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ABSTRACT

At Los Alamos, research in high-energy-density physics continues, and much of
the work is relevant to the National Inertial-Confinement-Fusion (ICF) Program.  Recent
work in several areas is reviewed.  These areas include (1) neutron imaging and high-
convergence double-shell capsules; (2) hydro-code validation using experiments on jets,
gaps, and Rayleigh-Taylor instabilities; and (3) studies of laser-plasma interactions using
the single hot spot on the Trident laser facility.

1.  INTRODUCTION
The National Ignition Facility (NIF), under construction at the Lawrence

Livermore National Laboratory (LLNL), is now expected to be available in 2006 for
experimental work that cannot be done on current lasers.  Because of the delays in
construction, experimental planning and diagnostics development have been cut back and
rescheduled.  In spite of these changes, high-energy-density physics experiments, many of
which are relevant to ICF, are being carried out on the Omega laser at the University of
Rochester and the Trident facility at Los Alamos.  Recent work includes (1) neutron
imaging and high-convergence double-shell capsules; (2) hydro-code validation using
experiments on jets, gaps, and Rayleigh-Taylor instabilities; and (3) studies of laser-plasma
interactions using the single hot spot on the Trident laser facility.
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Predictions of ignition for NIF targets [1] have been obtained at Los Alamos using
integrated modeling, a technique that has been demonstrated to model many Nova and
Omega hohlraum experiments successfully.  In this procedure, the LASNEX [2] radiation-
hydrodynamics code is used to carry out self-consistent 2-D calculations of proposed NIF
targets containing both hohlraum and capsule.  Included in these calculations are the
physics for laser energy deposition, hohlraum conversion of laser light to x-rays, radiation
transport of x-rays including deposition in the capsule, atomic physics, hydrodynamics, and
thermonuclear reactions.  The calculations do not, however, include the physics of
interpenetrating plasmas, laser-scattering losses, and laser-beam bending from laser-plasma
instabilities, and they are typically not adequately zoned for examining hydrodynamic
instabilities.  Other codes are used to address the additional effects.

In the past, we have calculated three NIF targets to ignite [3].  The standard NIF
hohlraum (shown in Fig. 1) is used in each of the targets.  A plastic (CH) capsule,
essentially identical to that used by LLNL in their original point-target design is used in the
first of the targets.  In the second design, developed at Los Alamos, the plastic capsule is
replaced with a beryllium capsule, and in the third, also developed at Los Alamos, the
plastic capsule is replaced with a double-shell capsule.  The plastic capsule is calculated to
have a yield of 9 MJ; the beryllium capsule has a calculated yield of 7 MJ; and the double-
shell capsule has a yield of 2 MJ.

Figure 1.  Standard NIF ignition target.  The standard NIF hohlraum has gold walls and is filled with a mixture
of helium and hydrogen.  A plastic layer on the edges of the laser-entrance holes slows their closure, and a thin
plastic window across the entrance holes is required to hold the gas in the hohlraum.  The plastic capsule may be
replaced with a beryllium capsule or a double-shell capsule.

To obtain ignition on the NIF, optimum designs that are obtained from code
predictions must be close to the true optimum designs.  And, when ignition is not obtained
with the optimum design, diagnostics capable of determining the failure mode must be
available.  Both of these issues have been addressed in recent work at Los Alamos.  Other
areas in which Los Alamos workers continue to contribute include cylindrical Rayleigh-
Taylor instabilities [1,4], drive symmetry [1,5,6], beryllium-capsule design [1,7], beryllium-
capsule fabrication [1,8-11], and testing of micro-balloons [12].

2.  FEASIBILITY OF NEUTRON IMAGING ON THE NIF
Because implosion symmetry is affected by physical effects that are not included

in LASNEX and are not easily controlled, symmetry tuning must be carried out with real
targets on the NIF.  For example, laser power balance, pointing, and spot size can be
adjusted to overcome implosion asymmetry caused by uncontrolled laser-energy scattering
and absorption.  To make the proper adjustments, however, diagnostics are required that
can image the capsule at peak compression.

Both neutron imaging and x-ray imaging may be useful for this task.  In addition,
gamma-ray images offer the prospect of resolving the innermost parts of the copper-doped
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beryllium ablator, which would define the outer boundary of the DT fuel.  To evaluate the
utility of these diagnostics, synthetic images have been generated by post processing
LASNEX calculations of NIF capsules and similar capsules designed for the French Laser-
MegaJoule (LMJ) facility.

