’s magnetic field (this component is called “background” plasma). A 1.3-kJ, 1-ns pulse was used to drive fast
flow orthogonal to the magnetic field [this component is called
“piston” plasma (see Fig. 148.58)]. On some shots two piston
plasmas were ablated with different time delays, but most shots
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Figure 148.57
A scaled laboratory experiment that sheds light on the Crab-nebula jet dynamics.1 (a) Schematic of a laser-beam–irradiated, cone-shaped target and the resulting
plasma jet. Side-on (proton flux into the paper) radiographic images show the proton fluence distribution at t 0 + 4.70 ns with 14.7-MeV protons and at t 0 + 4.92 ns
with 3-MeV protons, where t 0 is the time when the lasers turned on. The enlarged image shows a sequence of clumps and changes of jet direction. (b) Schematic
illustrations of the fastest-growing magnetohydrodynamic current-driven instabilities: mode m = 0 (sausage, leading to jet propagation clumping) and m = 1
(kink, leading to jet direction changing). Higher modes (m > 1) are also expected to be excited, but they will have smaller effects and are not illustrated here.

LLE Review, Volume 148

219

National Laser Users’ Facility and External Users’ Programs
used only one piston plasma. The interaction between the flows
was expected to drive a compression in the background plasma
and the magnetic field (see Fig. 148.59). At a strong-enough
drive, this compression becomes a collisionless shock. We
diagnosed this compression using proton radiography with
target normal sheath acceleration (TNSA) from a short 10-ps
laser pulse. The protons were recorded on CR39 film, which
was our primary diagnostic. On some shots, a 4~ optical probe
was also utilized.

caustic of enhanced proton concentration (Fig. 148.59). The
band and the caustic propagated at 300 km/s. The thickness
of the band allowed us to constrain the magnetic compression to 2.3, and the caustic was interpreted as the signature of
the contact discontinuity between the piston and compressed
background plasma. This compression ratio corresponds to a
Mach-3 shock. The shock is in the collisionless regime since
(a)

Our experiments resulted in the detection of a magnetized
collisionless shock propagating through the plasma. The main
feature of the magnetic compression in the data was the appearance of a white band in the proton image, indicating additional
deflection of the protons. The band was followed by a sharp
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Figure 148.58
(a) Schematic of fast piston plasma interacting with a magnetized background
plasma; (b) experimental setup.
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Figure 148.59
(a) View of the setup from the film. [(b)–(d)] Proton radiography of the interaction at different times. Notice the movement of the white band and the sharp
caustic feature behind it. (e) The band is not present when the B field is off.
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the mean free path of the background protons is larger than the
size of the plasma. We have confirmed these results on several
shots and have performed the time series study and the null
shots of no B field, reverse B field, and individual piston and
background plasma shots. These shots did not display the white
compressional band, indicating that this feature is unique to
the magnetized compressed plasma. We performed extensive
numerical simulations of the experiment with particle-in-cell
(PIC) simulations, including simulated proton radiography
through the fields of the simulation. The experimental results
agree quite well with the predictions of the simulations.

Hot-Electron Scaling in Long-Pulse Laser–Plasma
Interaction Relevant to Shock Ignition
Principal Investigator: M. S. Wei (General Atomics)
Co-investigators: C. M. Krauland (General Atomics); S. Zhang,
J. Peebles, F. N. Beg (University of California, San Diego); and
W. Theobald, C. Ren, E. Borwick, J. Li, W. Seka, C. Stoeckl,
R. Betti, and E. M. Campbell (LLE)

Our second-year NLUF experiment in 2016 was successfully
conducted in the OMEGA chamber including both OMEGAonly shots and joint OMEGA and OMEGA EP shots, which
provided the opportunity to evaluate hot-electron production
and energy coupling in the SI-required spherical geometry.
The experiment was built off of the strong spherical shock
platform by using the same OMEGA 60 UV beams’ pulse shape
[0.35‑TW, 0.8-ns square pulse with 1-ns low-power foot shown
in Fig. 148.60(b)], but adding the high-energy OMEGA EP
IR beam (0.1 ns, 2.7 kJ with nominal vacuum laser intensity
of 2 # 1017 W/cm 2) at various timing delays in joint shots.
Changing the injection time of the IR beam allowed us to alter
the scale length and temperature of the corona plasma with
which it interacted. In addition to measuring the IR-generated
hot electrons and their energy coupling to the compressed
target, we also measured electrons generated by the 60 UV
beams alone with their overlapped high intensity of ~3 #
1015 W/cm2 by employing smoothing by spectral dispersion
(SSD), a distributed polarization rotator (DPR), and an assortment of small phase plates. A schematic of the campaign is
shown in Fig. 148.60(a). To facilitate hot-electron characterization including the spatial distribution in the target, experiments
used a 485-nm-outer-diam sphere target [Fig. 148.60(c)] consisting of a 30-nm CH ablator layer and a low-density Cu foam
ball. The novel GA-produced low-density, pure-Cu foam has a
density of 1.2 g/cm3 (~13% of solid Cu) with #1-nm pore size.

The shock-ignition (SI) fusion scheme requires launching
a strong shock via a short-duration (0.5 to 1 ns), high-intensity
(>5 # 1015 W/cm2) spike laser pulse into a pre-assembled fuel
to achieve ignition. Surpassing the threshold intensity for
laser–plasma instabilities (LPI’s) such as stimulated Brillouin
scattering (SBS), stimulated Raman scattering (SRS), and twoplasmon decay (TPD), the coupling of spike pulse energy to the
target is uncertain. Under these laser and plasma conditions,
copious hot electrons can be produced. While very energetic
electrons (>200 keV) could preheat the fuel and degrade compression, it is suggested that moderate energy electrons (50 to
100 keV) could benefit the SI scheme by increasing ablation
pressure and augmenting the ignitor shock strength as they are
stopped in the compressed high-density, low-Z ablator region.
The objective of this General Atomics (GA) NLUF project in
collaboration with the University of California, San Diego, and
LLE is to systematically study the scaling of hot-electron generation with laser intensity, wavelength, and plasma condition
(including target ablator material) in the SI-relevant regimes.
Understanding LPI and the resultant hot-electron characteristics (total energy, temperature, and divergence) is important
for the viability of the SI concept.

Our results resolve successful coupling of IR beam energy
to the spherically compressing target under various laser
and target conditions. Figure 148.61 shows the measured Cu
Ka emission from three different shots: (a) OMEGA only;
(b) a joint shot with the IR beam at 0.9 ns, corresponding to
the end of the low-intensity foot of the UV driver pulse; and
(c) a joint shot with the IR beam at 1.8 ns, corresponding to the
end of the UV beams. In the OMEGA-only shot, the observed
Cu Ka emission spot excited by the UV beam–produced hot
electrons had a characteristic ringlike pattern with a radius
of ~150 nm corresponding to the location of the shock-compressed, high-density Cu foam region at 1.8 ns. In the joint shot
with the OMEGA EP beam injected at the end of the OMEGA
driver, additional Cu Ka emission caused by the OMEGA EP
beam–produced hot electrons can be clearly seen on the compressed high-density Cu foam region along the OMEGA EP
beam-propagation direction. The localized energy deposition
shown in Figs. 148.61(a) and 148.61(c) suggests effective stopping of the UV beam– and IR beam–produced hot electrons
by the high-density, compressed Cu foam shell with an areal
density of 25 to 30 mg/cm2, within which <100-keV electrons
will be ranged out. In contrast, Cu Ka emission caused by

These findings are currently being readied for publication
in Physical Review Letters. Some preliminary results from
this campaign were presented at the 2016 HEDLA Conference.
We thank the OMEGA EP personnel for their assistance in
planning and executing this campaign.
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Figure 148.60
(a) Schematic of the joint shot experiment in the OMEGA chamber and the primary diagnostics detecting hot-electron–induced Cu K-shell fluorescence and
bremsstrahlung radiation as a result of target irradiation by the OMEGA UV driver and OMEGA EP IR beam; (b) OMEGA pulse shape for 60 UV beams;
(c) GA-made Cu foam sphere that is coated with 30 n m of CH as ablator. FABS: full-aperture backscatter station; ZVH: zinc von Hamos; BMXS: bremsstrahlung MeV x-ray spectrometer; OU EMS: Osaka University electron spectrometer.
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Figure 148.61
(a) SCI–measured Cu Ka images from an OMEGA-only shot; (b) a joint OMEGA and OMEGA EP shot with the OMEGA EP beam (represented by the red
triangle with focal position in the corona plasma at n c 10 ) at 0.9 ns; and (c) a joint shot with the OMEGA EP beam at 1.8 ns, respectively. The white dashed
circle in each image has a radius of ~150 n m, corresponding to the radial location of the compressed Cu foam at 1.8 ns (the end of the OMEGA driver pulse).
The solid circle in (b) has a radius of ~190 n m, indicating the compressed Cu target size at 0.9 ns.

hot electrons produced by the OMEGA EP IR beam injected
at 0.9 ns into a short-scale-length, 1-keV corona plasma is
observed from an ~200-nm target radius, corresponding to the
location of the compressed Cu foam shell at the earlier time.
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Hot electrons produced by the IR beam can be seen penetrating
through the compressed, dense Cu foam shell and being transported farther into the core. This is caused by the less-than10‑mg/cm2 areal density of the compressed Cu foam shell at
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that time, where ~100-keV electrons will not be effectively
stopped. It is also worth noting that this Cu Ka emission can
be seen from the entire target, including the opposite side
with the limb brightening. This may indicate the influence
of hot-electron trajectories in the target by the self-generated
electromagnetic fields. This phenomenon is much less prominent with the denser compressed shell in the joint shot with
the OMEGA EP beam injected at 1.8 ns. The preliminary data
clearly show that hot-electron generation and energy stopping
strongly depend on the target conditions, which are visualized
with the use of the novel low-density, mid-Z Cu foam target.
The measured Cu Ka photon yield by the calibrated zinc von
Hamos (ZVH) x-ray spectrometer agrees with the signal trend.

and the resultant hot-electron generation and transport. Other
data analyses, including the bremsstrahlung spectrum data, are
also in process and will provide information on hot-electron
energy spectrum, temperature, and energy-coupling efficiency
in the target to be similarly compared with simulations.

The streaked SRS data from the full-aperture backscatter
station (FABS) diagnostic also captured sidescattered light
from the IR beam's interaction with the long-scale-length
plasma in all joint shots. Figure 148.62 shows the temporally
and spectrally resolved backscattered light for the UV Beam
25 and sidescattered light from the IR beam (80° from the IR
beam axis) for the same three shot cases: (a) an OMEGA-only
shot, (b) a joint shot with the OMEGA EP beam at 0.9 ns, and
(c) a joint shot with the OMEGA EP beam at 1.8 ns. An additional signal of the sidescattered light caused by the OMEGA
EP IR beam in the joint shots is observed to emit near its 2~
(527 nm) and also in the spectrum range of 680 nm to 770 nm.
An analysis of the scattered-light data is ongoing and will also
be directly compared with the planned PIC simulations of LPI

For intense, picosecond-scale lasers, propagation through
underdense plasmas results in forces that expel electrons from
along the laser axis, resulting in the formation of channels.
Electrons can then be injected from the channel walls into the
laser path, which results in the direct laser acceleration (DLA)
of these electrons and the occurrence of a high-energy electron
beam. Experiments performed on OMEGA EP studied the
formation of a laser channel in an underdense CH plasma, as
well as the spatial properties and energy of an electron beam
created via DLA mechanisms. The 4~ optical probe diagnostic
was used to characterize the density of the plasma plume, while
proton radiography was used to observe the electromagnetic
fields of the channel formation.

(b)
Joint shot with
OMEGA EP at 0.9 ns

Wavelength (nm)

750

(c)
Joint shot with
OMEGA EP at 1.8 ns

log10 (I)

700

3

650

2

600

1

550
0

U2108JR

1

2

Time (ns)

3

0

1

2

Time (ns)

3

0

1

2

Intensity in pixels,
filters not included

(a)
OMEGA only

High-Energy Electron Beam Acceleration
from Underdense Plasmas Using OMEGA EP
Principal investigators: L. Willingale, T. Batson, A. Raymond,
and K. Krushelnick (University of Michigan); P. M. Nilson,
D. H. Froula, D. Haberberger, A. Davies, and W. Theobald
(LLE); J. G. Williams and H. Chen (LLNL); and A. V. Arefiev
(University of Texas, Austin)
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Figure 148.62
(a) Measured streaked stimulated Raman scattering (SRS) data in three typical shots: (a) OMEGA-only shot, [(b) and (c)] joint shots with the OMEGA EP beam
at 0.9 ns and 1.8 ns, respectively. Sidescattered light from the OMEGA EP IR beam can be clearly seen in the joint shots.
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The experiments used four of the OMEGA EP chamber’s
beams. A long-pulse UV beam (2.5 ns, 1200 J) ionized a CH
target, creating an expanding plasma plume. After 2.5 ns,
the backlighter (BL) [a short-pulse IR beam (0.7 ns, 400 J)]
interacted with the plasma plume, creating a laser channel.
The channel formation was imaged by two diagnostics. First,
a short-pulse IR beam (sidelighter, 10 ps, 750 J) was focused
on a Cu foil, creating a proton probe, which imaged electromagnetic fields onto radiochromic film (RCF). Secondly, the
4~ (263‑nm) optical probe diagnostic was sent through target
chamber center (TCC) to image the laser channel via shadowgraphy, the magnetic-field formation via polarimetry, and the
density of the plasma channel via angular filter refractometry
(AFR). The electrons propagated to a magnetic spectrometer
where their energy was measured. Two target configurations
have been used. In the first configuration, the CH target was
ionized by the long-pulse UV beam and a plasma plume was
allowed to propagate away from the target. The short-pulse
main interaction beam then interacted with the plasma at a
point 2 mm above the target. In the second configuration, a
1-mm-diam, 3-nm-thick CH disk was premanufactured to have
a 400-n m-diam hole in the center. The pulse beam focused
to a spot size of 800 nm, therefore centered on the hole. The
plasma was allowed to flow toward the center of the disk, where
the short-pulse main interaction beam was focused, thereby
reducing diffraction of the intense laser pulse by plasma density gradients.
Protons generated via TNSA interactions with a Cu foil were
deflected via the electromagnetic fields in the laser channel and
imaged onto an RCF film stack located 8 cm away from the
target interaction. The penetration depth of protons into the
film pack was modeled with SRIM/TRIM, and time-of-flight
calculations were used to map protons of a given energy to a
given flight time from the Cu foil where they were born. Jitter
of the order of 20 ps in the laser pulses made it impossible to
achieve an exact timing relative to the short pulse; however,
relative timing between each film in the proton stack was calculated. The channel was observed to have a length of 2 mm
and a width of 0.49 mm (Fig. 148.63). These dimensions stayed
constant over the 10 ps that they were visible on the film stack.
In the normal geometry (Fig. 148.64), a region of high electric
field is observed to expand from the target center at a velocity
of 0.1 c. The formation of a laser channel inside an expanding
plasma plume in an oblique target geometry and the resultant acceleration via DLA of high-energy electrons has been
observed and appears to refract upward from the axis of the
laser. Channel formation in a normal target configuration was
also observed, with features specific to the presence of a high224
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Figure 148.63
Proton images of a laser channel formed by oblique target geometry.
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Figure 148.64
Proton images of target normal geometry
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energy, short-pulse beam. Future work will focus on varying
the plasma density in the channel and observing the channel in
channel pointing and the energy of the accelerated electrons.
FY16 Laboratory Basic Science Studies
In FY16, LLE issued a solicitation for LBS proposals to be
conducted in FY17. A total of 23 proposals were submitted. An
independent committee reviewed and ranked the proposals; on
the basis of these scores, 14 proposals were allocated 20 shot
days at the Omega Laser Facility in FY17. Table 148.XII lists
the approved FY17 LBS proposals.

to 8.5 keV and the time interval from 0.5 to 2.0 ns, where time
zero is defined as the start of the laser pulse. The strong x-ray
emission up to ~1.1 ns stems from the plasma corona outside
of the CH sphere where most of the laser energy is absorbed.
Once the laser was turned off, the coronal plasma quickly
cooled and the x-ray emission from this region decayed. After
Ti sample
diameter: 50 nm

Fourteen LBS projects previously approved for FY16 target
shots were allotted Omega Laser Facility shot time and conducted a total of 218 target shots at the facility in FY16 (see
Table 148.XIII). The FY16 LBS experiments are summarized
in this section.

430 nm

CH

Ultrastrong Spherical Shocks
for Nuclear and Material Science
Principal Investigators: R. Betti and W. Theobald (LLE)

In UltraSSS-16A, we conducted experiments to study fundamental physics underlying the compression of a sample material
in spherical geometry using the 60-beam OMEGA laser. Figure 148.65 shows a schematic of the experimental setup. The
UV beams were focused on the surface of a 430-n m-diam
solid CH target, which contained a small (50-nm-diam) sample
material (Ti or Cu) precisely placed in the center. The targets
were fabricated by GA, which also performed an extensive
characterization of all the targets in the optical and x-ray
regimes to demonstrate that the sample materials were placed
better than 10 nm in the center of the CH sphere. A 1-ns square
laser pulse with an intensity of 5 # 1015 W/cm2 launched the
spherical shock wave that converged in the sample. The pressure strongly increased because of the convergent geometry
and the sample material was strongly heated and compressed,
producing a short burst of x-ray emission. The x-ray emission
was measured with several x-ray diagnostics including an
x-ray framing camera and a streaked x-ray spectrograph. Figure 148.66 shows a measured time-resolved spectrum from a
target with a Ti sample. The photon energy ranged from 4.5 keV
LLE Review, Volume 148
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Figure 148.65
Schematic of the experimental setup of the ultrastrong spherical shock experiment. All 60 beams of the OMEGA laser were focused on the surface of a
solid CH target, which contained a small sample material (Ti or Cu) precisely
placed in the center. The x-ray emission from the sample material was measured and analyzed to obtain information on the achieved material condition.
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This project applied the spherical strong shock (SSS) platform21,22 to study material science at extreme pressures (several
gigabars) and densities (several g/cm3). The platform opens a
new regime for HEDP and is also useful for applications to ICF
since they make it possible to study ultrastrong shock generation for the shock-ignition scheme.
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Figure 148.66
Measured time-resolved x-ray spectrum from a target with a Ti sample. The
emission up to ~1.1 ns comes from the plasma corona, while the short burst
at 1.3 ns is emitted from the heated and compressed Ti sample.
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Table 148.XII: LBS Experiments approved for target shots at the Omega Laser Facility in FY17.

Principal
Investigator
H. Chen

A. R. Christopherson
J. R. Davies
T. Doeppner
D. E. Fratanduono

S. Jiang

D. Martinez
M. Millot
A. Pak

H.-S. Park

H. G. Rinderknecht
M. J. Rosenberg
M. B. Schneider
R. Smith
C. Wehrenberg
A. B. Zylstra
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Title
Exploring the Applications of LaserProduced Relativistic Electron–Positron
Pair-Plasma Jets
Shock-Ignition Timing Measurements
on OMEGA
Measuring the Nerst Effect
and the Thermal Dynamo
Ionization Potential Lowering
in Dense Plasma at Multi-100 Mbar
High-Pressure Polymorphism of Two HighStrength Ceramics: Boron Carbide (B4C)
and Silicon Carbide (SiC)
Characterizing Pressure Ionization in
Ramp-Compressed Materials
with Electron-Induced Fluorescence
Imaging Cometary and Jet Flows
on OMEGA EP
Equation of State, Structure,
and Optical Properties of Silicates
Probing the Field and Accelerated Ion
Dynamics of Laser-Driven Electrostatic
Shock Waves
Study of the Dynamics of High Alfvénic
Mach Number Plasma Interactions
and Collisionless Shocks
from Laser-Produced Plasmas
Measurements of Kinetic Shock-Front
Structure in Plasmas
Electron Energization During
Magnetic Reconnection in HED Plasmas
Radiative Properties of an Open L-Shell,
non-LTE Plasma
Thermal Conductivity of Fe and Fe-Si
at Earth Core Conditions
Probing the Extreme Deformation
Mechanisms of Covalently Bonded Solids
Charged-Particle Stopping Power
and Scattering Measurements
in Warm Dense Plasma

Institution

Facility
required

OMEGA
shot days
allocated

OMEGA EP
shot days
allocated

LLNL

OMEGA EP

0

1

LLE

OMEGA

1

0

LLE

OMEGA

1

0

LLNL

OMEGA

1

0

LLNL

OMEGA,
OMEGA EP
(not joint)

0

1

LLNL

OMEGA EP

0

1

LLNL

OMEGA EP

0

1

LLNL

OMEGA/
OMEGA EP

0

2

LLNL

OMEGA EP

0

1

LLNL

OMEGA

2

0

LLNL

OMEGA

1

0

LLE

OMEGA

1

0

LLNL

OMEGA

1

0

LLNL

OMEGA

1.5

0

LLNL

OMEGA

0.5

0

LANL

OMEGA

1

0
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Table 148.XIII: LBS experiments approved for target shots at the Omega Laser Facility in FY16.

Principal
Investigator
R. Betti

Title

Ultrastrong Spherical Shocks
for Nuclear and Materials Studies
J. H. Eggert
Development of Compressed Ultrafast
Photography (CUP) Diagnostic
for Dynamic Laser-Compression
Experiments
C. J. Forrest
Studies of (n,2n) Reactions of Light
Nuclei at En = 14 MeV Using HighEnergy-Density Laser Plasmas
P. Gourdain
High-Field–Assisted X-Ray Source
S. T. Ivancic
Integrated Channeling of HighIntensity Laser Beams in Implosions
A. E. Lazicki
Structural Studies of Electride Phases
of High-Density Matter: Structures
of Mg to Above 10 Mbar
J. D. Moody
Characterization of Laser-Driven
Magnetic Fields Using Proton
Deflectometry
P. M. Nilson
Study of Particle Energization During
Magnetic Reconnection in HighEnergy-Density Plasmas
A. Pak
Ion Acceleration from Laser-Driven
Electrostatic Shock Waves
H.-S. Park
Weibel Instabilities and Astrophysical
Collisionless Shocks from LaserProduced Plasmas
Y. Ping
Pressure Ionization in RampCompressed Materials
C. Stoeckl
Spectroscopy of Neutrons Generated
Through Nuclear Reactions with Light
Ions in Short-Pulse Laser Experiments
W. Theobald
Proton Transport and Coupling
into Shock-Compressed CH Targets
for Proton Fast Ignition
C. E. Wehrenberg Kinetics, Mechanism, and Shear Strain
of the bcc-to-hcp Transition
in Shock-Compressed Iron
from Laue Diffraction
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Institution

Facility
required

OMEGA
shot days
allocated

OMEGA EP
shot days
allocated

Joint shot
days
allocated

LLE

OMEGA

1

0

–

LLNL

OMEGA
EP

0

1

–

LLE

OMEGA

1

0

–

LLE

Joint

1

1

1

LLE

Joint

1

1

1

LLNL

OMEGA

2

0

–

LLNL

OMEGA
EP

0

2

–

LLE

OMEGA
EP

0

2

–

LLNL

OMEGA
EP

0

1

–

LLNL

OMEGA

2

0

–

LLNL

OMEGA

1

0

–

LLE

OMEGA
EP

0

1

–

LLE

OMEGA
EP

0

1

–

LLNL

OMEGA

1

0

–
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a short time period of decreased x-ray emission, a short and
intense burst is observed at 1.3 ns, indicative of the shock heating of the sample. The x-ray flash at 1.3 ns was emitted from
the compressed and heated Ti sample.

simulation of shot 81787 and to compute the collection of
emergent spectra during the flash time interval. A temperature
of ~1 keV and a mass density of 100 g/cm3 indicate that a pressure exceeding 1 Gbar has been reached inside the Ti sample.

