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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
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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
0.0

0

200

2 mm

Filaments
Bremsstrahlung
spot at target rear

U2089JR

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.
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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.
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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
211
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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.
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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
216

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.
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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.
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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.

(a) t0

(b) t0 + 5.17 ps

(c) t0 + 9.28 ps

U2110JR

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.

240
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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

Imageplate detector

Power (TW)

0.3

ZVH
(x-ray spectrometer)

60 OMEGA beams
20 kJ, 2.7 ns

0.2
0.1
0.0

0

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)
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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.

d2N/(dX dE) (MeV–1 sr–1)

1012
1011

4.5 ns

1010

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).

231

National Laser Users’ Facility and External Users’ Programs
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.

U2120JR

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)

U2119JR

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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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
LLE Review, Volume 148
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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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0.1 nm Al

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
246

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
LLE Review, Volume 148
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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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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.
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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

U2146JR
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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
polycrystalline
diamond
~100 nm MgO

Quartz window
532-nm AR
coating

Laser
ASBO

Center
line

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.
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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.

(b)

Emission at 10 keV in EXAFS experiments

ASBO
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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

U2151JR
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Interface

Tilted XRFC
in TIM-6

Hohlraum
1.6-mm × 1.0-mm
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H7

Stalk to TPS 2(H2)
target positioner
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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
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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)

U2155JR

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.
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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

U2165JR

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.

U2060JR

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
U2062JR

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
265
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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
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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.
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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.

LLE Review, Volume 148

267

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

Au shield
cones (2×)

1.0

Downshifted

Source

Yield/MeV

0.8

si

p
0-

10
10–2

pT

DT

0.3
0.2
0.1

10–3

0.4

6

8

12

13

14

15

16

Energy (MeV)

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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Figure 148.130
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)
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2016 (with glass fiber and Macor)
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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–
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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
LLE Review, Volume 148

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.

400
200

U2116JR

0

0

20

40
60
80
Initial pressure (GPa)

100

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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Principal Investigators: C. Courtois, L. Lecherbourg, and
F. Girard
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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.
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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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