Two specific capsule designs were chosen by D. Wilson, P. Bradley, and R.
Walton to demonstrate the potential of neutron imaging.  The first of these was the Be�330
design described by Wilson et al. [13], which has a 0.5-mg/cm3 central DT gas region with
an 80-�m-thick ice layer (inner radius 870 �m), surrounded by 155 �m of beryllium ablator
that is doped with 0.9-atm.% copper.  The copper acts as an absorber of high energy x-rays,
which makes the implosion more efficient, and it also acts as a shield to protect the DT ice
from being preheated by x-rays. Synthetic images for two cases are shown in Fig. 2.  They
have yields of  (a) 13.7 MJ and (b) 16.9 MJ and were driven with the laser pulse given in
Wilson et al. [13].

Figure 2.  Neutron pinhole-camera images for successful capsules:  (a) 13.7-MJ Be 330 capsule, (b) 16.9-MJ
Be330 capsule.  In (a) the overall shape of the fuel is slightly “sausage” –shaped, but the burn is strongest in a
ring of high density.  In (b) the burn is strongest in two regions of high density on either side of the equator.
Images are 200 �m across with a resolution of 1 �m.

The relationship between these images and the structure of the burning fuel is quite
interesting.  There is no reason to expect the three regions of interest (the hot spot, the inner
part of the main fuel, and the outer boundary of the main fuel) to have the same symmetry.
The 13.7-MJ calculation has a sausage-shaped outer boundary at ignition.  In contrast, the
neutron image (shown in Fig. 2a) has a bright band at the equator, with faint bands on either
side.  These bands correspond to rings of higher density burning fuel.  The central region of
the burning fuel is the hot spot.  It burns at lower density and generates fewer neutrons.
When the capsule ignites, the burn propagates from the hot spot to the surrounding higher
density fuel.  If both the hot spot and the surrounding fuel were spherically symmetric, the
spherical shell of high-density burning fuel would produce a circle of high neutron
intensity.  The occurrence of high-intensity bands suggest that, although the hot spot is
nearly spherical, some sloshing of material on the inside of the high-density shell has
occurred to produce rings of high-density material.

The second calculation produced 16.9 MJ, and has a slightly pancaked DT region
at ignition.  Again the neutron image (shown in Fig. 2b) is quite different.  It has two bright
spots on either side of the center at the poles, with a fainter center and radially decreasing
intensity.  Again the higher fuel density in the calculation is in the region of the bright

(a) (b)



E. L. Lindman, et al

4

spots.   The slight increase in brightness near the center comes from the burning of the hot
spot.  This example indicates that the neutron images again preferentially trace regions of
high fuel density, but will also show the central hot spot if it is spatially distinct from the
high-density fuel.

The second capsule design is a variation of the bromine-doped plastic-ablator
capsules described by Haan et al. [14] and Krauser et al., [3], but designed for the LMJ
Facility.  This capsule has a central DT gas density of 0.3 mg/cm3, a 120-�m-thick DT-ice
layer that has an inner radius of 700 �m, and a 180-�m-thick CH plastic ablator that has 5
atm.% oxygen and 0.25 atm.% bromine.  This capsule is driven by a laser pulse similar to
that of Krauser et al. [3], but with a 350-eV peak temperature.  The successful calculation
(shown in Figs. 3a,c) has a yield of 14.5 MJ and a round density contour at ignition,
whereas the second calculation (shown in Figs. 3b,d) produces only 9 kJ due to poor
implosion symmetry.

                    (a)                                   (b)

                    (c)                                    (d)
Figure 3.  Neutron- and x-ray-pinhole camera images of LMJ capsules:  (a) and (c) neutron and x-ray images,
respectively, of the 14.5-MJ plastic-ablator capsule, (b) and (d) neutron and x-ray images, respectively, of the 9-
kJ plastic-ablator capsule.

Figure 3a shows the simulated image from the LMJ 14.5-MJ capsule that ignited
with nearly spherical symmetry.  The diameter of this image is governed by the size of the
high-density fuel region.  All three images discussed so far have a similar image size; in
particular, the brightest region is about 150 �m across.   In Fig. 3a the burning fuel has a
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nearly spherical distribution and the burn propagates from the hot spot into the surrounding
fuel.  In Fig. 3b, however, the overall symmetry of the fuel is strongly “pancaked,” and the
burn occurs only in the hot spot and does not propagate to the surrounding fuel.

Capsules that fail to ignite do not have a burn front extending into the cold DT
fuel, so the image size should be smaller and easier to interpret.  The smaller size is seen
clearly in the image of the LMJ 9-kJ capsule (shown in Fig. 3b).  The total number of
neutrons emitted by a failure (1015 neutrons) is also down by a factor of about 1,000 from
the total emitted by a high-yield capsule (1018 neutrons).  This decrease implies the need for
considerable dynamic range in the detector.  The peak intensity in the image of a failed
capsule comes typically from a region of high temperature rather than a region of high
density.  Thus, to interpret the image from any given shot, it is necessary to know whether
the capsule ignited or failed.  In these capsules, the transition from temperature-bright
images to density-bright images is near 3MJ of yield.