Figure 148.67 shows the x-ray spectrum at 1.3 ns (blue)
together with simulated spectra (red, yellow, and purple).
Preliminary calculations were performed by our collaborators
from the University of Las Palmas (Spain) with their code
ABAKO to analyze the data. Assuming uniform conditions, a
database of Ti spectra was computed within a range of mass
densities of t = 20 to 200 g/cm3 and temperatures T = 400 to
2400 eV for a uniformly compressed Ti sphere with radius
R = 10 nm. The assumed radius approximately matches the Ti
core radius at the flash time according to a LILAC simulation of
shot 81787. ABAKO calculations include a continuum-lowering
effect, which has a strong impact for Ti conditions of interest,
opacity effects based on escape factors to compute the atomic
kinetics, and continuum broadening consistent with continuum
lowering in order to calculate the emergent intensity. A simple
|2 minimization was performed to obtain the best fit compared
to the experimental spectrum (see Fig. 148.67). The comparison
between measured and simulated spectra indicate that the core
has been heated to a temperature of ~800 eV and compressed to
a mass density of t = 100 g/cm3. The analysis is ongoing and
will include the input from radiation–hydrodynamic simulations. The ABAKO code will be used to post-process the LILAC

Development of a Compressed Ultrafast Photography
Diagnostic for Time-Resolved Imaging of Dynamically
Compressed Samples
Principal Investigators: J. H. Eggert and S. Ali (LLNL)
Co-investigator: D. E. Fratanduono (LLNL)
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Figure 148.67
Comparison of the experimental x-ray spectrum from the Ti sample (blue) with
calculations with the code ABAKO. A reasonable agreement was obtained for
a temperature of ~800 eV and a mass density of t = 100 g/cm3.
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Late in FY16, one day on OMEGA EP was used to assess
the feasibility of ultrafast optical imaging using coded images
recorded by a Hamamatsu C7700 streak camera. The target
design consisted of a plastic ablator and aluminum pusher
driving a shock wave into a 2 # 2 grid of quartz samples of
varying thicknesses, resulting in large-scale, spatially varying
reflectivity changes as a function of time. A subset of the targets
had an additional feature etched into the aluminum pusher layer
to assess the resolution of the reconstructed series of images.
Over the course of the day, data were collected with four different coded mask resolutions, three different streak-camera slit
widths, and three different intensity levels on the camera. The
full data set will enable one to assess the viability of the diagnostic and better determine the ideal experimental parameters
for the diagnostic setup. Further analysis is required since the
reconstruction of the images is nontrivial; however, the initial
results are promising and suggest that this compressed ultrafast
photography (CUP) diagnostic can provide images of the target
with roughly 100-ps resolution.
Evaluation of the D(n,2n)p Reaction at 14.03 MeV
with Modern ab initio Calculations
Principal Investigator: C. J. Forrest (LLE)
Nucleonic interactions with deuterium leading to a threebody breakup present important testing grounds for modern
microscopic nuclear theory. The nuclear community has been
studying these particular nucleon–nucleon (N–N) interactions
over the past several decades. An accurate understanding of these
processes is also of fundamental technological importance for
the advancement of ICF research, tasked with demonstrating
sustained thermonuclear D–T fusion in the laboratory. However,
experimental data are scarce and incomplete, in particular, for
energy spectra of neutrons from nD breakup occurring in thermonuclear ICF environment.
The neutron energy spectrum of the D(n,2n)p reaction has
been measured (Fig. 148.68) using 14.03-MeV neutrons at a lab
LLE Review, Volume 148
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Figure 148.69 shows that cylindrical implosions were
achieved by using only 36 beams. The optimal timing was
determined accurately. While we were able to record the Ar
K-shell spectrum when OMEGA EP was turned off (shown in
Fig. 148.70), spectra recorded with OMEGA EP turned on have a
very poor signal-to-noise ratio. X rays from an unknown source,
possibly e-beam bremsstrahlung, are believed to be responsible.
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Figure 148.68
The measured cross section from a hexadeuterobenzene (C6D6) target (blue
data points) shows good agreement with the modern ab initio calculation23
outside the region at 3.75 MeV. An R-Matrix approach24 is also compared
with the inferred cross section with a larger discrepancy in the peak energy
region ~5.5 MeV.

2.0 ns

2.2 ns

300

High-Field–Assisted X-Ray Source
Principal Investigator: P.-A. Gourdain (LLE)
This experiment aimed at developing an assisted x-ray
source using OMEGA as the imploder/pre-ionizer and
OMEGA EP as the final ionizer. The goal of the 2016 campaign was to tune a cylindrical implosion driven by 36 beams
and determine its quality, find the optimum timing to shoot
OMEGA EP, and demonstrate feasibility of integration between
MIFEDS coils/OMEGA/OMEGA EP to implode cylindrical
geometries. All these goals were achieved successfully in one
shot day.
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Figure 148.69
Framing-camera images showing the excellent cylindrical implosions. The
last set of four frames shows a plasma plume created by OMEGA EP.
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angle covering 0° to 7° using an ICF platform on OMEGA.25An
~100-ps-duration neutron burst from an imploding DT-filled
glass-shell target was used to induce the breakup reaction in
a nuclear interaction vessel that contained deuterated compounds positioned in-line with a high-resolution time-of-flight
spectrometer. In these experiments, the double-differential
cross section from deuterium breakup was measured in a
lower-energy region (<2 MeV) and at a near-zero lab angle
as compared to previous accelerator experiments. The results
compare well with modern ab initio calculations, demonstrating that this theory can provide an accurate description of
light-ion reactions.
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Figure 148.70
X-ray spectrum recorded by the end-on spectrometer in the Ar K-shell range
with and without OMEGA EP.
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This campaign studied the efficacy of heating a compressed
OMEGA implosion with a co-propagated OMEGA EP channeling and heating beam. Sixty OMEGA beams imploded a
CD capsule to a high areal density. The channeling and heating
beams were timed to arrive at peak compression of the capsule.
A new pulse shape that minimizes the coasting phase by using
a triple-picket pulse and faster implosion velocity was implemented. The neutron yield from heated cores showed minimal
additional neutrons generated from the addition of the heating
pulse. Figure 148.71 displays a schematic of the experimental
setup of the joint OMEGA/OMEGA EP experiment. A plastic
shell is imploded by the 60 UV beams to create a high-density
plasma with an extended corona. A 100-ps (“channeling”) IR
pulse is injected into the plasma, forming a channel followed
by a high-intensity, 10-ps (“heating”) pulse generating fast
electrons at the channel wall. The shell consists of a 17-n m
outer CH layer and a 23-n m inner deuterated plastic layer
that is doped with 1% atomic density of Cu. The Cu doping
provides Ka fluorescence x-ray emission at 8.048 keV when
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excited by fast electrons, which is imaged by an SCI. This
technique visualizes the fast-electron energy deposition in the
compressed shell. The 17-n m-thick CH ablator reduces the
excitation of Ka fluorescence from direct interaction of the
driver beams and eliminates the neutron background from
the hot corona. Our experiments showed, however, that even
with the undoped CH ablator, there is still some Ka radiation
generated by the implosion. Other diagnostics include two
electron spectrometers, an x-ray spectrometer, and neutron
time-of-flight detectors to measure the thermonuclear fusion
neutron yield from D–D reactions. The temporal evolution of
the areal density was calculated with a 1-D simulation using the
radiation–hydrodynamics code LILAC including cross-beam
energy transfer (CBET) and nonlocal electron transport. Peak
compression is predicted at 4.3 ns, where time zero is defined
by the start of the drive pulse. The short pulses were injected
at five times to bracket the peak compression. The electron
spectrometers captured a very interesting trend in the spectrum
of the escaped fast electrons for the different injection times.
For an early injection of both pulses, copious amounts of MeV
electrons were generated with a clear trend of decreasing fastelectron production for later injection times.

Laser power (TW)

Integrated Channeling of High-Intensity Laser Beams
in Implosions
Principal Investigator: S. T. Ivancic (LLE)

80
40
20

1
2
3
Time (ns)
Cu-doped
CD shell

nTOF
(neutron detector)
OU-ESM
(multi-angle electron spectrometer)

Heating

60

Channeling

0
3900

4000
Time (ns)

4100

OMEGA EP
100 ps, 1.5 kJ
10 ps, 0.75 kJ
Figure 148.71
Schematic of experimental setup.
nTOF: neutron time of flight.
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The results of the integrated experiment showed indications of electron stopping in the core as it approached peak
areal density. Figure 148.72 shows the trend observed in the
Osaka University electron spectrometer data for the central
(on-axis) channel as a function of injected electron time. As
the target approaches peak areal density (4.5 ns), there is a
dip in the escaped electrons between 1 and 3 MeV. This trend
was observed only in the on-axis channel and not in the !5°
or 10° channels that do not pass through the dense core of the
compressed target. These data suggest that the dense core of
plasma is stopping some of the electron beam. The total electron yield for later short-pulse injection times is lower as well,
indicating poorer coupling of energy from the high-intensity
pulse into fast electrons. However, because of the high background levels in the Cu Ka images, the contribution from the
IR-produced electrons was not directly observed in this campaign. A future experiment with a thicker ablator may protect
the Cu fluor layer from direct irradiation by the drive beams
with the extended pulse.
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This campaign sought theoretically predicted highpressure phases of Mg, which have the interesting feature
of density-driven electron localization in interstitial regions
in the crystal lattice, occurring as a direct consequence of
strong quantum mechanical constraints on the electronic wave
functions of core and valence electrons at high compression.
Three of these “electride” phases are predicted between 4 and
12 Mbar for magnesium.26–28
The experiment compressed solid Mg to the 10-Mbar pressure regime using ramped laser pulses and probed crystal structure using the PXRDIP diagnostic via transmission diffraction
of He a x rays from a metal foil backlighter (Fig. 148.73). Pressure in the sample was probed by measuring the target’s freesurface velocity using VISAR and correlating it with a pressure
state. Four half-days on OMEGA were used to optimize the
target design, pulse shapes, and diagnostic filtering and timing
and then to collect data between 2 and 15 Mbar. In spite of
the very weak x-ray scattering strength of low-Z Mg, diffraction peaks were registered at up to 6 to 7 Mbar, above which
pulse-length limitations hampered the ramp compression of the
Mg, despite a high background resulting from ablation plasma
x rays. Above 4 Mbar, the data indicate a new phase, albeit
inconsistent with the theoretical predictions. These results are
being used to design further measurements for the NIF.
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Figure 148.72
Transmitted electron spectrum through the compressed shell as a function of
OMEGA EP injection time.

Structural Studies of Electride Phases of High-Density
Matter: Structures of Mg to above 10 Mbar
Principal Investigator: A. E. Lazicki (LLNL)
Co-investigators: F. Coppari, R. Smith, R. Kraus, J. R. Rygg,
D. E. Fratanduono, J. H. Eggert, and G. W. Collins (LLNL);
M. McMahon, M. Gorman, and A. Coleman (University
of Edinburgh); D. McGonegle and J. Wark (Oxford); and
L. Peacock and S. Rothman (AWE)
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Figure 148.73
(a) Cross section of the PXRDIP diagnostic showing the laser drive in blue and
the x-ray source incident ~45° into the image-plate chamber, where diffraction
peaks are registered. (b) Image plates digitally warped into a stereographic
projection to show the x-ray diffraction peaks from Mg near 400 GPa (indicated with arrows) and from an ambient Ta calibrant (marked with red lines).
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Hohlraum Magnetization Using Laser-Driven Currents
Principal Investigators: J. D. Moody and B. Pollock (LLNL)
Co-investigators: J. S. Ross, D. Turnbull, C. Goyon, A. Hazi,
G. Swadling, and W. Farmer (LLNL)
In FY16 the two-day LDMag Campaign on OMEGA EP
continued a basic science investigation of the feasibility of
using laser-generated currents to self-magnetize targets, such
as future ICF hohlraums. These experiments substantially
improved the proton deflectometry capability of previous campaigns to probe the fringing magnetic-field structure around
the outside of the half-loop target shown in Fig. 148.74. On
the open side of the loop are parallel plates, into one of which
holes were placed so that the OMEGA EP long-pulse beams
could shine through to produce a plasma at the surface of the
second plate. Hot electrons from this plasma collect around the
holes in the first plate, driving a current through the half-loop
that connects the plates, and producing a magnetic field on the
loop axis and in the surrounding volume.
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Figure 148.75
Geometry for proton deflectometry on OMEGA EP, with proton detectors (not
shown) placed 8 cm behind and to the left of the B-field target.

Laser-Driven Electrostatic Shock-Wave Acceleration
Principal Investigator: A. Pak (LLNL)
Co-investigators: D. Haberberger (LLE) and T. Link (LLNL)
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Figure 148.74
End-on view of geometry for hohlraum self-magnetization on OMEGA EP,
with beam path shown schematically in red.

To probe these fields, protons are produced through the
TNSA mechanism from the interaction of the two orthogonal
OMEGA EP short-pulse beams with two separate, thin Au foil
targets as shown in Fig. 148.75. Cu meshes impose fiducials in
the proton images recorded on radiochromic film, providing
detailed measurements of the field profile millimeters from the
target. The loop structure was probed both along and across
its axis by protons produced using the orthogonal short-pulse
beams. Fields up to 200 T were inferred at the end of the
0.75- to 1-ns, 1-TW B-field drive laser pulses. The analysis of
this recent experiment is ongoing and will inform the FY17
continuation of this effort.
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This shot day on OMEGA EP sought to create and image
a relativistic collisionless electrostatic shock wave using a
high-power, short-pulse laser. The astrophysical community is
interested in understanding the plasma conditions under which
these collisionless shocks form, the structure of their associated
electric fields, and the resulting particle acceleration. It is also
desirable to assess the viability of this new ion acceleration
mechanism to produce an ion beam with the following properties: ~100 MeV per atomic mass unit, narrow energy spread
D E/E ~10%, and high beam density ~1010 particles per bunch.
A summary of the experimental and diagnostic setup is
shown in Figs. 148.76(a) and 148.76(b). An x-ray drive is first
produced (or not) using a 1-ns laser pulse to irradiate a 25-nmthick gold foil. The x-ray drive ablates and expands an initially
1.4-nm-thick CH target. After waiting ~500 ps for the peak
plasma electron density to fall to ~5 # 1021 cm–3, the backlighter
beam drives the electrostatic shock wave to accelerate particles.
The sidelighter beam then irradiates a second orthogonal proton
source to probe the CH plasma. Figures 148.76(c)–148.76(e)
and 148.76(f)–148.76(h) compare the accelerated proton beam
profile, spectrum, and side-on proton radiography from, respec-
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Figure 148.76
(a) Experimental configuration and (b) diagnostic suite. A long-pulse beam creates x rays to ablate an initially 1.4-n m-thick CH foil to tailor the plasma density
profile. The short-pulse “backlighter” beam then drives the target, producing a proton beam via target-normal sheath acceleration (TNSA). Orthogonal to this,
the “sidelighter” beam creates a second proton beam as a radiographic probe. [(c),(d)] TNSA proton beam profile and spectrum from direct drive of the CH foil,
without x-ray preheat. The hole in the profile measurement transmits part of the beam to the Thomson parabola diagnostic. (e) Side-on proton radiograph of the
TNSA field. [(f),(g)] TNSA beam profile and spectrum from an experiment with an x-ray tailored plasma density profile. (h) The resulting proton radiograph;
the inset shows backlighter laser incident from the left, while the x-ray preheat comes from the right.

tively, an unperturbed foil and an expanded target. When the
plasma density profile is first tailored with the x-ray drive, the
proton spectrum exhibits a narrowband feature at ~16 MeV
[Fig. 148.76(g)], and the side-on radiography shows a localized
deficit in the probe beam. Both features are consistent with the
generation of an electrostatic shock wave and are absent on
the control experiment where an unperturbed target was used.
Future work will focus on correlating the accelerated spectrum
to the velocity of the electrostatic shock wave as inferred from
the proton radiography data.
Astrophysical Collisionless Shock Experiments
with Lasers (ACSEL)
Principal Investigators: H.-S. Park, C. M. Huntington, and G. F.
Swadling (LLNL)
The ACSEL-16A and -16B experiments continued to investigate the formation of astrophysically relevant collisionless
shocks in a diagnosable laboratory environment. These shots
were carried out in support of the ongoing ACSEL effort
at LLNL and with support of the broad, cross-institutional
ACSEL collaboration. A total of 13 target shots were completed
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during ACSEL-16A and -14 during ACSEL-16B. The experiments primarily investigated interactions between beryllium
targets, which were selected to provide a low-Z, single-species
blowoff plasma in order to simplify Thomson-scattering analysis. Experiments also investigated end-on proton probing using
thin foil targets and a new dish-shaped plastic target.
The experiments used OMEGA to heat the surfaces of a pair
of opposing targets, launching counter-propagating plumes of
high-velocity (~106 -ms–1), high-temperature (~keV) plasma.
The parameters of the outflows are such that they are largely
collisionless but with parameters amenable to the growth of
instabilities, which can mediate the formation of a collisionless shock.
The interaction of the flows is diagnosed using a combination of (a) temporally resolved, single-point optical Thomson
scattering and (b) proton radiography imaging. A D3He
exploding-pusher capsule provides a dichromatic (3.3- and
14.4-MeV) proton source for radiography, making it possible
to probe at two separate times during each experiment. Images
are recorded on CR39 nuclear track detectors whose processing
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and analysis are carried out by collaborators at MIT. Previous
proton imaging data have detected the presence of complex
magnetic-field structures. The field structures are observed to
grow in strength as the experiment progresses; the observed
filamentary structures are interpreted as being the result of the
growth of the Weibel instability in the region where the flows
collide and interpenetrate.
The primary goal of ACSEL-16A and -16B was to collect
improved optical Thomson-scattering data by using the beryllium targets to provide single-species plasmas; this significantly
simplifies the interpretation of the detailed structure of the
scattered spectra. The Thomson-scattering diagnostic records
features of both ion-acoustic waves and electron plasma waves;
data from this diagnostic have been previously used to diagnose the interpenetration of the flows and to measure heating

associated with the development of the two-stream instability.
Figure 148.77 shows sample Thomson-scattering data from this
campaign. High-quality data of the flow interactions at target
separations of 4 and 5 mm were captured. Analysis of these
data will reveal trends in the evolution of the plasma parameters
of the interacting flows.
New experiments carried out in ACSEL-16B investigated
a new target configuration. These targets were modified to a
“dish” shape, allowing a significantly larger number of beams
to impinge on the target within the facility’s incident-angle
constraints. This modification to the target geometry increased
the density of the outflows by a factor of 10, as measured via
Thomson scattering. This density scaling has the potential to
allow one greater control in the pursuit of the formation of a
mature collisionless shock.
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Figure 148.77
Thomson-scattering ion-acoustic wave time series, showing interpenetration of a pair of beryllium plasma flows.
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Pressure Ionization in Ramp-Compressed Materials
Principal Investigators: Y. Ping and S. Jiang (LLNL)
Co-investigators: R. Shepherd and R. Heeter (LLNL)
The Pressure Ionization Campaign comprised two half-days
on OMEGA during FY16. This campaign used ramp compression to compress an iron foil up to twice its original density,
while keeping the temperature below 1 eV. The driver consisted
of five laser pulses stacked in time. Separately, a spherical
implosion provided a broadband x-ray backlighter. Both the
absorption and fluorescence spectra were measured to study the
energy shift of the Fe inner shells caused by pressure ionization. Figure 148.78(a) shows the measured absorption spectrum.
At the top is a raw image from a 2 # compression shot. X-ray
filters of Fe, Mn, and Cr at the entrance slit of the spectrometer
provided K-edge wavelength fiducials. The Fe K edge was
measured for four different cases: undriven Fe, Fe with 2 # and
1.5# compression, and liquid Fe. No obvious shift of the Fe K
edge was observed in any of these cases. Figure 148.78(b) shows
the fluorescence spectra measured using MSPEC (multipurpose
spectrometer), in which Ka fluorescence was observed for the
first time in ramp-compressed iron, despite noise and high
background levels. The two top images in Fig. 148.78(b) show

raw spectra processed by a despeckling technique. The two
lines from right to left correspond to Fe Ka and Cu Ka (from an
undriven Cu washer used to mount the iron sample). The Cu Ka
line provides a reference to compare different shots. The plot
of Fig. 148.78(b) compares the Ka peaks from liquid Fe (blue)
and from solid Fe with 2 # compression (red). There appears
to be a slight shift in the Ka energy. Future experiments will
improve the signal-to-noise ratio, use a higher-resolution spectrometer to confirm the energy change, and seek to measure
the weaker Kb signal, which is more prone to a shift because
of pressure ionization.
Spectroscopy of Neutrons Generated Through Nuclear
Reactions with Light Ions in Short-Pulse Laser-Interaction Experiments
Principal Investigators: C. Stoeckl, U. Schroeder, T. C.
Sangster, and C. J. Forrest (LLE)
The experimental objective of this project is to study nuclear
reactions in light ions generated in short-pulse laser-interaction
experiments. Planar deuterated plastic (CD) targets were irradiated with one short-pulse (10-ps) beam focused at the target’s
front surface. A second low-energy (100-J), long-pulse (100-ps)
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Figure 148.78
(a) A raw image of the measured absorption spectrum for 2 # compressed Fe and measured Fe K edge under four different conditions. (b) Top: Measured MSPEC
spectra, despeckled to reduce noise. Bottom: Lineouts of the Fe Ka feature for liquid and 2 # compressed Fe.
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The previous experiments in FY15 with CD primary and
layered secondary targets with up to ten alternating layers
of 25-n m-thick CD and 25-n m-thick Be foils showed clear
evidence of both D–D fusion neutrons and neutrons from the
Be9(d,n)B10 nuclear reaction. No secondary D–T fusion neutrons
are observed from any tritium that would be generated in Be9(d,t)
Be8 neutron pickup reactions, which indicates that the cross
section of this reaction is smaller than the calculated values.
The experiments with the layered CD/Be targets were continued in FY16, where one shot day was available. Three shots
were taken with secondary targets at different laser intensities
to measure the neutron spectrum and three shots without a
secondary target to record the incident fast-ion spectrum. Again
no neutrons from D–T fusion reactions were observed.
To be able to run realistic simulations of the OMEGA EP
experiments, fusion cross sections based on the Bosch and Hale
parametrization were added to the Monte Carlo particle transport framework Geant4. Geant4 already includes primary and
secondary particle tracking and physics modules to describe
the slowing down of the ion flow in the secondary target and
neutron scattering in the target and detector.
First tests show that the Geant4 simulations correctly
reproduce the relativistic kinematic of the D–D in-flight fusion
reaction and the mean free path of the deuterons with respect
to fusion reactions, if the simulations used enough particles
that the statistical error becomes insignificant.
Figure 148.79 shows the calculated total neutron energy
spectrum from a first preliminary simulation using a 4-MeV
deuteron beam on a 1-g/cm3 pure-deuterium target. A puredeuterium target was chosen to improve the statistics.
Neutrons from both the primary D–D fusion (2 to 6 MeV)
and the secondary D–T reaction (11 to 19 MeV) from the tritium
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UV beam was fired 0.5 ns ahead of the short-pulse beam to
suppress proton acceleration on the front surface of the target.
Charged particles, protons, and deuterons from the rear of the
target create neutrons and charged particles through nuclear
reactions in a second converter target placed closely behind the
primary interaction target. The spectrum of the neutrons generated in the converter target is measured using a three-channel
scintillator photomultiplier–based neutron time-of-flight detector system. Charged-particle detectors are used to measure the
spectra of the primary particles.
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Figure 148.79
Neutron energy spectrum from a deuterium secondary target irradiated by a
4-MeV deuteron beam calculated by Geant4.

produced in the d(d,t)p branch of the D–D reaction are visible.
Out of the 8 # 109 incident primary particles, ~0.1% produce
a primary fusion neutron and ~0.1% of the tritons produced in
the primary reactions generate a secondary neutron. Because
of the complex interaction between the energy loss of the fast
ions (deuterons, tritons) in the target material and the energy
dependence of the fusion cross section, these conversion efficiencies are difficult to predict accurately without these detailed
simulations. Given that the dynamic range of our current
detectors is ~100, these simulations indicate that it might not
be feasible to detect those secondary neutrons with the present
detector system on OMEGA EP.
Proton Transport and Coupling into Shock-Compressed
CH Targets for Proton Fast Ignition
Principal Investigator: W. Theobald (LLE)
A focused, laser-driven proton beam is an effective means
for rapidly heating material and it remains a promising fast
ignitor. However, there are unexplored topics that must be
incorporated into an integrated proton fast-ignition scheme
such as conversion efficiency to protons in a fully assembled
target and transport of the high-current-density proton beam in
shock-compressed fuel. In pTransEP-16A, we conducted experiments to study fundamental physics’ underlying high-current
proton beam production, transport, stopping, and energy coupling in reduced-scale, fast-ignition–relevant conditions using
OMEGA EP. The two short-pulse beams were alternated with
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700-J energy and 10-ps pulse duration to irradiate compound
targets consisting of a curved source foil, a conducting cone
to focus the beam, low-density resorcinol formaldehyde (RF)
plastic foam (340 mg/cm3) transport blocks, and 10-nm-thick
Cu diagnostic layers on the top and rear sides. Integrated shots
were also taken in which two long-pulse lasers were used to
drive a quasi-planar shock to compress the RF in the probe
beam path.
We shot targets of increasing complexity from a freestanding curved foil to the full compound integrated target. The proton spectrum was measured for each of the types using a stack
of radiochromic film and a Thomson parabola ion energy analyzer. Figure 148.80 shows how the maximum proton energy
decreased as target components were added. The maximum
energy (shown here) and proton number (not shown) decreased
as soon as material was added to the curved target. This is in
line with our understanding from previous experimental and
computational work that added target material is a sink for
the energetic electrons that support accelerating fields on the
target; however, the magnitude of the change is surprising. In
fact, this reduction in energy gain is more significant than the
stopping in the 0.34-g/cm2 areal density of RF.
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The localized emission will be compared to the results of
future transport simulations. The simulations will also be compared to the proton spectral measurements with and without
the RF blocks.
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Figure 148.81
SCI images of 8.048-keV Cu Ka x-ray emission from Cu foils on the top and
rear side of a plastic block. The block length was (a) 500 n m or (b) 1 mm. The
insets show the target as viewed from the diagnostic. The signal consists of
a relatively uniform background caused by refluxing energetic electrons and
a forward-directed beam of protons.

Shear Stress and Mechanism of Phase Transition
in Shock-Compressed Iron
Principal Investigator: C. E. Wehrenberg (LLNL)
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Figure 148.80
Maximum proton energy measured in the forward direction for the six target
types investigated. The energy was highest for the freestanding target and lowest for the fully integrated target with a shock-compressed transport medium.

The coupling to the rear side of the target was also studied by
observing Cu x-ray line emissions with a spectrometer (ZVH)
and a monochromatic x-ray imager using an SCI. Example
images from the latter (see Fig. 148.81) show the signature of
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The IronLaue-16 Campaign was the first campaign to use
Laue diffraction to study the response of single-crystal iron to
shock compression. As shock compression drives iron through
a body-centered-cubic (bcc)–hexagonal phase transition, Laue
diffraction can be used to determine the orientation of the
transformed phase and therefore the mechanism of transformation. Additionally, Laue can measure the shear strain in the
compressed state. In these shots, 32 OMEGA beams were used
to drive an implosion of an empty CH capsule, creating a burst
of broadband x rays during stagnation that are used for Laue
diffraction. Separately, two beams were used to drive a shock
into an ablator and the single-crystal sample. Excellent diffraction data were observed in several shots for a range of shock
pressures. Figure 148.82 shows an example in which multiple
diffraction spots from the shock-compressed iron are visible.
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Compressed
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Overall, LLNL PI’s led a total of 553 shots at LLE in FY16.
In addition, LLNL PI’s also supported 57 NLUF shots on
OMEGA and 31 NLUF shots on OMEGA EP, in collaboration
with the academic community.
Indirect-Drive Inertial Confinement Fusion Experiments

MgO window
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Figure 148.82
Example of Laue diffraction data showing multiple diffraction spots from
shock-compressed iron.

FY16 LLNL Omega Facility Experiments
Principal Investigators: R. F. Heeter, S. J. Ali, P. M. Celliers,
F. Coppari, J. H. Eggert, D. Erskine, A. Fernandez Panella,
D. E. Fratanduono, C. M. Huntington, L. C. Jarrott, S. Jiang,
R. G. Kraus, A. E. Lazicki, S. LePape, D. A. Martinez, J. M.
McNaney, M. A. Millot, J. D. Moody, A. E. Pak, H.-S. Park,
Y. Ping, B. B. Pollock, H. G. Rinderknecht, J. S. Ross, R. F.
Smith, G. F. Swadling, C. E. Wehrenberg, G. W. Collins,
O. L. Landen, A. Wan, and W. Hsing (LLNL); J. Benstead and
M. Rubery (AWE); R. Hua (UCSD); and H. Sio (MIT)
In FY16, LLNL’s High-Energy-Density (HED) Physics
and Indirect-Drive Inertial Confinement Fusion (ICF-ID)
Programs conducted several campaigns on the OMEGA and
OMEGA EP Laser Systems, as well as campaigns that used the
OMEGA and OMEGA EP beams jointly. Overall, these LLNL
programs led 430 target shots in FY16, with 304 shots using
only the OMEGA Laser System and 126 shots using only the
OMEGA EP laser. Approximately 21% of the total number of
shots (77 OMEGA shots and 14 OMEGA EP shots) supported
the ICF-ID Campaign. The remaining 79% (227 OMEGA shots
and 112 OMEGA EP shots) were dedicated to experiments for
the HED Physics Campaign. Highlights of the various HED
and ICF campaigns are summarized in the following reports.
In addition to these experiments, LLNL Principal Investigators (PI’s) led a variety of Laboratory Basic Science Campaigns
using OMEGA and OMEGA EP, including 81 target shots
using only OMEGA and 42 shots using only OMEGA EP. The
highlights of these are also summarized, following the ICF and
HED campaigns.
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Hydrodynamic Response from Oxygen Nonuniformities
in Glow-Discharge Polymer Plastic
Principal Investigators: P. M. Celliers and S. J. Ali
Simulations and target characterization indicated that
inhomogeneity in oxygen content could be a significant seed
for Rayleigh–Taylor growth in NIF implosions using glow-discharge polymer (GDP) plastic shells. This has been indirectly
supported by the observation of larger-than-expected in-flight
modulations during NIF GDP capsule implosions along with
the realization that such inhomogeneities can result from photoinduced oxygen uptake. To investigate the magnitude of the
effect of these oxygen heterogeneities on the hydrodynamic
response of GDP ablators, oxygen modulations were photoinduced in GDP foils by illuminating the foils with blue light
through a periodic mask pattern. The foils were then fielded
on OMEGA as ablators driven by a halfraum to replicate foot
conditions on the NIF. The resulting optically reflective shock
wave was observed using the OMEGA high-resolution velocimeter (OHRV), a 2-D single-gate measurement. Two-dimensional
velocity maps were obtained for both oxygen-modulated and
unmodulated samples, with the modulated samples showing
clear evidence of the propagation of a rippled shock wave as a
result of the photo-induced oxygen heterogeneity. A time series
spanning approximately 2.3 to 4.2 ns after shock breakout from
the GDP ablator into a poly (methyl methacrylate) (PMMA)
witness layer was obtained and clearly showed that the decay
in the amplitude of the perturbation was dependent on the
perturbation wavelength, as expected.
Principal Hugoniot Measurements of Liquid Deuterium
Above 100 GPa
Principal Investigator: A. Fernandez Panella
These two half-day campaigns using cryogenic targets
on OMEGA investigated the principal Hugoniot of liquid
deuterium at high precision above 100 GPa. This study was
motivated by a systematic discrepancy between previous
experimental data on different platforms (OMEGA, Z, and
NIF keyhole data) and current equation-of-state (EOS) models
above 100 GPa, with the data suggesting higher compression
than models, including the current preferred EOS used in ICF
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simulations.29 Experimental uncertainties of the existing data
are too large, however, to rule out the models unambiguously.
Examining this discrepancy is relevant as the first shock in
an ICF implosion lies on the principal Hugoniot of the fuel.
Recent diagnostic improvements along with the availability of
the recent high-accuracy calibration of the quartz EOS standard30 result in new experiments collecting data with much
higher accuracy.
The first campaign carried out three measurements of
shock-compressed deuterium along the principal Hugoniot at
pressures ranging from 350 to 550 GPa, the highest pressures
to date. The ablator material was 90-nm-thick beryllium and
the targets were driven by a 2-ns flat, square laser pulse. VISAR
was used as the main diagnostic to measure shock velocities.
In the alpha-quartz reference material, shock velocities of
34 to 40 km/s were measured, and velocities of 50 to 64 km/s
were obtained in the deuterium (Fig. 148.83). A summary of
the data is shown in Fig. 148.84. Note the improvement of the
data quality with respect to previous campaigns (e.g., D. Hicks
2009); the uncertainties in the shock velocities in the present
campaign are a factor of 3 smaller.
The impedance-matching analysis relies on an accurate
knowledge of the EOS of the standard material (alpha quartz)
to determine the particle velocity, pressure, and density of
the sample (shock-compressed deuterium). Because the new
data extend beyond the valid range of the quartz calibration,
two tabular quartz EOS models have been used to estimate
the systematic uncertainty of the new data. The results are

shown in Fig. 148.84. All the experimental data show higher
compression along the Hugoniot (4.5 to 4.7) than the current
EOS models predict (e.g., 4 to 4.3 with LEOS 1014 Kerley).
This trend is similar to the previous data obtained at different
facilities (Omega, Z, and the NIF), which also showed a similar discrepancy with current models beyond 100 GPa. Further
analysis is underway to understand the systematic uncertainties
and to understand the underlying reasons for such discrepancy
with the models.
The second half-day in August was very successful as
well. The addition of an extra quartz anvil to the target design
enabled us to measure a re-shock and a second impedance
data point. Four shots were taken that will complete the data
set at lower shock pressures (100 < P < 350 GPa), where the
Knudson–Desjarlais quartz calibration is more accurate.
Study of Interpenetrating Plasmas on OMEGA
Principal Investigator: S. Le Pape
The Near-Vacuum Campaign on the NIF has shown
that radiation–hydrodynamic codes such as HYDRA do not
accurately describe the collision of two high-velocity flows,
e.g., ablated gold from the hohlraum wall and ablated carbon
from the capsule, with relative velocity of 8 # 107 cm/s at an
electron density of 1021/cm3. In this parameter space, radiation–hydrodynamic simulation predicts a stagnation of the two
plasmas, leading to a density ridge at the materials’ boundary;
however, experimental data do not support this scenario. The
main hypothesis to explain the discrepancy is that the flows’
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Figure 148.83
Schematic of the target design and experimental configuration for the (a) PCRYO-16A and (b) PCRYO-16B Campaigns, respectively.
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(a)
64

interpenetration cannot be described by a fluid code but
requires a full kinetic description at this high relative velocity
and low density. To explore this, an OMEGA campaign was
designed to emulate a near-vacuum hohlraum environment
in a simpler geometry that would allow one to diagnose the
material boundary using both optical Thomson scattering and
time-resolved x-ray imaging. To reach NIF-relevant conditions, laser beams are used to irradiate both an outer ring of
material ranging (depending on the shot) from low to high Z
(carbon, aluminum, and gold) and an inner ring of high-density
carbon (Fig. 148.85). The laser energy was also varied during
the campaign.
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Figure 148.85
VISRAD view of the target geometry with laser beams.
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Figure 148.84
(a) Summary of the observables: transmitted shock velocity in D2 versus
incident shock velocity in quartz. (b) Pressure versus compression along the
principal Hugoniot of liquid deuterium. Experimental data: vertical triangle
by Dick et al., horizontal triangle by Nellis, filled circles by Knudson et al.,
crosses by Boriskov, open circles by Hicks et al., blue squares are recent
data (not yet published) by M. Gregor et al. (LLE), red symbols this work
(preliminary result) analyzed using the Knudson–Desjarlais quartz calibration and also using two tabular quartz EOS models (SESAME 7360, Kerley,
and LEOS 2210).
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High-quality data were obtained from both main diagnostics. Figure 148.86 illustrates that as the Z of the outer ring
material is increased from carbon to gold, and plasma collisionality is increased, the material boundary becomes more
apparent for the same laser drive and time.
Figure 148.87 shows ion-acoustic wave (IAW) and electron
plasma wave (EPW) spectra. From these spectra, flow velocities,
ion temperatures, electron densities, and flow compositions are
deduced, providing a complete picture of the plasma parameters.
Broadband Proton Radiography of Shock Front in Gases
Principal Investigators: Y. Ping and R. Hua (LLNL)
Co-investigators: H. Sio (MIT); C. McGuffey and F. Beg (University of California–San Diego); and G. W. Collins (LLNL)
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Figure 148.86
X-ray images at 0.9 ns for the three different rings: (a) carbon, (b) aluminum, and (c) gold. The center circle is the high-density carbon ring; the outer circle is
the low- to high-Z ring.
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Figure 148.87
(a) Ion-acoustic wave (IAW) and (b) electron plasma wave (EPW) spectra for carbon into carbon.

This campaign is based on an experimental platform developed on OMEGA EP in FY15 to study shock-front structure
and field effects in low-density systems. The broadband proton
backlighter is generated by high-intensity, short-pulse interaction with metal foils through the well-known TNSA process.
The shock is driven by three UV long-pulse beams in a gas
cell with a CH ablator. Both shot days provided excellent proton radiographs and soft x-ray spectra of shock propagation
in gases. Figure 148.88(a) displays proton radiographs with
different-energy protons, showing clearly energy-dependent
deflection of protons and complex structure at the shock front.
A variable-spaced-grating (VSG) snout was added as a spectroscopic diagnostic for He–Ne mixtures. The spatially resolved
spectra, shown in Fig. 148.88(b), provided shock velocity in
a single shot and a constraint on shock temperature by Ne
lines. A radiative precursor was also observed as indicated
LLE Review, Volume 148

in Fig. 148.88(b) as the He-like Ne line extended beyond the
shock front. A paper on this new platform has been submitted
to Review of Scientific Instruments31 and a radiograph analysis
paper is in progress.
Studies of Kinetic and Multi-Ion-Fluid Effects in Inertial
Confinement Fusion Implosions Using Nuclear-Reaction
and X-Ray Emission Histories
Principal Investigator: H. Sio (MIT)
The motivations for the one-day DTHe3-16A Campaign
on OMEGA were (1) to measure simultaneously the DT and
D3He reaction histories on the same instrument and (2) to
measure multiple x-ray emission histories in different x-ray
energy bands. By measuring the nuclear reaction histories,
one can make a time-resolved comparison of the nuclear
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on the particle x-ray temporal diagnostic (PXTD), their relative cross timing is very well known (<10 ps). T i(t), Te(t), and
their relaxation toward equilibrium will be used to measure the
ion–electron (i–e) equilibration rate to experimentally validate
the Coulomb logarithm for various plasma conditions.
In addition to the primary PXTD data (Fig. 148.89),
other nuclear [wedge-range filter (WRF), charged-particle
spectrometer (CPS), and proton-core imaging spectroscopy
(PCIS)], optical (FABS), and x-ray [Dante, Sydor framing
camera (SFC), and framed Kirkpatrick–Baez x-ray microscope
(KB‑FRAMED)] diagnostics also measured good data to constraint implosion trajectory, laser absorption, nuclear yields, ion
temperatures, and x-ray output.

Space (shock propagation)

(b) Spatially resolved VSG spectra
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Figure 148.88
(a) Proton radiographs of a shock front in He gas showing energy-dependent
structure; (b) spatially resolved spectra by a variable-spaced-grating (VSG)
snout. Both shock front and radiative precursor were clearly observed.

rates as implosions transition from a more-hydrodynamic
(~2.3-mg/cm3 initial gas fill) to a more-kinetic (~0.3 mg/cm3
initial gas fill) regime. Comparison with hydrodynamic and
kinetic-ion simulations will be used to understand how plasma
density and temperature profiles are altered by nonhydrodynamic effects during shock burn.
At the same time, the ratio of two different nuclear reaction
histories will be used to infer a spatially averaged T i(t). X-ray
emission histories in different x-ray energy bands will be used
to infer a spatially averaged Te(t) from the slope of the bremsstrahlung continuum. Since both the nuclear reaction histories
and the x-ray emission histories are simultaneously measured
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PXTD lineouts—shot 82617
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Figure 148.89
Particle x-ray temporal diagnostic (PXTD) channel lineouts on shot 82617.
X-ray emission histories (in the energy band above 14, 30, and 36 keV) and
nuclear reaction histories (DT, D3He) are measured simultaneously on one
streak. Each streak channel has its own filtering in front of, and light attenuation
filter behind, the scintillator to equalize the signal relative to the other channels.

X-Ray Blanking Mitigation Experiments for the NIF
Optical Thomson-Scattering Diagnostic
Principal Investigators: G. F. Swadling and J. S. Ross
The XRayBlanking-16A experiment was carried out to
assess the risk posed to the NIF optical Thomson-scattering
(OTS) diagnostic by x-ray–driven “blanking” of the optical
debris shield, and to test a Xe gas x-ray shield design concept. A
total of 11 target shots yielded high-quality data that addressed
the threshold for x-ray blanking effects and demonstrated the
feasibility of the Xe gas x-ray shield concept.
LLE Review, Volume 148

The radiation environment presented by NIF hohlraums
is extreme; they typically produce radiation temperatures of
~300 eV, with soft x-ray (<3-keV) fluxes of ~10 to 20 TW sr–1,
and total time-integrated yields of ~60 kJ sr–1. An optically
transparent debris shield will be installed in front of the OTS
collection telescope to protect it from target debris produced
during shots. The optical layout constrains this shield to be
<60 cm from the target, but at this distance, during a typical
ignition-scale experiment, the window could receive a total
time-integrated soft x-ray fluence of up to 16 J/cm2. This fluence
raises the potential for blanking of the debris shield–induced
optical opacity caused by the effects of soft x-ray irradiation.
In the XRayBlanking-16A experiments, the OMEGA Laser
System was used to heat a gold sphere target to produce soft
x rays with a comparable spectrum and power to that produced
by NIF hohlraums. The soft x-ray flux and spectrum were diagnosed using the OMEGA Dante diagnostic. Sample optics were
exposed to this soft x-ray flux and their optical transmissions
were measured using a 532-nm probe laser beam. Blanking
was observed over a fluence range from 0.2 to 2.5 J/cm2. This
threshold falls significantly below the expected soft x-ray fluence onto the NIF OTS debris shield, indicating that measures
are required to mitigate this effect.
An optically transparent but x-ray opaque Xe gas x-ray
shield concept was tested. The x-ray shield successfully
mitigated x-ray blanking of glass samples, demonstrating the
feasibility of this concept (see Fig. 148.90). The x-ray shield
concept will be applied to the NIF OTS.
Measurements of Anisotropy in Non-LTE Low-Density
Iron–Vanadium Plasmas
Principal Investigator: L. C. Jarrott
Co-Investigators: M. E. Foord, R. F. Heeter, D. A. Liedahl,
M. A. Barrios Garcia, G. V. Brown, W. Gray, E. V. Marley,
C. W. Mauche, K. Widmann, and M. B. Schneider
Accurate characterization of optical-depth effects, which
create geometrical anisotropies in K-shell line emission from
low-density non-LTE (local thermodynamic equilibrium)
plasmas, is very important for improving line-ratio–based
temperature measurements in hohlraums on the NIF, as well as
OMEGA. This campaign built upon the established tamped-foil
non-LTE platform on OMEGA, with specific goals to increase
the laser intensity, verify the hydrodynamics of the target
expansion, and provide a robust calibration of the x-ray spectrometers. Two target types were used: The primary target was
a 10-nm-thick, 1000-nm-diam beryllium tamper containing
LLE Review, Volume 148
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Figure 148.90
Example of 532-nm sample transmission data from XRayBlanking-16A. The
black line shows the nominal square laser pulse shape. The red line shows
the transmission of a sample in the absence of an x-ray shield. The sample
was exposed to ~2.5 J/cm2 of soft x rays over the duration of the experiment.
The blue lines show transmission through samples protected by a 10-cmlong Xe gas shield at a pressure of 0.04 atm. The gas was contained by thin
(30- to 200-nm) SiN membranes, which were themselves ablated by the soft
x rays. For membranes #50 nm thick, the optical transmission was extended
significantly relative to the unshielded sample. The thicker membranes appear
not to have expanded sufficiently to allow transmission of the probe without
significant absorption.

a volumetrically equal mixture of iron and vanadium, 200 nm
thick and 250 nm in diameter. The second target was a “null”
where the beryllium tamper contained no sample material.
Three beam–target orientations were used over the course of
13 shots. In the first configuration, an MSPEC spectrometer
situated in TIM-2 and a gated pinhole imager in TIM-3 had an
edge-on view of the target, while another MSPEC in TIM-6
and another pinhole imager in TIM-4 had a face-on view. In
the second configuration, the target orientation with respect to
TIM-2 and TIM-6 was reversed. In the third configuration, all
primary TIM-based diagnostics had a viewing angle of 45° with
respect to target normal. These three target–beam orientations
provided an in‑situ cross-calibration of the spectrometers and
pinhole imagers. The data obtained from 13 shots included
simultaneous, time-resolved edge-on and face-on measurements of (1) the iron and vanadium K-shell spectra and (2) the
expanding plasma volume. The K-shell spectral data provided
time-resolved electron temperature measurements of the
expanding plasma, with preliminary analysis indicating Te >
2 keV, higher than previous campaigns (Fig. 148.91).
Optical Thomson-Scattering Measurements
from Gas-Covered Au Spheres
Principal Investigator: J. S. Ross
Co-investigators: G. Swadling, R. Heeter, M. Rosen,
K. Widmann, and J. Moody (LLNL); and D. H. Froula (LLE)
The GasCoSphere-16A Campaign performed “gas-covered,”
high-Z sphere experiments, with a gold-coated CH sphere
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Spectrum measured by an MSPEC spectrometer of
the x-ray emission from K-shell transitions in highly
charged vanadium and iron. An electron temperature
>2000 eV is inferred from the various line ratios.
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placed inside of a gas bag and illuminated using a direct-drive
geometry, to investigate atomic physics models, radiative
properties of the laser-spot plasma, and the interpenetration
of multi-ion–species plasmas relevant to ICF indirect-drive–
ignition hohlraums. These experiments use a laser irradiation
of 1014 to 1015 W/cm2, similar to National Ignition Campaign
hohlraums. The gas bag was filled with 1 atm of either propane
or a 70/30 mix of propane and methane, achieving (respectively)
initial electron densities of 7.5% and 6.0% of the critical density
of the 3~ drive beams. With these conditions, the gold–gas
interface mimics the interaction of a hohlraum’s gold wall with
the low-density hohlraum fill gas.