A competing alternative to neutron imaging is the use of high-energy x-rays
emitted by the burning capsule to form an image.  This technique has been used extensively
in experiments at Nova and Omega.  The x-rays are typically filtered to select the region to
be imaged.  In the case of burning NIF and LMJ targets, allowing only x-rays above 10-keV
to contribute to the image selects for the burning fuel.  The synthetic radiographs shown in
Figs. 3c and 3d were generated with 10 keV x-rays and above.

The image shown in Fig. 3c is an x-ray image of the LMJ 14.5 MJ capsule whose
neutron image is shown in Fig. 3a.  The x-ray image is about two-thirds the size of the
neutron image, and the detail seen in it is different.  The hot spot appears to be the only
bright region.  These differences are expected because neutron imaging is sensitive to ion
density whereas x-ray imaging is sensitive to electron temperature.  After the ions are
heated to ignition temperatures, the electrons can cool much faster than the ions as a result
of radiation transport and thermal conduction.  The resulting x-ray image should, therefore,
be cooler in the outer regions because of greater losses, and it should appear smaller.

An x-ray image for the failing capsule, whose neutron image is shown in Fig. 3b, is
shown in Fig. 3d.  They are nearly the same size.  This result is consistent with the earlier
observation that, in failed capsules, the neutron images as well as the x-ray images are
dominated by the hot spot. Thus, in Fig. 3c the x-ray image reflects the local electron
temperature, and in Fig. 3d the x-ray image comes from the hot spot and is smaller, as
expected.  The electron and ion temperatures remain modest and closely coupled, and the
neutrons and x-rays are both expected to come from the hot spot.

Based on these results, it is difficult to argue that one imaging system is better than
the other for determining overall implosion symmetry.  Both may be needed to obtain the
information necessary to optimize performance with respect to laser pointing.  Pinhole
neutron images appear feasible down to yields near 0.1% of nominal performance.

Fifty-�m-diameter pinholes have been built; ten-�m pinholes stress micro-
machining capabilities, but appear feasible.  A ~35-�m-diameter pinhole could be tested at
Omega using high-yield direct-drive targets.

3.  NOVEL USES OF BETA LAYERING IN CAPSULE FABRICATION
The first observation [15] of the beta-layering phenomenon showed that it was

possible to fabricate ICF targets having an outer ablating shell surrounding a symmetric
solid layer of DT fusion fuel.  The capsule is first filled at high pressure and elevated
temperature.  It is then cooled, and the pressure drops to a level that the capsule wall can
contain in vacuum.  Considerable care is required in the subsequent handling of the capsule
to avoid pressure rise and failure of the capsule wall [16].  DT layers prepared by natural
beta layering typically have an internal rms surface roughness of 1.3 �m [17,18], permitting
good fusion yield within beryllium ablators.  The sensitivity of fusion yield to the internal
DT ice roughness is a function of many factors, including the relatively low density of solid
DT (0.25 g/cm3).  Because the normal density of beryllium is 1.8 g/cm3, a relatively high
Atwood number occurs at the ablator-fuel interface resulting in a high growth rate for
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Rayleigh-Taylor instabilities.  Alternate DT-based fuels having higher densities, but still
capable of being automatically redistributed into a uniform layer by beta-layering, would
have the beta-layering smooth inner surface and a reduced growth rate at the pusher fuel
interface.  Issues such as these have led J.K. Hoffer to consider alternate fuels [19].

In addition to DT, Hoffer [19] considers B2D3T3, CD2T2, (0.5NDT2 + 0.5ND2T),
DTO, and (0.5DF + 0.5TF) with solid densities of  0.77, 0.68, 1.03, 1.07, and 1.65 g/cm3,
respectively.  Each of these alternate fuels is a gas at room temperature and has a higher
freezing point than DT.  Consequently, mixtures of the gases can be considered, as well as
procedures in which the alternate fuel freezes out before the DT and forms an outer layer.
The temperature is then dropped to the temperature required to freeze the DT, and it forms
an inner layer.  After each layer is frozen out, beta layering is allowed to symmetrize it by
using the beta decay in both the alternate fuel and the DT.  There is, however, a serious
drawback to the use of an alternate fuel layer.  More energy is required to obtain fusion
because inert atoms and their electrons must be heated to the ignition temperature as well.
On the other hand, the idea that beta decay in the DT fuel contributes to the beta layering of
the alternate fuel leads to an even more intriguing possibility: the self-assembling target.