In these experiments, the plasma temperature and density
at various radial positions in the blowoff plasma were characterized using optical Thomson scattering. The laser drive
used a shaped laser pulse (1-ns square foot, 1-ns square peak)
to reduce the shock produced by the gas-bag window. The
electron temperature and density, the plasma flow velocity, and
the average ionization state are inferred by fitting the theoretical Thomson-scattering form factor to the observed data. An
example of the Thomson-scattering data from ion-acoustic
fluctuations is shown in Fig. 148.92. The measured data are
compared to post-shot simulations with and without a diffusion
model in Fig. 148.93. The data and simulations show minimal
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Figure 148.92
(a) A 1-mm-diam Au sphere centered in a 2.6-mm-diam gas bag. The location of the Thomson-scattering (TS) volume is shown. (b) This example of the
Thomson-scattering ion feature indicates where the transition from scattering from Au to scattering from CH plasma is observed at 1.6 ns.
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diffusion of Au into the low-Z CH plasma. Continued data
analysis and simulations are in progress to better understand
the plasma evolution and heat transport.
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Figure 148.94
Target design for the MaxOxWindow-16A experiment.
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Figure 148.93
The (a) measured Thomson-scattering signal is compared to post-shot
simulations (b) using or (c) not using a diffusion model to investigate the
interpenetration of Au into the CH plasma.

High-Energy-Density Experiments
1. Material Equation of State Using Diffraction Techniques
Measurements of the High-Pressure Refractive Index
of Magnesium Oxide Windows
Principal Investigator: R. F. Smith
Magnesium oxide (MgO) has the potential to be a good
alternative to LiF as a window material in high-pressure EOS
experiments. The goal of this half-day OMEGA campaign
was to measure the refractive index of MgO to pressures up to
800 GPa, following the experiments and analytical techniques
outlined in Ref. 32. The target design (shown in Fig. 148.94)
consists of 100 n m of micrograined diamond with, on the
rear surface, a half layer of 100-nm MgO [100] single crystal.
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A 0.3‑n m Ti layer was coated onto the inner MgO surface
to enhance reflectivity for VISAR measurements, and an
antireflection coating was added to the rear surface. Target
normal was oriented along the OMEGA H7–H14 axis. Six
23° beams with the RM38v001 pulse shape were incident onto
the diamond ablator, using 220-J/beam, SG8 phase plates, and
beam delays to achieve an ~7-ns ramped laser pulse. With this
configuration a ramp compression wave with a peak pressure
of 800 GPa was launched into the target assembly. The LLEASBO (VISAR) diagnostic could then simultaneously measure
the diamond free-surface velocity and the diamond/MgO
interface velocity. With knowledge of the sample thicknesses
and the EOS of both diamond and MgO, one can compare the
expected diamond/MgO interface velocity with the measured
velocity. The discrepancies between the two can be then used
to determine the density correction on the MgO refractive index
with that of LiF (Ref. 32). Good-quality data were obtained on
this campaign to support this analysis.
Ramp Compression of MgO and Development
of Ge Diffraction Backlighter on OMEGA EP
Principal Investigator: R. F. Smith
The target and laser design for the W-MgO-DiffEP-16A
Experimental Campaign is shown in Fig. 148.95(a). This
campaign successfully demonstrated the capability of ramp
compression of samples to high pressure on OMEGA EP
[Fig. 148.95(c)]. With a slight variation of the target design
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in Fig. 148.95(a), a 10-ns ramped pulse shape (ERM99v006)
launched a steady shock into the MgO sample. By increasing
the laser power (shock pressure) on a shot-to-shot basis, it was
established that along the Hugoniot single crystal, MgO loses
its 532-nm transmission at ~300 GPa; this is consistent with
the onset of the B1–B2 phase transformation.
Simultaneously, this campaign tested the efficacy of a
Ge He a 10.2-keV source for x-ray diffraction measurements.
The Ge target consisted of a 6-nm layer of Ge, coated onto a
graphitic carbon substrate, and then illuminated with a 1-ns
flattop pulse that delivered 1250 J into a 200-nm spot. Using
this configuration, a strong He a peak was measured and found
to be sufficiently strong for use as a source in subsequent x-ray
diffraction experiments.
Development of a New Platform
for Measuring Recrystallization
Principal Investigators: F. Coppari and R. G. Kraus
The goal of this campaign is to develop a platform for measuring recrystallization of Pb through shock-ramp compression.
By launching a first initial shock to compress the sample along
the Hugoniot close to the melting pressure, letting it release
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Figure 148.95
(a) Laser and target request for the W-MgODiffEP-16A shots. A 10-ns pulse (ERM99v021)
was designed to compress to pressures of 500 GPa
and then hold at that pressure. The target package
consists of a 30-n m diamond ablator, a 10-n m Mo
foil, and a 45-n m-thick MgO [100] window. Half
of the MgO free surface was coated with 0.1 n m
of W, such that the OMEGA EP VISAR diagnostic
could simultaneously measure both the Mo/MgO
interface velocity and the MgO free-surface velocity. (b) As-delivered laser power for two shots.
(c) VISAR data from a shot successfully ramp
compressing the MgO to several hundred GPa.

into the liquid phase, and then recompressing it with a ramp
compression across the solid–liquid phase boundary, one can
measure high-pressure melting lines of materials. The phase of
the Pb upon shock, release, and ramp compression is monitored
by time-resolved x-ray diffraction. The onset of melting is
identified by the appearance of a diffuse scattering pattern and
the disappearance of the Bragg diffraction lines characteristic
of the solid. The pressure is monitored by VISAR, looking at
the interface between the Pb and a LiF window. This campaign
tested for the first time the use of beryllium ablators in diffraction experiments at Omega. This was possible thanks to
excellent support from the Omega staff to implement special
procedures to avoid Be contamination of the diffraction diagnostic hardware and the image-plate media used to record the
data. The behavior of Be ablators is relatively easy to capture
with hydrocode simulations, improving predictive capabilities
for this class of experiments. In this experiment it was possible
to accurately tune the laser pulse shape and compress the Pb
sample along this complicated shock/release/ramp path. Beryllium is also a highly efficient ablator, especially compared to
standard plastic ablators, so the same pressure can be obtained
with lower laser energy, with the added desirable effect of
reducing the ablation x-ray background that may interfere with
the diffraction measurements. On this recent OMEGA EP shot
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(a)

day, excellent diffraction data were obtained that will help
inform future Omega and NIF campaigns.

Recently many diffraction shots on the NIF using the
TARDIS diffraction platform have successfully returned valuable information about the structure of materials under shock
loading. These experiments use an x-ray backlighting source
created by intensely illuminating a material such as Fe or Cu
to produce K-shell x-ray lines. This illumination occurs while
other laser illumination creates a pressure wave that moves
through the sample. The x rays diffract from the compressed
sample and the angular directions of the diffracted rays are
recorded by a set of time-integrating imaging plates that
surround the sample. Simultaneously, a pair of VISAR interferometers measure the Doppler velocity of the target surface
and the velocity history reveals information about the shock
loading of the target.
The question is, does the backlighting illumination itself
cause enough heating in the sample to perturb these measurements? To find out, this experiment shot a set of diffraction
targets that were not illuminated by the pressure drive lasers;
only the backlighting x rays were used. If the temperature
increase related to absorption of x rays is significant, the thermal expansion creates a velocity (and displacement) signature.
The answer is yes, a small signal can be observed, but only at
maximum OMEGA EP laser power to the backlighter and with
thicker (50-nm) samples. This was established using one day
of OMEGA EP time to deliver nine shots using various sample
thicknesses and backlighter sources. No heating signature was
observed for the first six shots using moderate backlighter laser
power on either 5- or 50-n m-thick samples. On three shots,
however, a small thermal expansion displacement was observed
(Fig. 148.96) when the maximum amount of backlighter power
was delivered onto a relatively thick sample. These data will be
used to refine the design of upcoming diffraction measurements.
Development of in-situ Pressure Standard
for Diffraction Experiments
Principal Investigator: F. Coppari
Co-investigator: J. H. Eggert
The goal of this campaign is to develop a new way to determine pressure in diffraction experiments, based on the use of
LLE Review, Volume 148
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How Much Do The Backlighter X-Rays Heat Unshocked
Diffraction Samples?
Principal Investigator: D. Erskine
Co-investigator: J. H. Eggert
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Figure 148.96
Measured displacement of diffraction sample’s rear surface versus time,
by integrating the VISAR velocity signal. Two VISAR’s (1 = red, 2 = blue)
monitor the same sample but have different record lengths. (a) Shot 22612
(Fe backlighter on 100 n m of Al). Good agreement between VISAR’s was
obtained. (b) Shot 22614 (Cu backlighter on 50 n m of Al). The discrepancy
between the blue trace (VISAR2) and the red and black traces (integrating
different regions on VISAR1) requires further investigation.

an in-situ pressure gauge. By measuring the diffraction signal
of a standard material (whose EOS is known) that has been
compressed together with the sample, one can determine the
pressure reached during ramp compression.
Currently, pressure is determined with VISAR measurements of diamond free-surface velocity; this method is in
some cases ambiguous (e.g., because of the lack of reflectivity
or shock formation). Cross checking the VISAR measurement
with in-situ pressure determination, using the diffraction signal
of a standard material, will improve the diffraction platform
by providing a complementary way of determining the pressure state within the sample. In addition, combining pressure
determination from VISAR and from the in-situ gauge can
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also provide information about the temperature of the sample
by measuring the calibrant thermal expansion.
In this experiment, different pressure gauge materials (Au,
Pt, and Mo) were tested in ramp compression to a moderate
pressure (2 to 3 Mbar). Excellent-quality data were obtained.
The Pt standard gave the best results because the diffraction
signal was strong and untextured. Although this platform still
needs some development effort before being used routinely in
diffraction experiments, the data collected so far are extremely
encouraging and suggest that the use of an in-situ pressure
gauge can be a viable path forward in future x-ray diffraction
measurements at both Omega and the NIF.
Development of Simultaneous Diffraction
and EXAFS Measurements
Principal Investigator: F. Coppari
Co-investigators: Y. Ping and J. H. Eggert
Simultaneously measuring diffraction and extended x-ray
absorption fine-structure (EXAFS) signals in the same shot
will be an enormous advancement for laser-based materials
experiments. Such capability would provide simultaneous
probes of both the long-range (diffraction) and short-range
(EXAFS) order of the material, as well as two complementary
probes of the Debye–Waller factor to probe the temperature of
a single material state.

The approach in this campaign used the PXRDIP diagnostic to measure diffraction and the x-ray spectrometer (XRS)
to measure EXAFS. The challenge was to find a suitable
backlighter that would generate both a monochromatic (for
diffraction) and broadband (for EXAFS) x-ray source. Different schemes were tested out in the different campaigns, such
as Kr-filled capsule implosions or illumination of a high-Z foil
to exploit both the line and the continuum emission, but these
initial schemes did not work for both diffraction and EXAFS.
Success was achieved, however, in measuring simultaneous
XRD and EXAFS by using a dual-material foil backlighter,
where one side of the foil is optimized to generate He a radiation
for diffraction (i.e., Fe foil driven with six beams at 500 J and
a 300-nm laser spot) and the other side is used to generate a
broadband bremsstrahlung continuum for EXAFS (i.e., Ag foil
driven with 13 beams at 500 J and best focus to maximize the
laser intensity), as shown in Fig. 148.97. The sample material
in these shots was a “diamond sandwich” with an Fe sample
as typically used in ramp-compression experiments. Figure 148.97 also shows examples of the EXAFS and diffraction data.
Further development is needed to improve the data quality,
but this result represents a big step forward in the study of
dynamically compressed matter.

13 × 500-J beams
best focus (50 nm)

Fe K edge = 7 keV

Shot 82933
Ag
Fe

EXAFS modulations

Glue

6 × 500-J beams
300-nm focus
Diamond/Fe/diamond
on Ta pinhole
U2144JR

Diffraction
Fe Hea
(6.7 keV)

Figure 148.97
Schematic of the backlighter and target used in the XRD-EXAFS_16C Campaign to successfully measure simultaneous extended x-ray absorption fine structure
(EXAFS) (top data) and diffraction (bottom) of an Fe foil sandwiched between a diamond ablator and a window.
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2. Material Equation of State Using Other Techniques
Development of Spherically Convergent
Equation-of-State Measurements
Principal Investigator: A. E. Lazicki
Co-investigators: D. Swift, A. Saunders, T. Doeppner,
F. Coppari, R. London, D. Erskine, D. E. Fratanduono, P. M.
Celliers, J. H. Eggert, G. W. Collins, H. Whitley, J. Castor,
and J. Nilsen
This series of shots was designed to test and qualify a platform for measuring Hugoniot EOS at pressures much higher
than can be achieved using a standard planar drive. This
platform is intended to collect data in the >100-Mbar pressure
regime, where currently very little data exist for any material,
for the purpose of constraining EOS models.
The first two campaigns, GbarEOS-16A and -16B, used a
hohlraum (indirect drive) to launch converging shock waves
into solid spheres of CH2, similar to an existing platform on
the NIF but not yet in use on OMEGA. Along the axis of the
hohlraum, backlit 2-D x-ray images of the imploding sphere
were collected with a framing camera; streaked backlit images
of a slice of the sphere, imaged through a slit in the hohlraum,
Experimental geometry

Framing camera

Framing camera

1.47 ns

2.07 ns

Streak camera
Streak camera
1.5 ns

2.5 ns

2.27 ns

were also recorded with a streak camera (Fig. 148.98). The
radiographs yield density and shock velocity, which allow
one to calculate the shock state using the Rankine–Hugoniot
equations. The two campaigns experimented with variations
in camera configuration, hohlraum gas fill, x-ray backlighter
energies, and hohlraum drive energy. Usable data were collected on all diagnostics for a subset of the shots, indicating
pressures between 30 to 200 Mbar, and analysis is in progress.
In a subset of the shots, x-ray Thomson-scattering measurements were made using a spectrometer with a view along the
hohlraum axis in an effort to constrain temperature as well.
An analysis of these results has been published.33 The third
half-day campaign (GbarEOS-16C) used the OMEGA beams to
directly ablate a sphere of deuterated plastic (CD) to drive the
convergent shock wave, with the core material state assessed via
radiography, x-ray Thomson scattering, and neutron-yield diagnostics. Results of these campaigns are being used to further
optimize the platform to make more measurements in FY17.
Development of Conically Convergent
Equation-of-State Measurements
Principal Investigator: A. E. Lazicki
Co-investigators: D. Swift, F. Coppari, R. London, D. Erskine,
D. E. Fratanduono, P. M. Celliers, J. H. Eggert, G. W. Collins,
H. Whitley, J. Castor, and J. Nilsen
This campaign was designed to test a conically convergent
platform for measuring the Hugoniot EOS of arbitrary materials, including high-Z materials, at much higher pressures than
can be achieved using a standard planar drive. This platform
is intended to collect data in the >100-Mbar pressure regime,
where currently very little data exist for any material, for the
purpose of constraining EOS models.
To achieve the desired pressure amplification, this campaign
experimented with convergent shock waves launched into a
cone inset within a halfraum (Fig. 148.99). For appropriate
cone angles, nonlinear reflections of the shock wave result in
the formation of a Mach stem: a planar high-pressure shock that
propagates along the axis of the halfraum. This concept has
previously been demonstrated on high-explosives platforms34
and proposed for a laser drive35 but never previously tested.

2.47 ns

Time

Figure 148.98
Experimental configuration and raw radiographs from a streak camera and
framing camera for shot 79708.
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One advantage of this geometry over a spherically convergent
geometry is that since the Mach reflection is planar, it can be
launched into a planar target package to make a traditional
transit-time impedance-matching measurement using a velocimetry diagnostic.
One half-day of OMEGA shots was used to test three different cone angles using the VISAR and SOP diagnostics to
register shock breakout times and profiles from the free surface of a CH (rexolite polystyrene) cone. Results indicate the
formation of a Mach stem at pressures exceeding 200 Mbar.
The data will be used to develop an EOS measurement on
OMEGA in FY17, with extension to more-extreme conditions
using NIF as well.

Hohlram

VISAR/SOP
CH
cone

Shot 81184
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Figure 148.99
Experimental configuration and raw VISAR data showing the breakout time
from a CH cone.
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The goal of this campaign was to test a new target design
in which the sample is encapsulated in a gaseous environment
of nitrogen or argon. The target was designed to determine if
the velocity at a diamond/gas interface was different from the
velocity off a diamond/vacuum free surface.
The target was oriented along the H7–H14 axis (Fig. 148.100).
Six OMEGA beams, incident 23° off axis with a 3.8-ns ramp
laser pulse shape, were combined to generate an ~7-ns overall
ramp compression drive in a diamond sample. Peak sample
pressures of 800 GPa were generated. The ABSO (VISAR)
diagnostic simultaneously measured the diamond/gas interface
velocity and the diamond/MgO interface velocity. Using the
diamond/MgO interface velocity, the known diamond thickness
and the previously measured EOS of diamond, one can infer
the diamond free-surface velocity. Discrepancies between the
diamond/gas and calculated diamond free-surface velocities
provide an indication as to the effect of gas encapsulation.
During the half-day of shots, the gas pressure was varied to
obtain a range of data to establish operating boundaries for
future experiments with different sample materials.
Optical Blanking Test for Gas-Encapsulated
Equation-of-State Measurements
Principal Investigator: D. E. Fratanduono
Co-investigator: R. Smith
Following up on the Gas-Encapsulation Ramp Campaign,
this campaign continues to explore a new target design in which
the sample is encapsulated in a gaseous environment. The target
was designed to determine if a diamond/gas interface velocity
differs from the velocity of a diamond/vacuum free surface.
The new gas-fill capability on OMEGA EP was employed.

~180 nm

–2

Ramp Equation-of-State Measurements
on Gas-Encapsulated Samples
Principal Investigator: R. F. Smith
Co-investigator: D. E. Fratanduono

Eight experiments were performed to examine if a lowdensity gas would blank (become opaque to the VISAR
probe beam) when ramp compressed using the UV lasers on
OMEGA EP. Neon, xenon, argon, and nitrogen were examined
at 1.0 atm and 1.5 atm. No issues were observed with neon,
argon, and nitrogen. Blanking was observed in the xenon data.
These data will be useful for designing future NIF experiments
with encapsulated samples.
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Copper shim
height 250 nm
Epoxy
~100 nm
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diamond
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532-nm AR
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Figure 148.100
Target design for RampReverb-16B.
AR: antireflective.

0.1 nm Al
0.3 nm Ti

Nitrogen or argon

Fill tube
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Development of a Platform for Equation-of-State
Measurements Using Flyer-Plate Impact
Principal Investigator: F. Coppari
Co-investigators: R. London, P. M. Celliers, M. Millot, D. E.
Fratanduono, A. Lazicki, and J. H. Eggert
The goal of this campaign is to develop a platform to
accelerate diamond flyer plates to hypervelocity for EOS
measurements. The conceptual design was to ramp compress
a diamond plate on the end of a halfraum, using x-ray ablation
to accelerate the diamond into vacuum. After propagating a
known distance, the diamond flyer impacts a transparent diamond window. By measuring the diamond flyer-plate velocity
prior to impact, together with the resulting shock velocity in
the diamond witness, the principal Hugoniot of diamond can
be determined absolutely (e.g., without requiring a known
pressure reference), making it possible to develop diamond as
a high-pressure EOS standard.
These FY16 shots pioneered the indirect-drive approach,
which greatly improved planarity and resulted in more-homogeneous, smooth flyer acceleration compared to direct-drive
flyer experiments in FY15. The maximum pressure achievable
on OMEGA remains, however, below the onset of diamond
reflectivity, so instead quartz was used as a window and reference. Issues with the diamond flyer breaking up before impact,
because of spalling, arise when attempting to reach higher
LLE Review, Volume 148

pressure. This currently prevents us from obtaining highquality VISAR data (and high-precision EOS measurements)
from a full-density diamond flyer. But since the technique
appears promising, future campaigns will explore different
flyer materials that could also become useful absolute EOS
standards (i.e., Mo and Cu).
Backlighter Development for Extended X-Ray Absorption
Fine Structure Measurements
Principal Investigator: F. Coppari
Co-investigators: Y. Ping, J. R. Rygg, and J. H. Eggert
EXAFS measurements require a bright, smooth broadband
x-ray source for absorption spectroscopy near x-ray edges of
the sample material. The x-ray radiation emitted by a capsule
implosion meets these requirements and is currently used in
laser-based EXAFS experiments. This x-ray emission decays
rapidly, however, at higher photon energies, making it very
challenging to measure EXAFS above 10 keV. To extend the
x-ray energy range of laser-based EXAFS measurements,
this campaign explored the possibility of using bremsstrahlung sources from foil backlighters driven at relatively high
intensity. The specific goal of this campaign was to determine
the optimum material and laser power configuration for this
technique on OMEGA. Both Mo and Ag foils were tested, with
laser intensity varying from 8 # 1016 W/cm2 to 3 # 1017 W/cm2.
The source spectrum and size were measured for each shot.
251

National Laser Users’ Facility and External Users’ Programs
(a)

H7:drive

Neopentane

Ph/eV/sr (×1011)

7
6

Quartz

Au hohlraum
H14:
ASBO/SOP

Diamond
Graphite
Quartz

The Ag foil driven with full intensity and tight laser focus is
in fact somewhat brighter than the capsule backlighter above
10 keV (see Fig. 148.101). The bremsstrahlung backlighter’s
simplicity and potential for further improvement make this
approach a valuable alternate x-ray source for high-energy
EXAFS measurements.
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Figure 148.101
Brightness of Ag and Mo foils at 10 keV as a function of laser intensity. The
dashed line represents the brightness of the capsule backlighter at 10 keV,
currently used as an x-ray source for EXAFS measurements on OMEGA
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Figure 148.102
Experimental configuration and raw graphite EOS data for shot 80846.

Hugoniot Equation of State
of Low-Density Porous Graphite
Principal Investigator: A. E. Lazicki
Co-investigators: F. Coppari, R. London, D. Swift, M. Millot,
D. E. Fratanduono, H. Whitley, J. Castor, and J. Nilsen
This campaign was designed to probe a preheated Hugoniot EOS, using pore collapse of a porous material to generate
preheating. The pressure and density of shocked states were
determined by impedance matching with a quartz standard.
As shown in Fig. 148.102, the samples were driven using the
gas-filled hohlraum indirect-drive platform, and the VISAR
and SOP diagnostics measured shock transit times in samples
of porous graphite. Shock steadiness during transit through
the graphite samples (which are opaque to the VISAR) was
determined from a quartz witness sample placed next to the
porous graphite, from which a continuous record of the shock
speeed was simultaneously recorded. High-quality data were
collected for 12 shots during two half-days in FY16; detailed
analysis is underway.
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3. Hydrodynamics
Mix-Width Measurements of Rayleigh–Taylor Bubbles
in Opaque Foams
Principal Investigator: C. M. Huntington
The OMEGA Foam Bubbles Campaign addresses challenges in deeply nonlinear, multimode hydrodynamic-instability measurements. The interface between two materials of
different densities may be susceptible to either Richtmyer–
Meshkov (RM) or Rayleigh–Taylor (RT) instabilities if it is
shocked or accelerated, respectively. These instabilities in turn
drive mixing, where perturbations on the interface determine
how the low- and high-density materials interpenetrate. This
campaign aims to measure the extent of the interpenetration
(“mix width”) in cases where the perturbation is complex and
the materials mix on small scales. This is achieved by carefully
manipulating the properties of the materials in the system.
Particular emphasis is placed on the densities, which set the
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instability growth rates, and on the x-ray opacity characteristics, which determine the contrast in the x-ray image used to
diagnose the mix width.
A technique developed over many previous planar RT
experiments uses a high-opacity material, often iodinated
plastic, embedded in the plastic portion of the target that comprises the “high-density” part of the unstable interface. When
driven by indirect drive from a halfraum, and then imaged with
transmission x-ray radiography, the location of the high-opacity
tracer material is clear and reveals the position of the highdensity material in the system. This technique can obscure,
however, the shape and extent of the low-density “bubbles”
when the foam mixes with the doped plastic. In contrast to
this, foam bubbles use an opaque foam, which when set next
to the more-transparent plastic, highlights the extent of the
foam penetration into the plastic. This system has identical
hydrodynamic behavior as the traditional doped plastic/foam
interface, but with inverse x-ray characteristics. The target for
the Foam Bubbles Campaign includes both interfaces, ensuring
that the entire system experiences the same acceleration. An
example of the data collected is shown in Fig. 148.103. This
image was generated using tilted, tapered, point-projection
x-ray imaging and clearly shows the layers on each side of the
split target. The extent of bubble penetration in an RT unstable
system is a fundamental quantity, and this measurement will
further our understanding of hydrodynamic systems, from ICF
implosions to supernovae.