If the alternate fuel is replaced by its normal equivalent, methane (CH4) for
example, a similar procedure can be carried out.  In this case, however, the methane is
frozen out first to form part, or all, of the ablator, as opposed to an additional fuel layer.
Because of the beta decay in the DT, beta layering may be capable of symmetrizing this
layer as well, even though it has no source of beta decay within it.  If this concept is shown
to be feasible, it could lead to an inexpensive source of the highly symmetric targets that are
needed for energy production by inertial fusion.

4.  NONCRYOGENIC DOUBLE-SHELL CAPSULES AT OMEGA
The advantages of double-shell capsule designs [3] for achieving ignition on the

NIF include elimination of the need for both cryogenic capsule-handling equipment and
accurate pulse shaping.  The gaseous fuel is contained at high pressure inside an inner gold-
copper shell with no need to keep it cold to prevent rupture of the shell or to freeze out a
precise layer of ice on the surface of the shell before implosion.  The laser energy can then
be delivered in a simple flattop pulse instead of the carefully shaped, high-contrast pulse
required to drive the cryogenic targets.  A lower yield (2 MJ instead of 16 MJ) is the
disadvantage.

Unfortunately, the history of such targets is less than encouraging.  The earliest
double-shell targets were fired at the Gekko XII laser in Japan in 1983, using infrared drive
and very tiny capsules. The resultant measured yield was well under 1% of that calculated
by the codes in use at the time.  The concept fell from favor after that experiment and lay
dormant for several years.   Then a new attempt to use the double-shell target concept was
started at the Nova laser by Los Alamos National Laboratory.  As in 1983, the Nova targets
produced poor results, with a measured yield divided by the clean-1D calculated yield
(YOC) in the 0.5-2.5% range for a burn-averaged convergence ratio (CR) of approximately
32.  Because a CR between 25 and 35 is needed in the NIF design, this result was not very
encouraging.  Because the implosions were done in a cylindrical hohlraum on a laser with
relatively poor energy and power balance, it was thought at the time that the uniformity of
the thermal-radiation environment was too poor to drive the target symmetrically.
Subsequently, the concept was taken to the Omega laser at Rochester for further tests using
the improved symmetry of the tetrahedral-hohlraum geometry.

The initial tetrahedral-hohlraum single-shell [20,21] and double-shell [22,23]
implosions produced results nearly identical to those from the earlier Nova data.  Perhaps
thermal-radiation uniformity was not the culprit.  An examination of the radiation drive in
the tetrahedral hohlraum [23] indicated that about 7% of the radiation power was actually in
a nonthermal tail in the 2-2.5-keV range.  Because it is generated by gold M-band electrons,
this nonthermal tail is often called Au M-band radiation.  In the hohlraum, it comes from
the localized laser hot spots and is therefore less uniform than the thermal radiation.
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Because the M-band is more penetrating than the thermal component, it can more
easily affect the inner capsule.  Consequently, it was thought that the nonuniform M-band
might be the culprit in both double- and single-shell implosions.  A new set of double-shell
designs (shown in Fig. 4) was generated to reduce the effects of M-band radiation.  Two
approaches were followed: (1) reduction of the amount of radiation incident on the most
unstable surface (the outer surface of the inner capsule), and (2) reduction of the amount of
material in the inner capsule that is capable of absorbing the M-band that is present.

Figure 4.  Double-shell designs.  The standard double-shell design on the left has historically produced 0.5-5%
YOC at CR ~32.  The reduced-M-band-absorption design on the right has produced 30-50% YOC  at CR up to
37.

The preliminary results from these targets were striking.  Two capsules, designed
to reduce absorption of the M-band by replacing 80% of the glass in the inner capsule with
a CH layer (“imaging” capsules), gave YOC measurements of 40 and 60%.  One of the
targets, designed to suppress the M-band incident on the inner capsule by blocking it with a
bromine-doped ablator (the “suppressed M-band” capsule), also came in with a YOC
measurement higher than the historical results by a factor of about 5.   All of these results
were obtained at a CR of 32 and were significantly better than the YOC measurements of
less than 10% at a CR of 32 seen in previous single- and double- shell implosions in the
ICF program.

In a follow-up series of tetrahedral hohlraum double-shell implosions the
“imaging” capsules continued to do well compared to the standard and the “suppressed-M-
band” capsules.   Their YOC measurements were even higher in the range of 30 to 70% for
an extended range of convergence ratios.  As expected the standard capsule again produced
poor YOC measurements.  In addition the suppressed-M-band capsules performed poorly
compared to their earlier partial success.

The accumulated results are shown in Fig. 5.  Additional results obtained in
cylindrical hohlraums at Omega are included as well.  These results are an important step
forward in the attainment of ignition on the NIF.
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Figure 5.  Current double-shell results.  Results from recent double-shell experiments are compared to the
historical 1-ns data base.  Current NIF double-shell designs have a CR between 27 and 33, as indicated by the
arrows.  Open squares - Nova, 1-ns, single-shell, cylindrical hohlraum; Open diamonds – Nova, 1.4-ns, single-
shell, cylindrical hohlraum; Plus signs – Omega, 1-ns, single-shell, tetrahedral hohlraum;  Open triangles – 1-ns,
standard double-shell, tetrahedral hohlraum; Solid triangles – 1-ns, suppressed-M-band double-shell, tetrahedral
hohlraum; Solid circles – 1-ns, reduced-M-band-absorption doubleshell, tetrahedral hohlraum.

5.  INHOMOGENEITIES IN ICF TARGETS
The simplest fabrication method for making beryllium capsules is to make two

hemispheres and join them using glue or a brazing technique.  The resulting capsule
contains a joint with a material of different density in it.  Effects of such joints [24,25] on
shock propagation and hydrodynamic behavior have been studied extensively using the
LASNEX and RAGE codes and experiments at the Nova and Omega lasers.

From planar experiments, a general picture of the effects of joints with different
densities on shock propagation has emerged [24].  In general the presence of a joint results
in the formation of additional hydrodynamic disturbances that propagate away from the
joint.  In a joint of higher density, the shock in the joint material lags behind the shock in
the bulk material and causes a rarefaction to propagate out into the bulk target material
along and behind the shock front in that region.  This decrease in density causes the shock
front in the bulk target material, near the joint, to lag behind the shock front far from the
joint.  In a lower density joint, the shock in the joint material propagates ahead of the shock
in the bulk material and launches an oblique shock into the bulk material.  The main shock
near the joint then propagates faster in the previously shocked material, creating what is
often called a Mach stem.  For both cases, the transverse discontinuity at the boundary of
the joint is displaced a distance between 0.12 and 0.3 times the thickness of the joint. At the
same time, the density perturbation that is induced in the bulk material propagates away
from the joint at a rate near the sound speed in the shocked bulk material.
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The effects of joints on the implosion of spherical targets [25] have been studied
as well.  Large perturbations that have a range of wavelengths much larger than the
dimensions of the original joint are produced.  The long-wavelength perturbations can lead
to asymmetric implosions, whereas the short-wavelength perturbations can be amplified by
hydrodynamic-instability mechanisms and contribute to the mix coming from surface
perturbations.

6.  JET-SHOCK-INTERACTION EXPERIMENTS AND SIMULATIONS
Codes used to predict the performance of ignition targets on the NIF and other

relevant experiments are subjected to a continuing program of validation.  Recent
experiments that were designed by B. Wilde, in collaboration with P. Rosen, J. Foster, and
M. Fell of AWE, and T. Perry of LLNL, have been carried out at Omega to validate the
hydro codes RAGE and LASNEX.   The interaction of an aluminum jet with a shock was
used to create a complex flow pattern in two dimensions that is a severe test of the hydro in
RAGE. The code was used both to design the experiment and to predict the experimental
observations.

M. L. Gittings originally developed the RAGE code for Science Applications
International Corporation and the Los Alamos National Laboratory. It is a 1-, 2-, and 3-D
radiation hydrodynamics code that is being used to simulate a large number of ICF and
high-energy-density-physics experiments.   Continuous adaptive mesh refinement is used to
refine the mesh at locations that require high resolution as they develop in time.  The
additional zones can then be released at a later time when high resolution is no longer
needed.  A high-resolution Godunov scheme [26,27] is used for the hydro.  Multi-material
equations of state with strength are available, and the radiation transport is implicit, gray,
nonequilibrium (2T) diffusion.

The initial geometry for the RAGE calculation is shown in Fig. 6.

Figure 6.  Design of jet-shock-interaction experiment.  Two halfraums are heated to 190 eV by Omega laser
beams to drive aluminum plasmas through a region filled with plastic and into each other.  An aluminum pin on
one side generates a jet that interacts with an accelerated aluminum plasma from a disk on the other.  Additional
laser beams are used to irradiate a backlighter for side-on radiography.

Two “halfraums” are located on either side of a CH cylinder.  The cylindrical pin of
aluminum in the upper halfraum generates a jet, and the aluminum plate in the bottom
halfraum generates a flyer plate that interacts with the jet.