Development of a Radiography/VISAR Platform
for Hydrodynamics Measurements
Principal Investigators: M. Rubery (AWE)
and D. Martinez (LLNL)
Co-investigators: G. Glendinning (LLNL); and S. McAlpin,
J. Benstead, and W. Garbett (AWE)
Continuing prior work on detailed radiography of hydrodynamic systems, hohlraum-driven experiments were performed
over a half-day in FY16 by an LLNL/AWE collaboration using
the OMEGA Laser System. The objectives for this campaign
were to investigate the evolution of a driven interface using
point-projection x-ray radiography, qualify a new simultaneous
radiography/VISAR configuration, and obtain drive characterization data using the Dante diagnostic (Fig. 148.104).
For the radiography measurements, a point-projection
backlighter was generated through a 20-nm pinhole along the
“cranked” TIM-6 axis and recorded with a single-strip gated
(a) Dante configuration
Stalk to TPS 2(H2)
target positioner
Hohlraum
1.6-mm ×
1.0-mm diam

H10

(b) Radiography configuration
Radiography grid

Shock front
Ni-doped
foam

H14 (TIM-5)
SOP + ASBO F
VISAR
cone
CH tube

CH foam
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Figure 148.103
The indirectly driven target is shown, with an example of the data collected.
The shock appears as a flat line across the foams, with the mixing evident at
the foam/plastic interface downstream of the shock.
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Figure 148.104
(a) Dante-optimized and (b) radiography/VISAR target configurations. TPS:
Target Positioning System; XRFC: x-ray framing camera; SOP: streaked
optical pyrometer; ASBO: active shock breakout; TIM: ten-inch manipulator.
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imager. A quartz window with aluminum flash coating and a
light shield cone were applied to the rear of one radiography
target, allowing us to make a VISAR measurement along the
TIM-5 (port H14) axis. Separate hohlraum drive measurements
were performed with hohlraums oriented toward Dante along
the H10 axis, using a simplified target with the physics package
removed. A 75-J timing laser was incorporated into the Dante
configuration to improve cross-timing of each Dante channel.
This half-day of experiments was successful, firing two
radiography shots, four Dante shots, and one combined radiography/VISAR shot. Figure 148.105 shows the VISAR data
from the combined radiography/VISAR design. Excellent data
were recorded on all diagnostics and the experiments met the
goals of the HED Program.

The experimental setup is depicted in Fig. 148.106. A gold
foil was irradiated with the OMEGA EP sidelighter (SL) shortpulse beam delivering 300 J over 0.7 ps. The SL produced a
beam of protons and ions that were used to heat a copper foam
puck positioned ~1.8 mm away. An aluminum foil was placed
between the gold foil and the copper puck to improve heating
by filtering out heavier ions and low-energy protons that would
nonuniformly heat the target.
RCF
Long pulse

Proton/ion Ni
beam
backlighter
foil
XRFC
Cu puck

SOP

Al filter
View from RCF toward SL

Au proton
disk

Ni foil

SOP

Au disk
Cu puck

Short pulse
(1~)

XRFC
U2154JR

U2153JR

Figure 148.105
VISAR data confirming the success of the new dual radiography/VISAR
target configuration.

Figure 148.106
Experimental layout for proton-heating shots with combined x-ray radiography, SOP, and radiochromic film (RCF). For simplicity, only one backlighter
beam (of the three used) is shown. SL: sidelighter.

Proton Heating of Copper Foam on OMEGA EP
Principal Investigator: J. Benstead (AWE)
Co-investigators: E. Gumbrell, P. Allan, S. McAlpin, M. CrookRubery, L. Hobbs, and W. Garbett (AWE)

The subsequent sample expansion was imaged with an
x-ray radiography system. This experimental platform used a
nickel area backlighter, irradiated with three long-pulse beams,
coupled to an x-ray framing camera (XRFC), which imaged
the backlit target. The backlighter (BL) beams were delayed
with respect to the SL beam in order to observe the heated and
expanded target at different times (see Fig. 148.107).

This LLNL–AWE collaborative campaign studied the
heating of a cylindrical puck of copper foam irradiated by a
short-pulse–generated proton beam. The two major goals of
the experiment were to measure the temperature distribution
through the target and to quantify the extent of expansion of
the rear surface.

The SOP diagnostic was fielded orthogonally to the heating
axis, with its imaging slit oriented such that the temperature
through the central section of the disk could be measured front
to rear over the first 5 ns of heating (see Fig. 148.108). In addition, an RCF stack measured the proton/ion beam spectrum
on the shot.
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In total, six shots were fired, with data acquired on the
XRFC, RCF, and SOP diagnostics. The SOP indicated the front
surface was significantly hotter, and expanding faster, than the

rear surface over the first 5 ns. This agreed well with the XRFC
data, which showed that the front surface had expanded while
there was minimal rear-surface expansion on most shots.
4. Plasma Properties

(a)

(b)
Shock-Front Structure in Multispecies Plasmas
Principal Investigator: H. G. Rinderknecht
Co-investigators: H.-S. Park, S. Ross, S. Wilks, P. Amendt, and
B. Remington (LLNL)
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Figure 148.107
Gated x-ray imaging data from (a) an unheated and (b) a heated copper foam
puck. For the heated shot, the backlighter was delayed by 20 ns. From this
perspective, the protons propagate from left to right through the target. There
is clear expansion of the front surface in (b).

Space

Protons

Time
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Figure 148.108
SOP data from a proton-heating shot. The insert shows the position and orientation of the SOP slit relative to the target. There is a clear difference between
the expansion of the front (proton-facing) and rear surfaces.
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Two OMEGA shot days were dedicated to developing a new
experimental platform for the study of shock-front structure
in low-density plasmas composed of single- and multiple-ion
species. In these experiments, 10 or 12 beams deliver 2.1 to
2.7 kJ in 0.6 ns to a thin ablator (2 n m SiO2 or 5 n m CH)
mounted to one end of a CH tube, launching a strong shock
into a low-density gas (1 atm) contained within. After thin
windows on two sides of the tube are destroyed by ~150 J of
laser light, OMEGA’s 4~ beam probes the shocked plasma and
scatters light that is detected by the Thomson-scattering (TS)
diagnostic. Figure 148.109(a) shows the experimental design
used on the first day.
High-quality Thomson-scattering data were achieved on
several shots, after tuning the destroyer-beam energy and the
delay between the destroyer and probe beams. Figure 148.109(b)
shows IAW features from a shocked plasma composed of H +
2%Ne, which shows the shock beginning to pass through the
TS volume as blue-shifting of the scattered light. Lineouts
shown in Fig. 148.109(c) uniquely demonstrate the evolution
of a multispecies shock-front structure: the scattered-light
feature associated with the hydrogen is blue-shifted (beginning to “shock up”) while the peaked neon feature remains
static. Analysis of these features shows the hydrogen is heated
(T ~ 0.8 keV) and flowing (V ~ 250 nm/ns), while the Ne is cold
(T ~ 0.1 keV) and still (V ~ 0)—a multifluid or kinetic phenomenon that cannot be captured in standard single-fluid models.
On the second shot day, single-species (H) and multispecies shocks (H + 2%C) were compared, using predominantly
CH ablators. The CH ablators launched weaker shocks than
the SiO2. Further analysis of the TS data is in progress. These
results will be used to constrain models of shock-front formation, which are sensitive to kinetic physics and relevant to the
shock phase of capsule implosions. The shock-tube TS platform
also makes more-detailed shock physics studies possible for
laboratory astrophysics.
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Magnetized Collisionless Shocks for Weapons Effects
Principal Investigator: B. B. Pollock
Co-investigators: H.-S. Park, J. S. Ross, C. Huntington, and
G. Swadling
In FY16 the MCLSWEffect Campaign on OMEGA continued an investigation of interpenetrating plasma flows in
the presence of background magnetic fields. This campaign
employed the MIFEDS pulsed-power magnetic-field system to
provide a background field. As illustrated in Fig. 148.110, the
field was directed along the direction of a low-density plasma
plume that was produced inside the MIFEDS structure, into
which a high-density plume was then expanded after a variable delay. The interaction region was probed with Thomson
scattering and proton deflectometry to measure the plasma
density, temperature, flow velocity, and field structure. This
campaign increased the field of view for the proton diagnostic
roughly threefold by inserting the proton detector much closer
to the interaction than in previous experiments. The analysis
of this recent experiment is ongoing and will inform the FY17
continuation of this effort.
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Figure 148.109
Experimental design and results for Thomson scattering (TS) in a shock
tube on OMEGA. (a) A 2.1-mm-diam CH tube filled with 1 atm of
H(0.98) + Ne(0.02) was shocked by 12 OMEGA beams driving an SiO2 ablator. The 1-n m-thick CH windows were destroyed using 75 J each in 0.6 ns,
allowing a 4~ probe beam and scattered light to pass. (b) Thomson-scattering
ion feature recorded on this experiment, showing the evolution of the shock
front. (c) Lineouts of the TS ion feature showing kinetic features in the shock
evolution: differential velocity and temperature between the H and Ne ion
species are observed.
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Figure 148.110
The magneto-inertial fusion electrical discharge system (MIFEDS) used
in this campaign. The red disk on the upper surface is illuminated by four
beams, producing a low-density plasma along the MIFEDS magnetic-field
axis. The gold-colored disk on the right then provides the orthogonal plasma
plume that interacts with the low-density plasma. The Thomson-scattering
volume is at the intersection of the surface normal for these disks, while the
proton radiography field of view slightly overfills the MIFEDS interior region.
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X-Ray Spectroscopy of Fully Characterized
Non-LTE Gold Plasmas
Principal Investigator: R. F. Heeter
Co-investigators: J. A. Emig, M. E. Foord, L. C. Jarrott,
D. Liedahl, E. Marley, C. A. Mauche, M. B. Schneider, and
K. Widmann
In pursuit of a more-precise understanding of the radiative
properties of non-LTE gold, to improve the fidelity of hohlraum
x-ray drive simulations for NIF experiments, the AuNLTE-16A
Campaign continued a study of laser-heated beryllium-tamped
gold/iron/vanadium foils. Prior measurements in FY13–FY15
suggest a need for refinements to an earlier benchmark,36
involving a higher gold ionization versus temperature, but
the plasma conditions and uniformity must be more fully
understood. The FY16 campaign acquired both hydrodynamic
expansion imaging data and detailed x-ray spectra for various
laser-drive arrangements. Data obtained on 11 shots included
simultaneous measurements of (1) time-resolved gold M-band
spectra from 2 to 5.5 keV, (2) the plasma electron temperature
via K-shell emission from helium-like and hydrogenic V and
Fe ions, and (3) the plasma density from time-resolved face-on
and edge-on imaging of the sample’s expansion from its initial
size. Preliminary analysis indicates electron temperatures at
or above 1.5 keV were obtained, based on the presence of the
(a)
Shot 82556

Lya lines for V and Fe. Figure 148.111 provides a sample of the
imaging data, which shows highly uniform M-band emission
at 1.6 ns into the 3.2-ns laser drive, followed over the next 1 ns
by an evolving bright spot suggestive of a radial compressionrarefaction wave. The radial feature is undergoing further
investigation. Detailed analysis is expected to deliver improved
M-band benchmark spectra for non-LTE models.
5. Material Dynamics and Strength
Copper Rayleigh–Taylor (CuRT) Growth Measurements
Principal Investigator: J. M. McNaney
Co-investigators: S. Prisbrey, H.-S. Park, C. M. Huntington,
and C. E. Wehrenberg
The CuRT Campaign is part of the material strength effort,
which is aimed at assessing the strength of various metals
at high pressure and high strain rate. The goal of the CuRT
platform is to measure RT growth of samples that behave
“classically,” meaning they can be fully modeled using a fluid
description. In this series of experiments the intent is to measure RT growth in liquid copper at high pressure, with a second
goal of demonstrating the dynamic range of the technique by
measuring RT growth in solid copper. The FY16 shots made
significant progress toward these goals.

(b)
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Figure 148.111
Log-scale rendering of gated x-ray images of the circular AuNLTE target. Images were obtained by viewing the target (a) edge-on and (b) face-on. The cameras
were synchronized by observing laser turn-on (first row of images). Timing for each strip is labeled in the center, with the gate pulse propagating from left to
right along each strip. Target dimensions are provided for the images in (a). The x-ray emission from the 250-n m-diam high-Z sample (orange–red) is visible
inside the relatively weak signal from the 1000-n m-diam beryllium tamper (cyan halo). CCD: charge-coupled device.
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In December 2015 a new set of large-spot phase plates
was commissioned, and the drive was recalibrated to produce
pressure conditions similar to those present during the shots
earlier in 2015 with smaller laser spots. Excellent planarity was
achieved (Fig. 148.112), and it was established that the laser
energy was sufficient to reach the highest pressure condition
necessary for the campaign.

solid-state copper behavior. RT growth data (Fig. 148.113)
collected under very similar peak pressures in solid-state copper indicate that data collected using the smaller phase plate
diverge from the large-phase-plate data at late times, likely
caused by the loss of planarity and more-rapid drop off in ripple
driving force. The analysis of this data is ongoing and modeling of the ripple growth is underway. Additional experiments
are planned for FY17.
12
Small phase plate
Large phase plate

10
Growth factor

Without the stabilization of strength, classical RT growth
is characterized by a growth rate c = kgA n , where k is the
wavelength of the unstable mode, g is the acceleration, and
the Atwood number An quantifies the magnitude of the density jump at the interface. Acceleration of the sample in this
OMEGA EP experiment is provided by the stagnation of a
releasing shocked plastic “reservoir,” which is directly driven
by ~1 to 2 kJ of laser energy, depending on the desired material
condition. The growth of preimposed ripples is recorded using
transmission x-ray radiography from a copper He a slit backlighter source, where the opacity of the sample is calibrated to
the ripple amplitude. The pre-shot metrology and measured tr
of the driven sample together yield the growth factor, which is
compared to models of RT growth. A gold knife edge on the
sample provides a measure of the modulation transfer function,
and a step wedge creates an opacity look-up table on each shot,
resulting in error bars of approximately !10%.
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Figure 148.113
Growth factor data for solid copper using small and large phase plates.
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Later in FY16, because of a target build that was out of
specification, measurements of liquid phase RT growth were
delayed, but the targets as built were sufficient to investigate
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Figure 148.112
(a) The ASBO (VISAR) data from shot 24063 and (b) a series of lineouts taken across the image showing excellent planarity.
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Evaluation of Additive-Manufactured Foams
for Ramp-Compression Experiments
Principal Investigator: R. Smith

Development of an Experimental Platform
for Reflection Diffraction Measurements
During Shock or Ramp Compression
Principal Investigator: C. E. Wehrenberg
This campaign seeks to develop a platform for x-ray diffraction in situ during shock or ramp compression in a reflection
geometry. To measure the strain state of a material in detail, it
is necessary to probe the strain in several directions, yet diffraction experiments to date on OMEGA and the NIF have been
limited to transmission diffraction in a narrow range of angles
of incidence. The ability to measure diffraction in reflection
geometry would greatly increase a diffraction experiment’s
sensitivity to shear strain.
In this campaign, one or two UV beams drove an Fe
backlighter, while one or two UV beams drove a shock into
an ablator and a sample (Ta or Fe). A 3-D–printed mount
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The four half-day AMFoam Campaigns evaluated the use of
3-D–printed or additive-manufactured foams as surrogates to
carbonized resorcinol foams (CRF) in ramp-compression target
designs, in support of ongoing material strength experiments
on the NIF. The 3-D–printed foams were structured as follows: Individually printed lines were grouped into 100 # 100 #
16-nm3 “log pile” blocks, which in turn were stitched together
to form 16-nm-thick, 1.7-mm-diam layers. Seven of the 16-nm
layers were then stacked to arrive at cylindrical “AM foams”
that were 1.7 mm in diameter and 112 nm tall. These foams
were then glued onto a 25-nm Be + 180-nm 12% Br‑doped CH
ablator assembly. Following the ramp-compression platform
described in Ref. 37, 15 beams of the OMEGA laser with 300 J
in 2 ns drive through the ablator and launch the foam across a
gap to send a ramp-compression wave into an Al/LiF sample
(see Fig. 148.114, lower left), which is diagnosed using 1-D
line VISAR viewing the sample off a semireflective mirror.
In addition, at a controlled time after this compression begins,
the OHRV (2-D VISAR probe) takes a 2-D snapshot of the
reflectivity and velocity field with a spatial resolution of ~3 nm
(Ref. 38). An example of the intensity field recorded on the 2-D
VISAR is shown in Fig. 148.114, lower right. Over the course of
the four campaigns the structure of the 3-D–printed foam was
varied, with the goal of optimizing the temporal ramp profile.
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Figure 148.114
Schematic diagram describing the experimental setup for the AMFoam17C/D campaigns, which combine the OMEGA high-resolution velocimeter
(OHRV) and ASBO diagnostics on a single shot. The goal of these shots
was to characterize the temporal and spatial drive associated with additive
manufactured (3-D–printed) foam targets. The OHRV provided 2-D velocity measurement of the 3-D–printed foams at a snapshot in time. For the
AMFoam-17A/B campaigns, only the ASBO (VISAR) diagnostic was used.
The preliminary OHRV image (bottom right) shows a grid pattern consistent
with the 3-D–printed foams’ tiled pattern.

held both the sample and a pinhole to collimate the incoming
x rays. A separate positioner held an image plate detector, and
a shield attached to the backlighter prevented x rays from going
straight through to the detector. The campaign tested several
configurations for the backlighter shielding, pinhole, and detector filtering and also measured the background created by the
sample drive. The campaign was successful in recording the
first reflection diffraction signal, albeit a weak signal (as shown
in Fig. 148.115). In future work shielding and collimation must
be improved to in turn improve the diffraction resolution and
signal-to-noise ratio.
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Figure 148.115
Diffraction pattern from a Ta sample in reflection geometry. The two “Saturn
ring” broad diffraction lines near the top are an indication that improvements
in the x-ray collimation are needed.

Understanding Plasticity Mechanisms
in Ramp-Compressed Tantalum (OMEGA EP)
Principal Investigator: C. E. Wehrenberg
This campaign seeks to understand the mechanism for plasticity in ramp-compressed Ta, using x-ray diffraction (XRD)
to track the texture change. The Ta samples initially had a
sharp (011) fiber texture, which allowed one to easily detect
subsequent texture changes that develop during compression.
Since previous XRD campaigns studying Ta have encountered
issues with the diffraction signal from the diamond pusher
overlapping the expected Ta signal, this campaign developed
a ramp drive using a Kapton ablator/pusher. This OMEGA EP
campaign used two UV beams to drive a zinc backlighter and
two more UV beams to drive a ramp wave through the Kapton
ablator and into the Ta sample. Eight shots were performed,
with the first four shots successfully demonstrating a ramp drive
to 1.6 Mbar. Figure 148.116 compares the data from an ambient
(static, undriven) sample and data from a 1.6-Mbar shot. The
change in position of the azimuthal texture spots in the rampcompressed pattern, when compared to the ambient one, will
be used to determine the operative deformation mechanisms.

Figure 148.116
(a) Diffraction from (011) fiber-textured, ramp-compressed to 1.6 Mbar. (b) Diffraction from the same (011) fiber-textured sample under ambient conditions.

which used ramp compression, in this campaign on OMEGA
the Ta samples initially had a sharp (011) fiber texture, which
allowed one to easily detect subsequent texture changes that
develop during compression. This campaign used 16 beams
to drive a zinc backlighter, and two beams to drive a steady
shock through the Kapton ablator and into the Ta sample. A
total of 13 shots were performed, scanning a pressure range
from 30 to 160 GPa. Figure 148.117 shows example data for an

Driven

Twin
Ambient
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Understanding Plasticity Mechanisms
in Shock-Compressed Tantalum (OMEGA)
Principal Investigator: C. E. Wehrenberg
This campaign seeks to understand the mechanism for plasticity in shock-compressed Ta, using XRD to track the texture
change. Similar to the TaStrDiff-16A campaign on OMEGA EP,
260

Figure 148.117
Diffraction data for (011) fiber-texture Ta, which has been shock compressed to
~80 GPa. The data were taken as the shock was in transit through the sample,
so diffraction patterns from both ambient and compressed (driven) material
are observed. A new texture component can be seen in the data from the compressed material, which corresponds to the twinning across the (112) plane.
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~80-GPa shock. A new texture component is observed in the
data that corresponds to twinning across the (112) plane, which
produces a reorientation of the atomic lattice and therefore a
change in the diffraction pattern. This type of driven data can
now be used to determine the mechanism for plasticity during
shock compression.
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FY16 LANL Experimental Campaigns
at the Omega Laser Facility
In FY16, Los Alamos National Laboratory (LANL) scientists carried out 22 shot days on the OMEGA and OMEGA EP
Laser Systems in the areas of HED science and ICF. In HED we
focused on the areas of radiation flow, hydrodynamic turbulent
mix and burn, the equations of state of warm dense matter,
and coupled Kelvin–Helmholtz (KH)/Richtmyer–Meshkov
(RM) instability growth. Our ICF campaigns focused on the
priority research directions (PRD’s) of implosion phase mix
and stagnation and burn, specifically as they pertain to laser
direct drive (LDD). Several of our shot days also focused on
transport properties in the kinetic regime. We continue to
develop advanced diagnostics such as neutron imaging, gamma
reaction history, and gas Cherenkov detectors. The following
reports summarize our campaigns, their motivation, and the
main results from this year.
m = 75 nm

The FY16 Shear Campaign continued an effort to examine
instability and model initial condition parameter space by
varying the characteristics of the target tracer layer. Both FY16
shot days were part of a three-shot-day study of instability
mode growth caused by single-mode initial conditions, which
employed sinusoidal tracer foils of various wavelengths as
opposed to the previous flat and roughened foil campaigns. The
sinusoids force instability growth by pre-seeding a coherent
wavelength. In these experiments we observed (Fig. 148.118)
m = 100 nm

m = 200 nm

10 ns

8 ns

6 ns

m = 50 nm

Shear
The LANL Shear Campaign is examining instability growth
and its transition to turbulence relevant to mix in ICF capsules
using an experimental platform with counter-propagating flows
about a shear interface to examine KH instability growth. The
platform consists of a directly driven shock-tube target with
an internal physics package. The physics package consists
of two hemi-cylindrical foams separated by a layer of tracer
material with gold plugs on opposing ends of the foams to
limit shock propagation from the direct drive to only one end
of the foam. This geometry collimates the shocks and sets a
region of pressure-balanced shear flow at the center of the
shock tube. Measurements of the tracer layer (shear interface)
mixing dynamics are used to benchmark the LANL Besnard–
Hazlow–Rauenzahn (BHR)39 turbulence model. The mixing
dynamics are characterized by measuring the mix width of the
layer as well as examining multidimensional structure growth
along the layer’s surface.
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Figure 148.118
X-ray backlit images of a counter-flowing shear experiment showing the evolution of foil tracer layer at different perturbation wavelengths.
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early-time (pre-shear) jets and “dust-up” structures, which are
points of further study, as well as the persistence of the singlemode structures to late times in the experiment. The finished
OMEGA mode growth study also confirms a most-unstable
mode of m . 100 to 150 nm, as predicted by observations of
emergent rollers in our NIF experiment and a naÏve application
of the simple Rayleigh model.
Double-Shell Planar
The LANL Double-Shell Planar (DSPlanar) OMEGA
Platform is part of the larger LANL Double-Shell Campaign.
The DSPlanar experiments are intended to validate our ability
to predict momentum transfer, hydrocoupling, and instability
growth in a double-shell–relevant planar geometry. We choose
to use a planar geometry since it is simpler to diagnose than
full spherical implosions and can still give us an idea of how
well the code simulates fundamental pieces of physics without
the added complication of convergence. DSPlanar experiments
serve a second purpose as a testing ground for the development of our target fabrication capability toward NIF doubleshell capsules. DSPlanar target components will use similar
materials as NIF double-shell targets but in a simpler-to-build
geometry. We can use fabrication of these simpler parts as a
first-pass test of our abilities and to identify where we require
further R&D resources. The goals of this first DSPlanar shot
day were to measure momentum transfer of an ablatively driven
flyer into a mid-Z “inner shell” layer, as well as to test NIFrelevant ablator materials.
The DSPlanar target is an indirectly driven shock tube with
a material stack approximating an unfolded double shell, with
an ablator, a low-density foam cushion, an inner shell surrogate
layer, and a final release foam. We varied on whether or not to
include a tamper layer on the inner shell layer as part of our
hydro-instability mitigation studies. The primary diagnostics

for the FY16 DSPlanar day were edge-on streaked and imaging radiography (Fig. 148.119). The streaked radiography was
designed so that measurements of inner shell preheat expansion,
ablator velocity pre-impact, and system velocity post-impact for
momentum transfer studies could be obtained. On this shot day
we identified modifications to the platform required for good
streak data and good imaging data. We also obtained data that
compared our standard sample Be ablator targets and AlBeMet
(Al/Be alloy) targets required to inform FY17 decisions about
our NIF platform.
Marble
In the Marble project, nuclear reactants of an ICF implosion
are initially separated via a spherical low-density CD foam
matrix infused with a T2 gas fill. Through advanced target fabrication, voids can be selectively etched into the foam core to
control the initial separation scale. These cores are encapsulated
within a machined ablator and imploded in 60-beam directdrive implosions with the key measurements being D–T and
D–D yields. In the FY16 OMEGA experiments, targets were

5 nm
50 nm
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Figure 148.120
Marble CD foam with etched 30-n m voids.
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Figure 148.119
Backlit streak data viewing edge-on
of the planar double-shell experiment
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imploded with an intrinsic foam structure as well as foam with
engineered voids. Figure 148.120 shows an image of such engineered foam. Most recently, target improvements (full deuteration, advanced machining) resulted in an order-of-magnitude
increase of D–T and D–D yields. We are currently awaiting
an estimate of as-shot conditions, which we will then use to
calculate a normalized ratio of the yield of the D–T reactions
to D–D reactions—the key metric for comparison to theory.

perturbed shock passed through the foil. The last type [shown
in Fig. 148.121(c)] was filled with a marble CD foam where
the void size was 50 nm in diameter. Throughout these three
experiments, high-quality radiographic data were acquired.
The experimental result shown in Fig. 148.121(d) appears to
confirm that the evolution of the void is not turbulent as the
initial shock passes, seen in simulation. Also, the shock timing between simulation and experiment is well matched. This
suggests an accurate understanding of the fine-pore foam’s
equation of state. As shown in Fig. 148.121(e), preheat effect
was examined by the expansion of aluminum foil before a shock
arrives. Figure 148.121(f) shows the shock speed measured
through marble foam (50-nm-diam pore size), which can be
used to determine the equation of state of the marble foam.

Marble Void Collapse
Marble is an experimental campaign intended to study the
effects of heterogeneous mix on fusion burn. While designing
the Marble implosion experiments, three questions emerged:
First, how well do we understand the evolution of voids as the
shock passes through? Is the evolution turbulent? Second, how
well do we understand preheat inside our capsules? And finally,
how accurate is the equation of state used for marble foams?
To answer these questions, we designed an experimental campaign known as Marble Void Collapse. The idea was to take the
well-understood shock-shear platform and modify it to answer
these three questions. For the first type, a fine-cell 100-mg/cm3
CH foam filled the Rexolite tube as shown in Fig. 148.121(a).
Inside the foam, a sphere composed of iodine-doped CH foam
(or tin-doped SiO2 foam) was inserted. The density was chosen
to be ~40 mg to give a similar Atwood number found in voids
in the NIF foam capsules. The iodine (or tin) dopant provided
a contrast with the vanadium and titanium backlighters. Figure 148.121(b) shows the second type, where a 6-nm-thick aluminum foil was embedded inside the shock tube to examine the
expansion of the foil by preheat and measure the spread as the

(a)

(b)
40-mg/cm3

foam sphere

100-mg/cm3
CH foam
(d)

CH foam,
30-mg/cm3
fine pore

6-nm Al foil
CD foam, 30 mg/cm3
~50-nm pore size
(e)

CoaxDiff
The COAX Experimental Campaign on OMEGA develops
an advanced radiation flow diagnostic that can be used to characterize the subsonic and supersonic radiation front to provide
constraining data for physics models. The intention is to eventually move these experiments to the NIF. In these experiments,
a halfraum is used to launch a radiation front down a cylindrical foam target (contained by a Be sleeve) (Fig. 148.122). The
subsonic radiation front is measured by imaging, while spectroscopy of a doped insert in the target is utilized to study the
supersonic form of the radiation front by observing its impact
on the ionization balance of the dopant. Originally Ti was used
and was able to provide constraining data to the shape of the
radiation front by comparison to PrismSPECT simulations.
However, Ti K-shell absorption spectra were unable to probe

(c)

CHI foam,
52-mg/cm3
fine pore

CD foam, 30 mg/cm3
~50-nm pore size
(f)

Figure 148.121
The three Marble Void Collapse setups [types
(a), (b), and (c)]. (d) Evolution of void was not
turbulent; (e) preheat effect was examined by
the expansion of aluminum foil; (f) shock speed
measured through marble foam (50-n m-diam
pore size) can be used to determine the equation
of state of marble foam.
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the shape of the front at temperatures below 100 eV. To probe
the potentially non-Planckian character of the radiation front
below 100 eV, we elected to shift to a Sc dopant. Because Sc
has a lower Z than Ti, it requires less energy to exceed the
ionization potential; therefore K-shell absorption spectra will
occur at lower photon energies and lower temperatures than
Ti. For both elements, absorption spectra are observed when
photons generated by the laser-driven backlighter pass through
the target and interact with electrons in auto-ionizing states in
the L shell, which enables them to transition to a hole in the
inner shell. At the current photon energy range of the NIF-5
spectrometer, Ti 1s–2p and Ti 1s–3p spectra are observable,
but only Sc 1s–3p spectra are observable.
Three shot days were dedicated to COAX in FY16. In October 2015 imaging data and absorption spectra were observed

for Ti, and proof of principle was established for Sc by collecting Sc 1s–3p absorption spectra for the first time with the
NIF-5 (Fig. 148.123). In April 2016 excellent image data of
the doped aerogels were collected for both Ti- and Sc-doped
foams, but issues with the spectroscopic backlighter resulted
on only weak spectra being collected. In August a Kr-filled
capsule backlighter design was successfully tested against a
redesign of the previous wire backlighter, and a number of
shots of strong Sc absorption spectra were collected using both
backlighters. Initial data analysis suggests the Te measured by
the Sc was in the 75- to 90-eV range. No imaging data were
collected in August, but we instead used the space to collect
constraining information about the size, brightness, and symmetry of the capsule backlighter that would be used for the
next set of experiments.
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Figure 148.122
(a) Data collected for Ti from a prior year are compared to data from the latest shots with Sc in August. (b) Two radiographs from April with Sc- and Ti-doped
aerogels. LAPC: LANL pinhole camera.
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Figure 148.123
(a) The shape of the radiation front in simulation is compared to results from
COAX experiments featuring Ti-doped aerogels. Simulated K-shell absorption spectra from PrismSPECT for (b) Ti and (c) Sc illustrate the change in
temperature and photon energy distribution of lines for the same transitions
in two different elements. These figures were presented at the 2016 HighTemperature Plasma Diagnostics Conference.
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HEDmix
Anomalous low modes (particularly mode ~1) have been
postulated as the cause of low hot-spot pressure of midadiabat implosions on OMEGA direct drive.8,40 In the 2016
HED-MIX campaign, images captured emission signatures
near stagnation, which are consistent with the presence of
such hypothesized low-mode imbalance. The experiments
used warm implosions with a Ti tracer at 1% by atom in the
innermost 100 nm of the plastic shell. The Ti tracer emission
was resolved spectrally using a unique imaging instrument
termed the “multiple monochromatic imager” (MMI).41 Figure 148.124(a) shows an image obtained from 5- to 6-keV Ti
emission at time of peak neutron production. A mode-1 pattern appears in the emission and is quantified (~70% drop) in
Fig. 148.124(b). Such a pattern appeared systematically within
the day, although capsule mounting was excluded as the cause.
Using 3-D modeling with LLE’s ASTER code,40 we found that
such asymmetric emission results when such anomalous low
modes are included in the drive. In the calculation, the emission drop results from reduced temperature on the overdriven
side of the capsule where the tracer layer is compressed to a
higher density. To quantifiably estimate this density imbalance
from the data, first the measured spectrum is modeled [see
Fig. 148.124(c)] to determine the tracer conditions from the
emissive region (ne = 5.75 # 1024 cm–3, Te = 1350 eV). Beginning with these conditions, Fig. 148.124(d) shows the reduction
in observed emission as density increases and temperature is
decreased under assumption of pressure balance. Similar to
the type of density modulations observed in the simulation, the
results suggest about 50% variation in density of the emissive
layer across the observed mode-1 pattern.
HKMix
Mix is an important degradation mechanism for ICF and
there is a programmatic need for strong benchmarks for mix
models. A new experimental platform was developed, on this
shot day and on THDGamma-16A, to study mix. Differentially
thresholded gas Cherenkov detectors (GCD’s) measure the
c-ray signal from a HT-fueled implosion with a deuterated
shell, so that the HT burn comes from the core, while the D–T
reactions occur from any mix of shell material into the hot
spot. The detector with lower gas pressure (higher threshold) is
more sensitive to the HT c’s. On this experiment, 860-nm-diam
shells of 9- or 15-nm-thick plastic, with a 0.25-nm-thick inner
deuterated layer, were filled with 9 atm of equimolar HT gas. A
simultaneous forward fit to the two detectors was then used to
infer both DT and HT burn histories. The data from shot 80348,
which used a 15-nm-thick shell, are shown in Fig. 148.125. The
difference in time between the core and mix burn will be used
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to constrain time-dependent mix models. In this shot, the mix
signal (DT) comes about 70 ps later than the core (HT) burn.
This result is corroborated by a second analysis technique that
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Figure 148.124
(a) Bang-time image of Ti emission from 5 to 6 keV;
(b) peripheral signal versus angle; (c) measured
multiple monochromatic imager (MMI) spectrum
and fit; (d) modeled scaling of emission as density
increases over nominal value from spectral fitting.
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uses a surrogate shot without the deuterated layer, clearly showing that the core (HT) signal comes early. The data from the
9-nm-thick shells show, in contrast, that the mix (DT) signal

1.4

1.8
2.2
Time (ns)

108

107
1.0

1.4

1.8
2.2
Time (ns)

Figure 148.125
Cherenkov data from two detectors on shot 80348 using (a) 100 psi of CO2 and (b) 30 psi of CO2 on a mix shot. (c) The data are simultaneously forward fit
using burn histories for pT and DT reactions to infer the difference in time between the core (pT) and mix (DT) burn.
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comes earlier than the core burn, suggesting the importance
of a nonhydrodynamic mix process. This technique will be
used over future campaigns by varying implosion parameters
to study mix under various conditions.
MSP
Measuring charged-particle stopping power (MSP) in dense
plasmas relevant to ICF is challenging. The MSP-16A shot day
tested a new technique based on measuring charged-particle
downshift in the compressed shell of an implosion. The target
design is shown in Fig. 148.126. A thick (25-nm) CH shell is
imploded with a fuel mixture of D/T/3He. The DT-n inelastically scatter on the C in the shell, producing 4.4-MeV c rays
that are detected with the GCD’s, thereby measuring the areal
density of the shell at peak burn. Simultaneously, the 15-MeV
D3He protons are emitted and slow down as they transit the
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ZSP
The ZSP-16A Campaign studied charged-particle stopping
power in warm dense plasma. The experimental concept was
based on previous successful experiments in Be samples.42
The experimental concept is shown in Fig. 148.127(a). The
subject target is a 500-nm-thick graphite cylinder, doped with
1% atomic Pd, which is placed inside a Ti-coated tube. The
tube is illuminated by 30 of the OMEGA laser beams, and the

Ti Hea

(a)

shell. The proton downshift gives a measurement of the average
stopping power in the shell. A preliminary proton spectrum
(Fig. 148.126) shows the proton downshift from its birth energy.
X-ray spectroscopy [Fig. 148.126(c)] was also used to characterize the plasma conditions in the shell, analyzing absorption
lines produced by a 2% atomic Ti dopant in the shell. Analysis
of the proton, x-ray, and c-ray data is continuing.

4.3

4.4

4.5
4.6
4.7
Photon energy (keV)

4.8

4.9

Figure 148.126
(a) Target pie diagram. (b) The D3He proton spectrum measured on shot 80358, where the D3He protons are downshifted from their birth energy by about
1.5 MeV. Knock-on (KO) protons are also observed, at lower energies, from elastic neutron scattering. (c) The Ti-doped layer in the shell is used for absorption
spectroscopy to diagnose the shell’s plasma conditions.
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Figure 148.127
(a) ZSP-16A experimental schematic and (b) proton spectra. A cylindrical
sample of Pd-doped graphite is heated isochorically by x rays generated at
the outer surface of a Ti-coated tube. Probing protons or x rays sample the
graphite along the axis. A sample proton spectrum from shot 80149 (peak
normalized) is shown at right in (b).

Ti x-ray emission isochorically heats the graphite sample. Au
shield cones are placed on each end of the cylinder to shield
the diagnostic line of sight from the laser spots. The sample
is probed by protons or x rays along the TIM-4/TIM-6 axis.
Preliminary proton data from shot 80149 are shown in
Fig. 148.127(b). The proton source is a directly driven exploding pusher, which creates an isotropic flux of 15-MeV D3He
protons. The source spectrum is measured directly. The proton
spectrum after transiting the graphite sample is also measured.
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THDGamma
The HT fusion reaction produces a mono-energetic c ray at
19.8 MeV. Thresholded Cherenkov detectors, like the GCD’s,43
are relatively more sensitive to higher-energy c than the DT c
[see Fig. 148.128(a)]. The THDGamma-16A Campaign was
conducted to demonstrate the detection of HT c and study the
signals observed under different implosion conditions. CH
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The proton downshift is a direct measurement of the average
stopping power in the sample. Additional proton data are being
analyzed. X-ray absorption data from the Pd dopant will be
analyzed to infer the plasma conditions.
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Figure 148.128
(a) Cherenkov detector response for various pressures of CO2 gas compared to
the c-ray spectrum from DT and HT fusion. The detector’s relative sensitivity to HT c increases for the lower gas pressures. (b) Signal from two H2 +
T2 fueled implosions, normalized to the DT-n yield. The GCD was fielded at
100‑psi CO2. The dashed curves represent the signal contribution from DT-c
based on the measured DT-n yield, from a 0.1% D impurity. The signal is dominated by HT-c, the first definitive detection of these c rays in ICF implosions.
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shells (9 or 15 nm thick, 860 nm in diameter) were filled with
an equimolar mixture of H and T, with either 0.1% or 2.0%
D contamination. The shots with 0.1% D [Fig. 148.128(b)] show
that the detector signal at 100 psi of CO2 is dominated by the
HT c, as expected. This is the first definitive detection of these
c rays produced from an ICF implosion. As the D concentration
is increased, in the initial gas fill or due to mix (e.g., from a
CD shell), the relative importance of the DT c contribution to
the total signal increases. By using differentially thresholded
detectors, both reactions may be measured simultaneously. This
technique will be used in an upcoming LANL mix campaign.
Preliminary shots with deuterated shells were also taken on this
day and used to iterate the implosion design for the subsequent
experiments (HKMix-16A).

of Jovian planets. On the WDFEOS shot date in February 2016,
low-density CH foams under shock compression in the 1- to
4-Mbar range were studied using SOP and VISAR to measure shock velocity using shock breakout timing. After every
VISAR/SOP shot there was an x-ray Thomson-scattering shot,
with the imaging x-ray Thomson spectrometer (iXTS) looking
at scattering from the Ni He a line at 7.8 keV, timed based on the
shock breakout of the prior shot. Note in Fig. 148.129 that the
two types of targets have a different design to serve different
purposes—the VISAR target includes a stepped foam to aid
in the shock breakout measurement (Fig. 148.130), while the
iXTS target includes a thin Ni foil used to probe the shocked
foam with 7.8-keV x rays. The iXTS was used to primarily
measure the temperature of the shocked foam.

WDFEOS
The WDFEOS experiment collects valuable information
for understanding the equation of state of warm dense matter
(WDM) under shocked conditions along the Hugoniot. The
explored WDM conditions are relevant for ICF and the interiors

An analysis of x-ray Thomson-scattering (XRTS) probe
data (Fig. 148.131) so far demonstrates that as the shock progresses through the foam in time, there is a clear increase in Te
that appears as spectral broadening in the inelastic scattering
feature. This also appears in time-integrated spectra within
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Figure 148.129
Schematics of the two types of targets used in WDFEOS experiments, as well as a simple explanation of the x-ray Thompson-scattering phenomenon.
iXTS: imaging x-ray Thomson spectrometer.
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Parabolic fits to VISAR data determine shock velocity based on shock
breakout time. For shot 80371, shock velocity is 82 to 95 km/s at 5.5 ns, 75 to
87 km/s at 6.0 ns, and 67 to 81 km/s at 6.5 ns.
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Figure 148.131
Temperature is determined by evaluating fits to the imaging x-ray Thomson
spectrometer (iXTS) spectra after accounting for red-shift, contamination from blowoff plasma from the backlighter, and other corrections.
XRS: x-ray scattering

the same shots (i.e., the shock propagates down, and upper
profiles are wider and hotter). This increase of Te with time is
indicative of preheat. Simulations including up to 5 to 10 eV of
preheat show little change to final temperature but expansion
in the preheated foam reduces the initial density and results
in higher shock speeds. This estimate is in agreement with
SOP and VISAR analysis that shows higher shock speeds than
previous experiments.
270

MixEOS-EP
Accurate simulations of fluid and plasma flows require
accurate thermodynamic properties, which is typically represented by the EOS of the materials. For pure materials, the
EOS may be represented by analytical models for idealized
circumstances, or by tabular means, such as the SESAME
tables. When a computational cell has a mixture of two or more
fluids, however, the EOS is not well understood, particularly
under the conditions of high-energy densities. For these mixed
cells, mixture rules are typically used to provide the requisite
information; however, the accuracy of these rules is uncertain.
We have conducted experiments on OMEGA EP that provided
EOS data, in the form of shock speed, of atomic mixtures of
Ni and Al to study the mixed behavior and to validate various
mixture rules used by our codes.
In our experiments we placed a quartz standard next to
our test (NiAl) or reference (Al) metal specimen, all on top
of a thick ablator material used to efficiently create highpressure tens-of-Mbar shocks. The target geometry is shown in
Fig. 148.132. With the ASBO, we measured the shock velocity
inside the quartz standard as well as the shock transit time
through our opaque metal test specimens. Since the EOS of
quartz is well known, measuring the shock speed is sufficient
to give us its shock pressure, which we also used to infer the
shock pressure inside the ablator whose EOS we also assumed
to be known (polystyrene and beryllium). Once the ablator
shock pressure was known, along with any time-dependent
variations as measured inside the quartz, we could apply that
pressure in our simulations for each mixture rule and see which
gave the closest prediction to the measured shock transit time
through the test specimen. We repeated the experiments on Al
reference specimens, whose EOS is assumed known, to verify
the strategy was sound.
Figure 148.133 shows the as-built targets and raw ASBO
streak-camera data for a CH ablator/NiAl target (OMEGA EP
shot 22586) and a beryllium ablator/Al target (OMEGA EP
shot 22587). The ASBO viewed at the center of the target
across the quartz/specimen interface extending about 400 nm
on either side. In these data we observed the time at which
the shock front broke out of the ablator and entered the quartz
witness, the subsequent shock velocity history in the quartz
witness, the time the shock broke out of the specimen, and
the subsequent shock velocity in the quartz after leaving the
specimen. We measured shock velocities in our CH ablators of
43 km/s, which decreased to 35 km/s after entering the quartz
due to differences in shock impedance at the interface. From
measurements of shock transit time we found a shock velocity
LLE Review, Volume 148
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Figure 148.132
The two types of MixEOS targets used where specimens and quartz reference windows were placed on top of thick ablators designed to create steady shocks
without wave reverberations.
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Figure 148.133
As-built targets and their ASBO streaked velocity data. Shock in the quartz is used to check steadiness and transit time through the specimen gives specimen
shock velocity.
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of about 36 km/s in Al specimens and 31 km/s in NiAl. This
NiAl shock speed most closely matches the mixture rules of
“additive volume” and ideal gas mixing.

(KH). The Oblique Shock Platform developed by LANL
in collaboration with the University of Michigan aims to
understand the interplay between the various instabilities.