In the calculation, the laser beams that heat the halfraums are replaced with a
temperature source.  The blowoff pattern from the walls and the stagnation in the center of
each halfraum shown in Fig. 6b is not completely accurate because the blowoff from the
laser hot spots is missing.  The drive, however, on the aluminum pin and plate should be
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1200 �m
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quite accurate. Synthetic radiographs from the calculation are compared to radiographs
taken from the experiment in Fig. 7.  Most of the features seen in the internal structure of
the jet-shock interaction in the synthetic radiographs are visible in the experimental ones.
A qualitative comparison suggests that RAGE can reproduce the complex structures
reasonably accurately.  Other experiments are more appropriate for quantitative analyses of
the properties of rarefactions and shocks.

Figure 7. Synthetic radiographs from the RAGE calculation compared with radiographs from Omega
experiments.  RAGE reproduces the main features of the interaction of the jet with the second shock and pusher.

7.  INSTABILITY OF THIN PLANAR FOILS
In recent years, the ablative Rayleigh-Taylor (R-T) instability and its effect on ICF

targets [28,29] has been studied extensively.  Low-density foam buffers (densities from
0.05-0.2 g/cm3) have been shown to weaken [30-32] the imprinting of laser perturbations
on irradiated foils (density 1.0-1.1 g/cm3), while they raise the growth rate of the
instabilities only slightly.  The net result is an improvement in perturbation control.

If a beryllium ablator (normal density 1.85 g/cm3) is placed in contact with a
copper shell (normal density 8.96 g/cm3), the instability of the perturbations at the
beryllium-copper interface is enhanced.  Beryllium ablators have been included in ICF
capsule designs that ignite in 1-D calculations.  Unfortunately, the extra material pressure
from such tampers increases the acceleration of foils and hastens their breakup from R-T
instability.  Calculations by R. Mason and D. Hollowell and experiments by G. Schappert
and S. Batha, that characterize the breakup [33], have been recently carried out at Los
Alamos.

Two types of targets were employed.  In the first type, a 5-�m-thick layer of
beryllium was deposited directly on the perturbed surface of the copper shell.  The
beryllium layer provides the added material pressure, but it also scatters and absorbs laser
light before it arrives at the copper surface.  This filtering effect reduces the drive on the
copper surface compared to that on a bare surface.  To measure the effect of the added
pressure, it is necessary to build targets in which the laser light is filtered but the filter does
not contribute the added material pressure.  Thus, in the second type of target the beryllium

t = 4 ns t = 6 ns t = 8 ns
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layer is a flat slab that is positioned 200 �m from the perturbed surface of the copper.  In all
cases the initial perturbation of the copper surface was a single mode, 0.45 �m in amplitude
with a 45-�m wavelength.

Forty-five beams of the Omega laser were used to heat the inside of a 1.4-mm-
diameter tetrahedral hohlraum to a peak radiation temperature of 170 eV.  Twelve
additional beams delivered up to 4.4 kJ to an iron disc that was used as a backlighter for
face-on radiography.   These beams impinged on a 0.5-mil iron disc, and produced the 6.7-
keV Fe-He

�
 line radiation for imaging the target with an x-ray framing camera.  The high x-

ray energy was needed to penetrate the copper target and was reliably achievable.
Ultimately it was found that an even higher energy would have been advantageous.  In all
cases, the copper foil in the experimental packages was positioned with spacers some 200
�m away from the hohlraum wall and were irradiated from the interior of the hohlraum
through a small slot.

The analysis of the images from the x-ray framing camera proceeds as follows.
The image is digitized.  A multi-line lineout transverse to the corrugations records a signal
that contains the desired information plus noise and distortions from the imaging system
and the backlighter profile.  The modulation-transfer function of the imaging system and a
standard Wiener filter technique, coupled with the noise data, are used to reduce distortions
of the data from these effects.  The backlighter spatial profile is then constructed by
averaging over the period of the fundamental corrugation and is subtracted from the data.

Now Fourier analysis can be used to obtain the growth of the initial sinusoidal
perturbation and subsequent harmonics in terms of the copper opacity integrated through
the package.  The material does not get hot enough to affect significantly the copper opacity
for 6.7-keV x-rays.  Hence, the equivalent cold copper amplitudes of the perturbations are
obtained by dividing by the cold copper opacity and density (80 cm2/g at 6.7 keV and 8.93
g/cm3, respectively).  Even after this procedure the data is still fairly noisy.

The mass motion of the target without the perturbations was measured using side-
on radiography at Nova.  The results agreed well with those from 1-D LASNEX
calculations.  In the calculations the early-time drop in the radiation temperature at the back
of the beryllium layer was verified as well as the additional pressure on the copper foil from
the material pressure of the beryllium.  The acceleration of the copper shell was the lowest
for the filtered-only case, intermediate for the bare-copper case, and maximum for the
filtered-plus-buffered case in which the beryllium layer was initially in contact with the
copper foil.

Experiments with the perturbations were then carried out at the Omega laser, and
the calculations were performed with RAGE.  Density plots from RAGE calculations of
bare and buffered foils are shown in Fig. 8.  When the data from the RAGE calculation is
processed as discussed above, the first-order perturbations start at 0.45 �m and by 6 ns
grow beyond 6 �m in equivalent amplitude (effective length).  The calculations for the first
and second harmonic amplitudes, as shown in Fig. 9, are in good agreement with the data
until about 4.5 ns for the bare copper and to 4.0 ns for the buffered copper foil.  At these
times, the experimental data appears to saturate, whereas the calculated amplitudes continue
to grow.
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Figure 8.   Density and radiation temperature profiles at 1 ns for: a) the bare filtered copper foil, and b) the
beryllium-buffered foil .   With buffering a layer of beryllium is still “leaning” up against the copper to give it the
additional push that leads to the stronger shock.

Figure 9. RAGE predictions for modal growth, assuming instrument insensitivity below a detector signal level
equal to a noise level (N) compared to the maximum detector signal (I0).

Several suggested explanations of this discrepancy were examined.  The effect of
parallax, associated with the location of the camera, and the loss of drive as the foil
separated from the hohlraum wall were both discounted.  Instead, it was recognized that, for
sufficiently long spikes, the transmitted backlighter signal was so strongly attenuated that it
was in the noise of the detector.  Thus, in the experimental data, a spike with an attenuation
large enough to reduce the detector signal below the noise level (N) cannot be measured.
This effect cannot be deconvolved from the data, but it can be applied to the simulations.
When an upper limit to the length of a spike is applied to the simulation data before Fourier
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analysis, reasonable agreement with the first harmonic data is obtained.  There is, however,
still a discrepancy in the second harmonic data.  Additional work is required to resolve this
discrepancy.

8.  LANGMUIR CASCADE IN TRIDENT SINGLE-HOT-SPOT
EXPERIMENTS

An important result from the extensive work on laser interaction with plasmas
carried out by Livermore and Los Alamos at the Nova laser over the past 5 years is the
recognition of the need for experiments on single hot spots.  More recently, the Trident
laser facility has become the dominant facility for experiments on laser plasma interactions
because it is configured to do these experiments.  The bending of a laser beam [34,35] in a
flowing plasma has been studied extensively in recent experiments.  In other work, the
utility of the facility for doing experiments on stimulated Raman scatter has been
demonstrated [36-38].

In recent NIF-relevant experiments at Nova using hohlraum [39,40] and gas-bag
[41] targets, significant levels of stimulated Raman scattering (SRS) were observed.
Because the laser beams used in these experiments were smoothed with random phase
plates, the energy was delivered in a large number of hot spots with a different speckle
intensity in each one.  A complete statistical theory for SRS from an ensemble of hot spot,
such as these requires a knowledge of the stimulated scatter from a single hot spot (SH) as a
function of intensity and a knowledge of the statistical distribution of the intensities. To
address the first requirement, a computational study of the stimulated scatter from an SHS
[42] has recently been carried out.  In previous studies it has been pointed out that an
accurate prediction of the amount of backscatter requires a knowledge of the saturation
mechanism of the process.  Pump depletion and collisional damping are always included in
these studies but are usually found to be unimportant.  Instead, the saturation is determined
by the amount of collisionless (Landau) damping and by the nature of the Langmuir
turbulence that is created.  Saturation by decay cascades of Langmuir waves is expected at
lower intensities, whereas saturation by strong turbulence is expected at higher intensities.
In the recent study, the characteristic distribution of energy in k-space for the two cases
(shown in Fig. 10) was evaluated in detail for an SHS, and the effect of non-Maxwellian
distributions on the SRS through the collisionless damping was evaluated.
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Figure 10.  Computed 2-D spectra for Langmuir turbulence from SRS. The level of SRS saturation is strongly
dependent on the nature of the Langmuir turbulence that is generated.  Decay cascades are predicted for low
intensity, and strong turbulence is expected at high intensity.   The difference in the spectra shown here can only
be seen in single-hot-spot experiments because multiple hot spots would blur the results.

Experiments to verify these results have been carried out at the Trident laser
facility [43] at Los Alamos by D. Montgomery, J. Cobble, J. Fernandez, and R. Johnson
with R. Focia of the Massachusetts Institute of Technology and N. Galloudec of the
University of Nevada.  At Trident SHS experiments [44] are performed by sending a well-
characterized diffraction-limited laser beam through a plasma that is created by a line-
focussed laser.  Both of these beams are at 2� (527 nm).  A third beam, at 4� (263 nm), is
used as a Thomson-scatter probe beam.