ObliShock-EP
The mixing of modes between Rayleigh–Taylor (RT),
Richtmeyer–Meshkov (RM), and Kelvin–Helmholtz (KH)
instabilities occurs all across nature, from our terrestrial
atmosphere and oceans 44 to astrophysical systems like
accretion disks and supernovae.45 The effects of shear on the
growing spikes of the RT and RM processes is the reason for
the production of the mushroom-like caps on these spikes46
and can lead to a quicker onset and transition to turbulence.47
Rarely is a flow interface purely shear or buoyancy driven;
in the case of ICF, it is driven by a mix of passing shocks
(RM), convergence (Bell–Plesset), and shearing shock flows

The platform shown in Fig. 148.134 is designed to allow
one to control the amount of shear with respect to RM/RT
growth. This is accomplished by a variable tilt interface. A
steeper slope allows for more KH shear to enter the problem.
Depicted is a 0° [Fig. 148.134(a)] and a 30° tilt [Fig. 148.134(b)]
as seen by the diagnostic; the 30° case shows the field of view
of the diagnostic (green dashed circle). The interface has an
embedded strip of iodinated CH (CHI) as a tracer layer for
better imaging and is density matched at ~1.45 g/cm3 to the
surrounding polyimidamide (PIA) substrate (top hat, light
blue). When shocked using three of the OMEGA EP beams
at full power (~5 kJ) for 10 ns, the interface is pushed into a
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Figure 148.134
Setup of the OMEGA EP experiment. Three long-pulse 3~ beams of ~5 kJ each simultaneously irradiate the polyimidamide (PIA) ablator top-hat (light blue)
and launch a shock into the experiment. A thin layer (100 n m) of density matched iodinated CH (CHI) (dark blue) is inserted into the PIA as a tracer layer for
the perturbed interface inside a thin CH tube (gray). The tracer layer expands into a 100 mg/cm3 foam (red). (a) A 0° tilt and (b) 30° tilt are illustrated. The
interface evolution is then imaged at various times with the spherical crystal imager (SCI) using an 8-keV Cu Ka source driven by the fourth beam as a shortpulse (10-ps) backlighter. The area imaged by the SCI is indicated by the green dashed circle in the lower left 30° case. The field of view is shifted to follow
the doped region as it transits the shock tube.
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100‑mg/cm3 CH foam (Fig. 148.134, red) and is imaged using
the OMEGA EP SCI from a short-pulse 10-ps Cu Ka backlighter onto image plates. The tracer layer is subject to several
forces: shock acceleration, deceleration into the foam, deceleration and decompression from the laser turn-off rarefaction, and
shear flow across the layer, which cause a complex interplay of
RM, RT, and KH in the growth of the spikes and bubbles seeded
into the experiment. This is an important part of LANL’s turbulent mix-modeling strategy, including the implementation of
a new modal model48 coupled to the LANL HR49 mix model.
The first set of experiments was used to understand the
shock velocity in the PAI/CHI and foam, to gauge our accuracy
in modeling the platform in the multiphysics code RAGE. The
data from campaigns in FY15 were used to benchmark the
platform.50 Figure 148.135 shows the shock position from 1-D
RAGE simulations, next to one point in time from the experi-
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ment, and the simulation. The FY16 campaigns have been
focusing on the observing mode coupling from multimode sine
waves and a band of modes to understand how the energy and
growth are transferred from mode to mode.51 The simulation
shows similar growth of the layer and the characteristic turnover of the spikes caused by the shear across the layer but shows
significantly more small-scale rollup than the experiment. The
experiment is not well enough resolved to make out such small
structures but clearly exhibits the same rollup feature, which
was expected because of the shear component in the system.
The agreement is surprising considering the code used a
simple mass source as a pusher for the hydrodynamics, which
is unphysical at late time since the laser turns off at 10 ns and
a rarefaction wave starts to enter the experiment, where in the
code the source is on for the full simulation. This rarefaction
catches up to the individual vortices at different times as a result
of the varying ablator thickness, and vortex size can be seen to
grow as the rarefaction catches up with each vortex. Work is
currently ongoing to assess the growth rate of the spikes and
bubbles using a new laser package for the RAGE calculations
to simulate the full system end-to-end.52 This is the first step
before using this data to help verify the modal model in a pure
RT/RM configuration, i.e., 0°.
FY16 NRL Experimental Campaigns
at the Omega Laser Facility
During FY16, NRL/LLE collaboration on laser imprint led
to three successful shot days on OMEGA EP. A new method
was devised to allow smooth preheating of the coating without
installing a dedicated laser for preheating. It utilized soft x rays
generated by a low-energy laser pulse on an auxiliary gold foil
to heat and expand the coating on the main target. Streaked
x-ray radiography shows that the x rays successfully expanded
the coating in front of the plastic foil prior to arrival of the main
laser drive. Well-resolved measurements of RT-amplified laser
imprint (Fig. 148.136) were obtained on OMEGA EP, showing
significant reduction of the target perturbations with the gold
overcoat. Initial analysis shows further reduction when the
coating is pre-expanded by the prepulse (Fig. 148.137).
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Figure 148.135
(a) Shock position/density jump as a function of time and images of the
multimode band experiment (b) at 24 ns and (c) a 2-D RAGE simulation corresponding to the same time.
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Figure 148.136
Measurements on OMEGA EP show laser imprint
reduction with high-Z coating.
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In 2014 we selected a final experimental geometry that was
able to induce a sufficient signal level with the neutron yield
presently achievable on OMEGA direct-drive DT implosions
(Yn ~ 1014). Since last year, the large effect of a weak magnetic
field (~200 to 4000 Gauss) has been clearly demonstrated on
this platform to generate a weaker current (by a factor of 12 #
less) at the same neutron irradiance than without it (see Ref. 54).
These past results were obtained on coaxial cable embedded
into a large amount of CHON, which was used to maintain the
cable into its serpentine shape for inserting it into its protective
cover tube.
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Figure 148.137
Gold coating is pre-expanded by an x-ray prepulse.

FY16 CEA Report on Omega Laser Facility Experiments
The Commissariat à l’énergie atomique et aux énergies
(CEA) conducted 55 target shots on the OMEGA laser in FY16
for the campaigns discussed below.
Neutron-Induced Signals Generated on Coaxial Cables
Exposed to OMEGA High-Yield Neutron Shots
Principal Investigators: J. L. Bourgade, J. L. Leray, B. Villette,
O. Landoas, P. Leclerc, I. Lantuejoul-Thfoin, and J. E. Sauvestre
(CEA-DAM-DIF)
Co-investigators: V. Yu. Glebov, T. C. Sangster, and G. Pien
(LLE)
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Since the first evidence of this effect in 2002 on OMEGA
high-yield DT neutron shots,53 it is now well demonstrated that
high-pulsed, 14-MeV neutron irradiation can drive a transient
current on various coaxial cables. Different geometries (based
mainly on the same 0.141-in.-diam semi-rigid “SMA” coaxial
cable with CF4 dielectric) were used almost every year in the
neutron “derby” on OMEGA since 2002 to better understand
the current formation mechanisms.

In April 2016 the neutron derby shot day on OMEGA was
used mainly to confirm results obtained in the past, which
appear to show that the surrounding material of the coaxial
cable under neutron irradiation induced a spurious signal that
was larger than the internal signal generated only by the neutron
interactions inside the coaxial cable.
According to our present hypothesis,55 this current is mainly
generated by traveling recoil nucleus into the coaxial cable, and
we chose to switch the external support material from CHON
to woven fiber glass and Macor ceramics. This change is driven
by the fact that the heavier recoil nuclei ejected from these surrounding materials by the neutron knock-on processes is less
energetic with a smaller range into matter than protons (CHON
case) and therefore cannot penetrate the thin (~300-n m) Cu
outside layer of our 0.141-in. coaxial cable (with CF4 dielectric).
Figure 148.138(a) shows the FY15 coaxial cable embedded into the CHON epoxide glue as support material;
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(a)

2016 devices exposed on almost the same neutron flux (~3 # 1013
for 2014 and 2016 shots, and up to 7.5 # 1013 neutrons for 2015
shots —at the same distance of ~235 mm from the source).
1st

If we compare the same scale (all the curves presented
in Fig. 148.139 are normalized to the same value of 3 # 1013
neutrons/4r) the signals generated on a 50-X resistive charge—
the largest current ever for this serpentine geometry—is generated by the one embedded into CHON without a magnetic field.

CHON
2015 (with CHON)
(b)

1st

2nd

Neutro

B

2016 (with glass fiber and Macor)
U2113JR

Figure 148.138
(a) FY15 coaxial cable serpentines embedded into CHON epoxide glue (the
first serpentine without permanent magnet B but invisible though the epoxide
glue and the plastic black cylinder). (b) FY16 coaxial cable serpentines with a
woven glass fiber sheath (surrounding the 0.141-in. coaxial cable), the white
Macor ceramic to maintain a permanent magnet disk (not visible), and the
Fe-Nd-B permanent magnets (two silver disks at the far right).

Fig. 148.138(b) shows the FY16 coaxial cable geometry with
this fiber glass–woven fastener and the Macor ceramics used
to carry the magnets. In Fig. 148.138(a) the three permanent
magnets are invisible, hidden by the black plastic cylinder. In
Fig. 148.138(b) only two permanent magnets disks are clearly
visible (marked “B”), and the last magnet used to create a larger
magnetic field into the gap between them is placed in the middle
of the white Macor ceramic.
This year two identical devices were fabricated with the
fiber glass–woven sheath and the permanent magnets. On one
device the magnetic field was canceled by heating the magnets
above their Curie point. We chose to keep the unmagnetized
magnets in the same place in order to have similar mass for the
neutron interactions. These two identical devices were exposed
on the same day to neutron shots on OMEGA by exchanging
them into our CEA cart load between consecutive shots in the
middle of the shot day.
Figure 148.139 shows the spectacular decreasing of the
signal levels on OMEGA measured between 2014, 2015, and
LLE Review, Volume 148

The signal differences of the two consecutives peaks (factor of ~2) are induced by a larger distance from the source
(245 versus 239 mm, a factor of 1.05) for one of the serpentines
(recorded here first in time by our choice) and also a larger
neutron attenuation induced by the first serpentine (the CHON
absorbing material used for fixing the serpentines in place and
the permanent magnet and its plastic holder placed between
the two serpentines as presented in Fig. 148.138). Nevertheless,
Geant4 simulations performed to explain this difference were
not sufficient to account for the signal level difference between
the two serpentines and further calculations must be performed.
For the glass fiber/Macor environment this measured difference
is lower (by a factor of 1.2) because the neutron absorption is
lower, resulting from less absorbing mass but still not accounted
for in totality by the neutron absorption difference.
The glass fiber sheath/Macor without a magnetic-field
device is the second in the row with a large reduction induced
by replacing the outside material with fiber glass/Macor (factor
of ~7.5 in our 2014/2015 shots comparison), confirming that
surrounding CHON material generates a large part of the signal
measured since first 2002 experiments.
A similar reduction factor has also been evaluated in the
past on different coaxial cable geometries when CHON was
replaced by a glass fiber sheath but have generated too weak
signals even on the highest neutron yields achievable on
OMEGA close to 1014 to be measured with enough accuracy.
It is the first time since 2002 that such good data have been
recorded and analyzed on different shots on OMEGA (three
shots in 2016) on the same geometry with such accuracy for
both magnetic field and higher atomic mass close materials.
These clear measurements have also validated our choice of
this new serpentine geometry used since 2013.
Finally the two devices with the magnetic field generate
the lowest signals on this same neutron irradiation flux. For
the same device without B field (2014) and magnetized again
at Grenoble (Laboratoire National des Champs Magnétiques
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Figure 148.139
Summary of signal levels obtained since 2014 neutron derbies on the same geometry configuration “serpentine” on 0.141-in. coaxial cable with different
configurations (with and without static magnetic field, with CHON and with glass fiber/Macor close environment). The lowest signal under neutron irradiation
(normalized here for 3 # 1013 neutrons/4r) was obtained in the 2016 experiments by combining glass fiber/Macor close environment instead of CHON and by
adding a static magnetic field. The two peaks are induced by two identical serpentines spaced electrically by a time delay coaxial cable of around 1.2 m (6 ns
apart). The inset shows the weakest signal of 2016 around the 85- to 100-ns time window and the –10- to +15-mV range.

Intenses) in 2015, the reduction factor induced on both serpentines is even larger than for the outside material contribution
(reduction factor of ~12).
The 2016 device (with glass fiber and Macor outside materials and with the magnetic field) shows the weakest current
generation ever recorded. Fortunately it is just above the background level for these measurements (few mV peak to peak).
Moreover, the shape of this last signal is clearly different
between the two identical devices. The one without a magnetic
field always exhibits positive signals (as measured on all the
geometries tested on OMEGA since 2002) while the magnetic
field case exhibits more-complicated bipolar behaviors; therefore it is more difficult to derive a simple reduction factor from
these two measurements. Nevertheless, if we try to crudely
measure that value on the positive peaks only, this reduction
factor is ~10.
Bipolar behaviors on the weakest signal obtained in 2016
(SiO2 + B) can be analyzed as the following:
• The incoming neutrons interact with both the 3-mm-thick
tungsten x-ray disc filter (added in front of the device to
avoid any x rays below 200 keV generated by the laser–
276

plasma interaction on the microballoon, to reach the cable)
and the two permanent magnets (two 5-mm-thick disks),
create a strong pulsed c-ray source (duration estimated to
~400 ps including the neutron source duration, its Doppler
broadening during their time of flight and their travel into
the converting disks) by the neutron-to-gamma conversion
into these high-Z and massive materials.
• The gamma rays can generate only negative peaks on
coaxial cables [as measured on a pulsed hard x-ray generator and calculated with standard system-generated
electromagnetic-pulse (SGEMP) effects simulations].56 The
two negative peaks seen in this case in Fig. 148.139 (into
the right zoom) are almost equal in durations (FWHM ~
600 ps) and value in both serpentines because the source
is a large one (38 to 35 mm in diameter with respect to the
35-mm-diam serpentine wrap) placed close to them (2 mm
for the first one and 7 mm for the second).
• The remaining positive signal (associated with the neutron
interaction within the coaxial cable itself) is very weak (a
few millivolt, so just above the signal background) and can
be seen only on the second peak (associated to the serpentine
placed closer from the source).
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Finally a careful analysis of the signals presented in
Fig. 148.139 shows little time change for the peak positions that
can be related to different implosion bang times as measured
by other OMEGA neutrons diagnostics as the neutron time
of flight (nTOF). Those small time changes clearly show that
the current is generated only by the neutron irradiation and no
other energy vectors emitted by the implosions as gammas or
hard x rays.
Moreover, to confirm the neutron origin of the measured
signal, any or very few peaks are generated when the neutron
yield is low (in the range of few 1012) as recorded for instance
in Fig. 148.139 labeled as “signal noise 2015” (where the yield
for this specific shot was as low as 2.2 # 1012).
These past yearly “neutron derby” experiments on the current generated during the OMEGA neutron irradiation on the
0.141-in. semi-rigid coaxial cable [widely used on the NIF and/
or Laser Mégajoule (LMJ) to propagate fast electrical signals
with their very large bandwidth up to few ten of GHz] are now
well measured and their origin characterized. Some mitigation
techniques were found to greatly reduce (by a factor of nearly
100) this spurious current:
• Avoid placing any CHON material in close proximity of the
coaxial cable and replace any of these plastic materials by
woven glass fiber and Macor–type ceramics as fixtures and
holders if necessary.
• Add some permanent magnets (as Fe-Nd-B) along the
coaxial cable able to maintain a few-hundred-Gauss magnetic field along the cable.
• With these precautions these coaxial cables widely used
on our diagnostics signal transport can continue to be used
even on the highest neutron flux perhaps achievable on the
NIF and LMJ up to the ignition level (1017 to 1018 neutron
yield at their 5-m-radius target chamber surface).
Progress in the Diamond Anvil Cell Target Setup
for OMEGA
Principal Investigators: S. Brygoo and P. Loubeyre (CEA)
Co-investigators: R. Jeanloz (University of California,
Berkeley); M. Millot, P. M. Celliers, and J H. Eggert (LLNL);
and G. W. Collins, J. R. Rygg, and T. R. Boehly (LLE)
Measuring the properties of H and He and other simple
molecular systems under deep planetary conditions has generated a great deal of interest.58–59 The thermodynamical states
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there are qualified as warm dense matter, i.e., those of a plasma
strongly correlated and with partly degenerated electrons. If the
temperature is low enough, specifically in hydrogen, intriguing
properties could be disclosed, like the possible existence of a
plasma phase transition. To probe those states, pressures up to
the TPa range must be generated but associated to temperatures
below 1 eV. This range is well outside the principal Hugoniot
of deuterium for which only pressures less than 0.1 TPa are
associated to temperature below 1 eV.
The most-common technique for reaching off-Hugoniot
states is to generate a multishock compression, through either
reverberation between two anvils or a succession of small
shocks. These two techniques make it possible to reach final
pressures of several Mbar associated with temperatures close
to an isentropic compression, but the thermodynamical state
of the system is inferred indirectly using a hydro-simulation of
the experiment. To keep the advantage of the single Hugoniot
compression that provides a direct measurement of the final
thermodynamical state by relating P, V, E values to the shock
and particle velocities through the Rankine–Hugoniot equations, the CEA/UC Berkeley/LLNL/LLE team has developed
a novel approach over the past ten years under the NLUF
program. It is based on the concept of the diamond anvil cell
(DAC) target, i.e., the sample is initially under an initial pressure of a few GPa. The Hugoniot curves generated from these
precompressed initial states are therefore much cooler than
the principal Hugoniot, which is illustrated in Fig. 148.140 for
hydrogen, where different Hugoniot corresponding to different
initial pressures are plotted.
The concept of the precompressed target is explained in
Fig. 148.141. The figure of merit of this concept is the initial
pressure that can be achieved using a thin-enough diamond
window so that a strong shock can propagate to the sample.
Since our first measurements on OMEGA, the initial pressure
has been multiplied by a factor of 100, increasing from 0.16 GPa
to 16 GPa. This increase has been made possible thanks to the
evolution of the shape of the drive diamond going from a flat to
a conical shape, which makes it possible to drastically increase
the initial pressure for the same thickness. Also, to reduce the
force on the diamond window, the culet size of the diamond
anvil has been reduced. Increase of the initial pressure is consequently made at the expense of the diameter of the sample
available. The evolution of the sample diameter is shown in
Fig. 148.141. It should be stressed that even for a 100-nm-diam
sample, the dimension of the sample for the 16-GPa initial pressure, the quality of the VISAR image remains good enough
for an accurate analysis, made possible by OMEGA’s constant
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Figure 148.140
Precompressed H2 Hugoniot curves associated with different initial pressures.
By changing the initial pressure, a bundle of Hugoniot can be generated and
consequently the equation of state can be measured over a large pressure–
temperature phase domain. The colored Hugoniot are those that have been
investigated on OMEGA up to now.
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The objective of the experiment performed 15 September 2016 was to characterize the interaction between laser
beams and expanded plasma from walls that occur in a halfraum. The expansion of the gold plasma wall produced by
the external laser cone can indeed modify the propagation of
laser beams of the internal cone and then directly affect the
cavity energetics.
This OMEGA experiment is the second of this type (the
first campaign was in June 2014). The cavity uses a double-wall
design (one wall tilted by 30° relative to the second one) (see
Fig. 148.142). At t 0, laser beams from the 21° and 59° cones
(heating beams) are focused inside the cavity. The 59° cone is
at the origin of the plasma bubbles of interest. At t 0 + dt, laser
beams from the 42° cone (interaction beams) are focused inside
the halfraum and propagate through the plasma bubbles that are
more or less expanded, depending on the time delay dt and the
methane gas filling pressure P. During the 2014 experiment,
delays up to 1 ns were tested as a “3-D” pointing of the 59°
cone beams. This 3-D pointing was chosen to maximize the
size of the expanding plasma and, consequently, the interaction
strength. The 2016 experiment tested longer delays (up to 2.2 ns)
and also a 2-D pointing aimed at producing a more-cylindrical,
expanding plasma wall.
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Figure 148.141
Evolution of the target over the years. (a) A typical target. (b) The diameter of
the inside of a target as a function of the initial pressure. The inset represents
the target before the shot and its associated VISAR image obtained for a 9-GPa
precompression, respectively.
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upgrade of the VISAR/SOP diagnostic. Finally, the laser-shock
experiment on precompressed samples is analyzed using a
quartz reference; this analysis framework has recently been
improved. The roadmap of our effort on OMEGA is to continue
the increase of the precompression and to extend the use of the
precompressed target for simple molecular systems. Over the
next two years, precompression of 40 GPa should be feasible.

On the opposite side of the laser entrance hole (LEH), the
halfraum exhibits a window that gives direct access to the
plasma bubbles (the interaction area). In the configuration
called “P8” represented in Fig. 148.142, the interaction area
is studied using an x-ray imager positioned in TIM-5. In the
P5 configuration, the target is turned by 180° and the plasma
bubbles are studied using the broadband x-ray spectrometers
DMX and Dante.
In the P8 configuration, the hard x-ray imager in the TIM-5
provides access to the heating laser beam (59° cones) as it
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impacts on the halfraum walls. Hard x-ray emission is observed
through an oblong observation window. Figure 148.143 shows
experimental results obtained for dt = 1.4 ns and P = 1 bar.
The maximum emission of the heating laser beams (59° cone)
can be seen in Fig. 148.143(b). Persistence of the signal and
features at t 0 + 3.3 ns [Fig. 148.143(c)] suggest 42° cone laser
beam energy deposition inside the expanding plasma, producing hard x-ray emission.

The hard x-ray emission produced by the plasma bubbles
(created by the heating beam from the 59° cone and the interaction beam during its propagation through this bubble) can be
absolutely measured using the broadband x-ray spectrometers
DMX and Dante [Fig. 148.144(b)]. The amplitude of the second
peak associated with the interaction beam–deposited energy
increases with the delay dt and decreases with the methane
gas filling pressure P.

(a)

(b)
Effect of the gold bubble
of plasma on the propagation
of the 42° cone and on the halfraum energetic

Generation of a bubble
plasma from the wall
CHON
DMX Dante

CHON

Gold

Gold

DMX Dante

Observation
window

LEH
° at

21
one

t0
Gas, methane
0.25 and
1 bar tested

Gas, methane
0.25 and
1 bar tested

X-ray imager

X-ray imager

U2079JR

tt
°a
42

SSCA
42° cone at t0 + dt

ne

SSCA
Heating of the halfraum
with cones 59° and 21° at t0

Co

Co

ne

59

°a

0+
dt

tt

0

C

Figure 148.142
Principle of the experiment (P8 configuration). LEH: laser entrance hole.
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Figure 148.143
Images obtained with the hard x-ray imager in TIM-5 (P8 configuration).
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R. Betti, A. Bose, K. M. Woo, E. M. Campbell, A. R.
Christopherson, R. L. McCrory, and R. Nora, “Fusion-Yield
Extrapolation to Higher Laser Energies for Direct-Drive
Inertial Fusion Including the Effect of Alpha Heating.”

P. B. Radha, “Direct Drive at the National Ignition Facility.”
S. P. Regan, V. N. Goncharov, T. C. Sangster, R. Betti, T. R.
Boehly, M. J. Bonino, E. M. Campbell, D. Cao, T. J. B. Collins,
R. S. Craxton, A. K. Davis, J. A. Delettrez, D. H. Edgell,
R. Epstein, C. J. Forrest, D. H. Froula, V. Yu. Glebov, D. R.
Harding, M. Hohenberger, S. X. Hu, I. V. Igumenshchev, R. T.
Janezic, J. H. Kelly, T. J. Kessler, J. P. Knauer, T. Z. Kosc, J. A.
Marozas, F. J. Marshall, R. L. McCrory, P. W. McKenty, D. T.
Michel, J. F. Myatt, P. B. Radha, M. J. Rosenberg, W. Seka,
W. T. Shmayda, A. Shvydky, S. Skupsky, A. A. Solodov,
C. Stoeckl, W. Theobald, M. D. Wittman, B. Yaakobi, J. D.
Zuegel, J. A. Frenje, M. Gatu Johnson, R. D. Petrasso, S. P.
Obenschain, M. Karasik, A. J. Schmitt, D. D. Meyerhofer, and
M. J. Schmitt, “Demonstraton of 50-Gbar Hot-Spot Pressure
and Reduction of Cross-Beam Energy Transfer for DirectDrive, Layered Deuterium–Tritium Implosions on OMEGA.”
W. Theobald, R. Betti, W. Seka, A. Bose, K. S. Anderson,
M. Hohenberger, F. J. Marshall, D. T. Michel, A. Shvydky,
A. A. Solodov, C. Stoeckl, D. H. Edgell, B. Yaakobi, R. Nora,
A. Casner, M. Lafon, C. Reverdin, X. Ribeyre, E. Llor-aisa,
A. Vallet, J. Peebles, F. N. Beg, and M. S. Wei, “Gigabar Shocks
for Direct-Drive Shock-Ignition Fusion.”

The following presentations were made at the Omega
Laser Facility Users Group Workshop, Rochester, NY,
27–29 April 2016:

V. N. Goncharov, S. P. Regan, T. C. Sangster, R. Betti, T. R.
Boehly, M. J. Bonino, E. M. Campbell, T. J. B. Collins, R. S.
Craxton, A. K. Davis, J. A. Delettrez, D. H. Edgell, R. Epstein,
C. J. Forrest, D. H. Froula, V. Yu. Glebov, D. R. Harding,
S. X. Hu, I. V. Igumenshchev, R. T. Janezic, J. H. Kelly, T. J.
Kessler, T. Z. Kosc, S. J. Loucks, J. A. Marozas, F. J. Marshall,
R. L. McCrory, P. W. McKenty, D. T. Michel, J. F. Myatt, P. B.
Radha, W. Seka, W. T. Shmayda, A. Shvydky, S. Skupsky,
C. Stoeckl, W. Theobald, F. Weilacher, B. Yaakobi, D. D.
Meyerhofer, J. A. Frenje, M. Gatu Johnson, R. D. Petrasso,
S. P. Obenschain, and M. Karasik, “Status of Direct-Drive
Research in the U.S.”

W. J. Armstrong, J. C. Puth, and R. Rombaut, “Target Diagnostic Timing Manager.”

I. V. Igumenshchev, V. N. Goncharov, F. J. Marshall, J. P.
Knauer, E. M. Campbell, C. J. Forrest, D. H. Froula, V. Yu.
Glebov, R. L. McCrory, T. C. Sangster, S. Skupsky, and
C. Stoeckl, “Three-Dimensional Modeling of Direct-Drive
Cryogenic Implosions on OMEGA.”

E. M. Hill, G. Balonek, R. Cuffney, J. H. Kelly, and T. Z. Kosc,
“OMEGA SSD Arbitrary Waveform Generation Installation
and Activation.”
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J. R. Davies, D. H. Barnak, R. Betti, E. M. Campbell, P.-Y. Chang,
G. Fiksel, J. P. Knauer, S. P. Regan, A. Harvey‑Thompson, K. J.
Peterson, A. B. Sefkow, D. B. Sinars, and S. A. Slutz, “An
Overview of Laser-Driven Magnetized Liner Inertial Fusion
on OMEGA.”
M. J. Guardalben, M. Spilatro, L. J. Waxer, and M. Barczys,
“OMEGA EP UV Prediction Model for Enhanced Operational Performance.”
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E. M. Hill and J. C. Puth, “Omega Laser Facility and Diagnostic
Timing Management.”
S. Ivancic, D. Haberberger, P. Angland, M. Barczys,
M. Bedzyk, R. Boni, R. Brown, R. S. Craxton, A. Davies,
F. Ehrne, R. K. Jungquist, J. C. Puth, R. G. Roides, W. Seka,
M. J. Shoup III, C. Stoeckl, W. Theobald, D. Weiner, and D. H.
Froula, “Optical Diagnostic Suite (Schlieren, Interferometry,
and Angular Filter Refractometry) on OMEGA EP Using a
10-ps, 263-nm Probe Beam.”
R. Jungquist, “Short-Pulse Stray Light Management.”
R. W. Kidder, A. Zeller, M. Charissis, P. Stoeckl, J. J. Rung,
and R. Holderried, “The Principal Investigator Portal Provides
a Gateway to Shot Information for External Users.”
R. W. Kidder, A. Zeller, T. Meyer, P. Stoeckl, R. Pasols, and
R. Holderried, “External User Access Through the LLE Principal Investigator Portal.”
J. Kwiatkowski, M. Barczys, M. Bedzyk, A. Kalb, B. E.
Kruschwitz, C. McMahon, T. Nguyen, A. L. Rigatti, and
M. Sacchitella, “OMEGA EP Short-Pulse Ratiometer.”
J. Kwiatkowski, E. M. Hill, B. Ehrich, M. Heimbueger, F. J.
Marshall, and B. E. Kruschwitz, “OMEGA EP Pointing, Focusing, and Timing.”
J. Kwiatkowski, S. J. Stagnitto, S. F. B. Morse, M. Labuzeta,
and V. Guiliano, “Characterizing Debris-Shield Transmission
Degradation and Estimating On-Target Energy.”
D. Mastrosimone, A. Agliata, T. Buczek, D. J. Lonobile, M. J.
Shoup III, and C. Sorce, “Enhanced Gas-Filled Capabilities for
Ten-Inch-Manipulator–Based Target Positioners.”
D. Mastrosimone, G. Fiksel, J. Magoon, A. Agliata, P.-Y.
Chang, and D. H. Barnak, “Fielding MIFEDS on OMEGA.”

T. C. Sangster, K. S. Anderson, R. Betti, T. R. Boehly, B. Boni,
M. J. Bonino, E. M. Campbell, D. Canning, D. Cao, T. J. B.
Collins, R. S. Craxton, A. K. Davis, J. A. Delettrez, W. R.
Donaldson, D. H. Edgell, R. Epstein, C. J. Forrest, D. H.
Froula, V. Yu. Glebov, D. R. Harding, M. Hohenberger, S. X.
Hu, H. Huang, I. V. Igumenshchev, R. T. Janezic, D. W.
Jacobs‑Perkins, J. Katz, R. L. Keck, J. H. Kelly, T. J. Kessler,
B. E. Krushwitz, J. P. Knauer, T. Z. Kosc, S. J. Loucks, J. A.
Marozas, F. J. Marshall, A. V. Maximov, R. L. McCrory, P. W.
McKenty, D. T. Michel, S. F. B. Morse, J. F. Myatt, P. M.
Nilson, J. C. Puth, P. B. Radha, B. S. Rice, M. J. Rosenberg,
W. Seka, W. T. Shmayda, R. W. Short, A. Shvydky, M. J.
Shoup III, S. Skupsky, A. A. Solodov, C. Sorce, S. Stagnito,
C. Stoeckl, W. Theobald, J. Ulreich, M. D. Wittman,
B. Yaakobi, J. D. Zuegel, J. A. Frenje, M. Gatu Johnson, R. D.
Petrasso, H. Sio, B. Lahmann, M. A. Barrios, P. Bell, D. K.
Bradley, D. A. Callahan, A. Carpenter, D. T. Casey, J. Celeste,
M. Dayton, S. N. Dixit, C. Goyon, O. A. Hurricane, S. Le Pape,
L. Masse, P. Michel, J. D. Moody, S. R. Nagel, A. Nikroo,
R. Nora, L. Pickworth, J. E. Ralph, H. G. Rinderknecht, R. P.
J. Town, D. P. Turnbull, R. J. Wallace, P. J. Wegner, M. Farrell,
A. Greenwood, T. Hilsabeck, J. D. Kilkenny, N. Rice,
M. Schoff, N. Petta, J. Hund, S. P. Obenschain, J. W. Bates,
M. Karasik, A. J. Schmitt, J. Weaver, M. J. Schmitt, G. Rochau,
J. Porter, M. Sanchez, L. Claus, G. Robertson, O. Looker,
J. Hares, and T. Dymoke-Bradshaw, “Direct Drive 2020.”
I. Seth and J. P. Knauer, “Analysis of Chemical Vapor Deposition Diamonds for Neutron Detection on OMEGA.”
S. Stagnitto, M. Labuzeta, and C. Sorce, “Qualifying as an
External Instrument Specialist/Technician at LLE.”
X. K. Zhou and S. X. Hu, “Radiation Reaction of Electrons at
Laser Intensities up to 1025 W/cm2.”

S. F. B. Morse, “Omega Facility OLUG 2016 Update: Progress
on Recommendations and Items of General Interest.”

N. D. Viza, M. Wang, M. H. Romanofsky, and D. R. Harding,
“Using Lab-on-Chip Technology to Mass Produce Inertial
Fusion Energy Targets,” Exploring Alternative Energy: CO2
as a Resource, Rochester, NY, 29 April 2016.

P. M. Nilson, F. Ehrne, C. Mileham, D. Mastrosimone, R. K.
Jungquist, C. Taylor, R. Boni, J. Hassett, D. J. Lonobile, R. W.
Kidder, M. J. Shoup III, A. A. Solodov, C. Stoeckl, and D. H.
Froula, “High-Resolving Power, Ultrafast Streaked X-Ray
Spectroscopy on OMEGA EP.”

The following presentations were made at the 46th Annual
Anomalous Absorption Conference, Old Saybrook, CT,
1–6 May 2016:
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D. H. Barnak, R. Betti, E. M. Campbell, P.-Y. Chang, J. R. Davies,
G. Fiksel, J. P. Knauer, S. P. Regan, A. Harvey‑Thompson,
K. J. Peterson, A. B. Sefkow, D. B. Sinars, and S. A. Slutz,
“Scaling Laser-Driven Magnetized Liner Inertial Fusion to
the National Ignition Facility.”
E. Borwick, S. X. Hu, J. Li, R. Yan, and C. Ren, “Full-Pulse
Particle-in-Cell Simulations of Hot-Electron Generation in
OMEGA Experiments.”
S. Bucht, D. Haberberger, J. Bromage, and D. H. Froula,
“Transforming the Idler for Use in Laser–Plasma Interaction Experiments.”
E. M. Campbell, “The National Ignition Facility: An Unexpected Journey, Lessons to be Learned to Secure Projects of
Scale, and Persepctives on the Future of Inertial Confinement
Fusion Research.”
A. Davies, J. Katz, S. Bucht, D. Haberberger, J. Bromage, J. D.
Zuegel, D. H. Froula, J. Sadler, P. A. Norreys, R. Bingham,
R. Trines, and L. O. Silva, “Thomson Scattering from Nonlinear Electron Plasma Waves.”
J. R. Davies, D. H. Barnak, R. Betti, P.-Y. Chang, K. J. Peterson,
A. B. Sefkow, D. B. Sinars, and S. A. Slutz, “An Overview of
Laser-Driven Magnetized Linear Inertial Fusion on OMEGA.”
A. K. Davis, D. T. Michel, S. X. Hu, R. Epstein, J. P. Knauer,
and D. H. Froula, “Conduction-Zone Measurements Using
X-Ray Self-Emission Images.”
D. H. Edgell, R. K. Follett, J. Katz, J. F. Myatt, W. Seka, and
D. H. Froula, “Polarization Dependence of Cross-Beam Energy
Transfer in Unabsorbed Light Beamlets.”
D. H. Froula, R. K. Follett, R. J. Henchen, V. N. Goncharov,
A. A. Solodov, J. A. Delettrez, D. H. Edgell, B. Yaakobi,
C. Stoeckl, and J. F. Myatt, “The Effect of Cross-Beam Energy
Transfer on Two-Plasmon Decay in Direct-Drive Implosions.”
D. Haberberger, D. H. Froula, A. Pak, A. Link, P. K. Patel,
F. Fiuza, S. Ya. Tochitsky, and C. Joshi, “Shock-Wave Acceleration of Ions on OMEGA EP.”
R. J. Henchen, S. X. Hu, W. Rozmus, J. Katz, and D. H.
Froula, “Heat-Flux Measurements from Collective ThomsonScattering Spectra.”

FY16 Annual Report

J. Li, R. Yan, and C. Ren, “Density Modulation–Induced
Absolute Laser–Plasma Instabilities: Simulations and Theory.”
D. T. Michel, S. X. Hu, A. K. Davis, V. Yu. Glebov, V. N.
Goncharov, I. V. Igumenshchev, P. B. Radha, C. Stoeckl, and
D. H. Froula, “Measurements of the Effect of Adiabat on the
Shell Thickness of Direct-Drive Implosions on OMEGA.”
J. F. Myatt, J. G. Shaw, R. K. Follett, D. H. Edgell, V. N.
Goncharov, A. V. Maximov, R. W. Short, W. Seka, and D. H.
Froula, “A Wave-Based Model for Cross-Beam Energy Transfer
in Inhomogeneous Plasmas.”
C. Ren, J. Li, W.-D. Liu, and R. Yan, “Simulation of Stimulated Brillouin Scattering and Stimulated Raman Scattering
in Shock Ignition.”
M. J. Rosenberg, A. A. Solodov, W. Seka, R. Epstein, J. F.
Myatt, S. P. Regan, M. Hohenberger, T. J. B. Collins, P. A.
Michel, D. P. Turnbull, C. Goyon, J. D. Moody, J. E. Ralph,
M. A. Barrios, and J. W. Bates, “Planar Laser–Plasma Interaction Experiments at Direct-Drive Ignition-Relevant Scale
Lengths at the National Ignition Facility.”
W. Seka, J. F. Myatt, V. N. Goncharov, R. Betti, S. P. Regan,
A. V. Maximov, J. A. Delettrez, R. E. Bahr, A. A. Solodov,
M. J. Rosenberg, A. Bose, and R. W. Short, “The Influence of Smoothing by Spectral Dispersion on Cross-Beam
Energy Transfer.”
R. W. Short, W. Seka, and J. F. Myatt, “Kinetic Analysis of
Convective Stimulated Raman Scattering and Its Potential as
a Temperature Diagnostic.”
A. A. Solodov, M. J. Rosenberg, J. F. Myatt, R. Epstein, S. P.
Regan, W. Seka, J. G. Shaw, M. Hohenberger, J. W. Bates, P. A.
Michel, J. D. Moody, J. E. Ralph, D. P. Turnbull, and M. A.
Barrios, “Modeling of Laser–Plasma Interaction Experiments
at Direct-Drive Ignition-Relevant Plasma Conditions at the
National Ignition Facility.”

I. Seth and J. P. Knauer, “Analysis of Chemical-Vapor–Deposition Diamonds for Neutron Detection on OMEGA,” Intel
International Science and Engineering Fair, Phoenix, AZ,
8–13 May 2016.
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G. Chen, A. Koroliov, R. Sherstha, and R. Sobolewski, “Terahertz Spectroscopy of Graphene-Polymer Nanocomposites,”
Frontiers in Materials Science for the 21st Century, Rochester,
NY, 16 May 2016.

The following presentations were made at the 21st Topical
Conference on High-Temperature Plasma Diagnostics,
Madison, WI, 5–9 June 2016:
P. X. Belancourt, W. Theobald, P. A. Keiter, T. J. B. Collins,
M. J. Bonino, P. Kozlowski, S. P. Regan, and R. P. Drake,
“Demonstration of Imaging X-Ray Thomson Scattering on
OMEGA EP.”
A. K. Davis, D. T. Michel, R. S. Craxton, R. Epstein,
M. Hohenberger, T. Mo, and D. H. Froula, “X-Ray SelfEmission Imaging Used to Diagnose 3-D Nonuniformities in
Direct-Drive ICF Implosions.”
R. K. Follett, J. A. Delettrez, R. J. Henchen, J. Katz, D. H.
Edgell, J. F. Myatt, and D. H. Froula, “Plasma Characterization
Using Ultraviolet Thomson Scattering from Ion-Acoustic and
Electron Plasma Waves” (invited).
C. J. Forrest, V. Yu. Glebov, V. N. Goncharov, J. P. Knauer,
P. B. Radha, S. P. Regan, M. H. Romanofsky, T. C. Sangster,
M. J. Shoup III, and C. Stoeckl, “High-Dynamic-Range Neutron Time-of-Flight Detector Used to Infer the D(t,n)4He and
D(d,n)3He Reaction Yield and Ion Temperature on OMEGA.”
V. Yu. Glebov, R. Flight, C. J. Forrest, J. P. Knauer, S. P. Regan,
M. H. Romanofsky, T. C. Sangster, and C. Stoeckl, “A New
Microchannel-Plate Neutron Time-of-Flight Detector.”
S. T. Ivancic, D. Nelson, P. M. Nilson, C. R. Stillman,
C. Mileham, I. A. Begishev, and D. H. Froula, “Design of an
Extreme Ultraviolet Spectrometer Suite for Characterization
of Rapidly Heated Solid Matter.”
J. Katz, R. Boni, A. Maltsev, C. Muir, M. H. Romanofsky,
and D. H. Froula, “A Pulse-Front-Tilt–Compensated Streaked
Optical Spectrometer with High Throughput and Picosecond
Time Resolution.”
J. P. Knauer, C. J. Forrest, V. Yu. Glebov, T. C. Sangster, and
C. Stoeckl, “Three-Axis Neutron Time-of-Flight Measurement.”
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P. M. Nilson, F. Ehrne, C. Mileham, D. Mastrosimone, R. K.
Jungquist, C. Taylor, C. R. Stillman, S. T. Ivancic, R. Boni,
J. Hassett, D. J. Lonobile, R. W. Kidder, M. J. Shoup III,
A. A. Solodov, C. Stoeckl, D. H. Froula, K. W. Hill, L. Gao,
M. Bitter, P. Efthimion, and D. D. Meyerhofer, “HighResolving-Power, Ultrafast Streaked X-Ray Spectroscopy on
OMEGA EP” (invited).
C. Sorce, C. Stoeckl, J. Katz, R. Boni, F. Ehrne, C. J. Forrest,
V. Yu. Glebov, D. J. Lonobile, S. P. Regan, M. J. Shoup III,
A. Sorce, T. C. Sangster, D. Weiner, and J. Magoon, “A Neutron
Temporal Diagnostic for High-Yield DT Cryogenic Implosions
on OMEGA.”
C. R. Stillman, P. M. Nilson, S. Ivancic, C. Mileham, I. A.
Begishev, R. K. Junquist, and D. H. Froula, “A Streaked
X-Ray Spectroscopy Platform for Rapidly Heated, Near-Solid
Density Plasmas.”
C. Stoeckl, W. Theobald, S. P. Regan, and M. H. Romanofsky,
“Calibration of a Time-Resolved Hard X-Ray Detector Using
Radioactive Sources.”
W. Theobald, C. Sorce, M. Bedzyk, F. J. Marshall, C. Stoeckl,
S. P. Regan, T. Hilsabeck, J. D. Kilkenny, D. Morris, M. Chung,
J. Hares, T. Dymoke-Bradshaw, P. Bell, J. Celeste, A. Carpenter,
M. Dayton, D. K. Bradley, M. C. Jackson, L. Pickworth,
S. Nagel, G. Rochau, J. Porter, M. Sanchez, L. Claus,
G. Robertson, and Q. Looker, “Conceptual Design of a SingleLine-of-Sight Time-Resolved X-Ray Imager on OMEGA.”

The following presentations were made at CLEO 2016,
San Jose, CA, 5–10 June 2016:
I. A. Begishev, J. Bromage, P. S. Datte, S. T. Yang, and J. D.
Zuegel, “Record Fifth-Harmonic–Generation Efficiency
Producing 211-nm Pulses Using Cesium Lithium Borate.”
S. G. Demos, R. Levenson, F. Fereidouni, and Z. Harmany,
“Slide-Free (But Not Necessarily Stain-Free) Microscopy via
Ultraviolet Excitation.”
C. Dorrer, W. A. Bittle, R. Cuffney, E. M. Hill, T. Z. Kosc, J. H.
Kelly, and J. D. Zuegel, “High-Contrast, Time-Multiplexed
Pulse-Shaping Systems.”
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C. Dorrer, Y. Li, and P. Fiala, “Focal-Spot Optimization by
Polarization Modulation.”

The following presentations were made at the CEA-NNSA
Workshop, Rochester, NY, 29–30 June 2016:

C. Dorrer, L. J. Waxer, A. Kalb, E. M. Hill, and J. Bromage,
“Single-Shot, High-Resolution Fiber-Based Phase-Diversity
Photodetection of Optical Pulses.”

I. A. Begishev, J. Bromage, J. D. Zuegel, P. S. Datte, and S. T.
Yang, “Record Fifth-Harmonic–Generation Efficiency Producing 211-nm Pulses Using Cesium Lithium Borate.”

R. Betti, A. R. Christopherson, A. Bose, K. M. Woo, J. Howard,
K. S. Anderson, E. M. Campbell, J. A. Delettrez, V. N.
Goncharov, F. J. Marshall, R. L. McCrory, S. P. Regan, T. C.
Sangster, C. Stoeckl, W. Theobald, M. J. Edwards, R. Nora,
B. K. Spears, and J. Sanz, “Status and Prospects for Burning
Plasmas via Laser Fusion,” 43rd IEEE International Conference
on Plasma Science, Banff, Alberta, Canada, 19–23 June
2016 (invited).

The following presentations were made at the 15th Meeting of
the Tritium Users Group, Southampton, UK, 21–22 June 2016:
W. T. Shmayda, “Tritium Interaction with Stainless Steel.”
W. T. Shmayda, M. D. Wittman, J. L. Reid, and R. F. Earley,
“Tritium Activities at the University of Rochester’s Laboratory
for Laser Energetics.”

C. R. Stillman, P. M. Nilson, S. T. Ivancic, C. Mileham, I. A.
Begishev, R. K. Junquist, and D. H. Froula, “A Streaked
X-Ray Spectroscopy Platform for Rapidly Heated, NearSolid Density Plasmas,” 2016 DOE NNSA Stewardship
Science Graduate Fellowship Program, Las Vegas, NV,
27–30 June 2016.

C. J. Forrest, V. Yu. Glebov, J. P. Knauer, P. B. Radha, S. P.
Regan, T. C. Sangster, C. Stoeckl, W. U. Schroeder, J. A.
Frenje, M. Gatu Johnson, M. W. Paris, G. Hale, and A. B.
Zylstra, “Neutron-Induced Break-up Reaction Using Deuterium
Fusion Neutrons at the Omega Laser Facility,” 2016 R-Matrix
Workshop on Methods and Applications, Santa Fe, NM,
27 June–1 July 2016.
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P. Efthimion, and D. D. Meyerhofer, “High-Resolving-Power,
Ultrafast Streaked X-Ray Spectroscopy on OMEGA EP.”
W. Theobald, C. Sorce, M. Bedzyk, F. J. Marshall, C. Stoeckl,
S. P. Regan, T. Hilsabeck, J. D. Kilkenny, D. Morris,
M. Chung, J. Hares, A. Dymoke-Bradshaw, P. Bell, J. Celeste,
A. Carpenter, M. Dayton, D. K. Bradley, M. C. Jackson,
L. Pickworth, S. Nagel, G. Rochau, J. Porter, M. Sanchez,
L. Claus, G. Robertson, and Q. Looker, “Conceptual Design of
a Single-Line-of-Sight Resolved X-Ray Imager on OMEGA.”

V. N. Goncharov, S. P. Regan, E. M. Campbell, T. C. Sangster,
P. B. Radha, J. F. Myatt, D. H. Froula, R. Betti, T. R. Boehly,
J. A. Delettrez, D. H. Edgell, R. Epstein, C. J. Forrest, V. Yu.
Glebov, D. R. Harding, S. X. Hu, I. V. Igumenshchev, F. J.
Marshall, R. L. McCrory, D. T. Michel, W. Seka, A. Shvydky,
C. Stoeckl, W. Theobald, and M. Gatu-Johnson, “National
Direct-Drive Program on OMEGA and the National Ignition
Facility,” 43rd European Physical Society Conference on
Plasma Physics, Leuven, Belgium, 4–8 July 2016 (invited).

D. Polsin, T. R. Boehly, J. A. Delettrez, M. C. Gregor, C. A.
McCoy, B. Henderson, D. E. Fratanduono, R. Smith, R. Kraus,
J. H. Eggert, R. Collins, F. Coppari, and P. M. Celliers, “Observation of Solid-Solid Phase Transitions in Pump-Compressed
Aluminum,” High-Pressure Research, Holderness, NH,
17–22 July 2016.
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J. B. Oliver, C. Smith, B. Taylor, J. Spaulding, S. MacNally, and
T. Shea, “Characterization of Glancing-Angle–Deposited Mag
nesium Oxide Films,” Novel Optical Materials and Applications,
Vancouver, British Columbia, Canada, 18–20 July 2016.

The following presentations were made at the 7th International
Conference on Ultrahigh Intensity Lasers, Montebello, Quebec,
Canada, 11–16 September 2016:
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