Thomson scattering is a sophisticated diagnostic that requires careful planning.
The wavenumber and direction of propagation of both the probe beam and the waves of
interest determine the location of the detector.   In these experiments, the probe beam is 100
�m in diameter; the SHS is 2.5 �m in diameter and 80 �m long.  The waves of interest are
driven up inside the hot-spot volume, but the probe beam sees thermal levels of the waves
in the rest of the plasma as well.  The ratio of the probe-plasma interaction volume to the
hot-spot volume is 1 to 3000.  Thus the waves of interest must be driven to amplitudes 3000
times the thermal level to be seen. Measurable levels of ion acoustic waves and Langmuir
waves were seen in the initial experiments.  Shown in Fig. 11 are the Langmuir-wave data
from three of the shots.  At the lowest intensity, three traces are seen.  Because only one
side of the data can be observed at a time, these traces are interpreted as part of a decay
cascade that includes 6 to 7 decays.  At the highest intensity, evidence of separate decays is
absent, and the result is interpreted as indicative of strong turbulence.

IAW EPW
cascade

Strong
turbulence
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Figure 11.  Thomson-scatter spectra for SRS in an SHS.  Observed Thomson-scatter spectra from an SHS are
shown for three intensities.  At low intensity in the image on the left, three cascades are seen that form one side of
a six-component cascade.  As the intensity increases in the images at the center and on the right, the cascade
becomes more turbulent.

9.  THE SRS IN TRIDENT SHS EXPERIMENTS
The SRS backscatter as a function of intensity has been measured in an SHS as

well by D. Montgomery, H. Rose, J. Cobble, J. Fernandez, and R. Johnson with R. Focia of
the Massachusetts Institute of Technology.  As was previously mentioned, the backscatter
has been measured [39,41] for a distribution of hot spots, but interpretation of the data was
complicated by the necessity of analyzing a statistical distribution of intensities.  The SHS
data can be compared directly to the calculations of gain from an SHS without further
complications.

SRS reflectivity from recent SHS experiments is plotted vs. intensity in Fig.  12.
To compare these data to classical theory, accurate measurements of the electron density
and temperature are required.  First, the electron and ion temperatures are obtained from the
Thomson-scatter spectra as discussed by Montgomery et al. [44].  Then the computed SRS
gain as a function of wavelength is compared to the observed spectra.  Most of the observed
scattered light is in the wavelength range between 653 and 657 nm.   The computed SRS
gain peaks at 653 nm when ne/ncr=0.025 (corresponding to a k�D of 0.35), and it peaks at
657 nm for ne/ncr=0.275 (corresponding to a k�D of 0.33).

The computed reflectivity for k�D = 0.33 and 0.35 is then compared to the
experimental data in Fig. 12.  Clearly, the experimental reflectivity rises at much lower
intensities than classical theory predicts.  The reflected intensity is proportional to an
amplification factor, eG, times a seed intensity that is assumed to be at the noise level of
spontaneous emission.  Furthermore, G is proportional to IspLsp/�, where Isp is the hot-spot
laser intensity, Lsp is the length of the hot spot, and � is the resistivity that arises from
Landau damping.  Because Isp and Lsp are determined experimentally, speculation about the
source of the discrepancy has centered on the nature of the distribution function and its
effect on the resistivity.
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Figure 12.  SRS reflectivity vs. laser intensity.  SRS reflectivity in an SHS rises more quickly than predicted by a
theory that used a Maxwellian distribution of electron speeds.  Better agreement with predictions using a non-
Maxwellian velocity distribution suggests that the SRS is coming from a plasma in which particle trapping or
resistive heating has produced a non-Maxwellian distribution.

In particular, a Maxwellian distribution is assumed in the classical calculations,
and there are at least two mechanisms that might produce a non-Maxwellian distribution.
Both mechanisms reduce the Landau damping of the electron plasma waves by flattening
the distribution in the region of the phase velocity of the waves; with reduced damping, a
weaker pump can drive the instabilities to saturation.

Collisional heating in the presence of high-Z ions [45-48] produces a non-
Maxwellian distribution because the electron-ion collision rate is much larger than the
electron-electron collision rate, and electron-electron collisions are needed to fill out the
Maxwellian tail.  In addition, wave-particle interactions can modify the distribution through
quasi-linear flattening [49] and particle trapping [50]. Additional work is needed to
determine the nature of the distributions in question and to complete the analysis with the
correct distribution functions.
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