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Introduction
The central goal of direct-drive implosions on the OMEGA
laser1 is to validate the performance of the high-gain, direct-
drive ignition designs2 planned for use on the National Ignition
Facility. Inferring the density, temperature, and fuel–shell mix
of ignition-relevant capsule implosions is important in validat-
ing models of implosions. To this end, diagnostic information
from sets of implosions that differ in their hydrodynamic
properties has been obtained in direct-drive spherical-capsule
implosions on OMEGA. In this article, we report on an analy-
sis of the experimental charged-particle and neutron data that
provide consistent information on densities and temperatures
of one set of similar experiments.

In direct-drive implosions, a spherical target is illuminated
uniformly with a laser. Any degradation in target performance
is believed to occur primarily through the Rayleigh–Taylor
instability,3 which is seeded by either target imperfections or
laser nonunformity. This instability, occurring at the ablation
surface during the acceleration phase of the implosion, can
then feed through to the fuel–shell interface and add to any pre-
existing roughness on the inner surface. During the decelera-
tion phase, these distortions at the fuel–shell interface grow,
resulting in a mixing of the fuel and shell material. Neutron and
charged-particle diagnostics carry direct information about
this phase of the implosion, when fuel densities and tempera-
tures are high enough for their production.

Several complementary approaches can be used to analyze
the implosion observables. One route is to infer, from indi-
vidual diagnostics, parameters such as the fuel areal density,
which is a measure of compression. Comparisons of inferred
quantities with those from simulations indicate the closeness
of the actual implosions to the simulations. The problem with
this technique is usually that simple models used to infer key
quantities from individual diagnostics (such as “ice-block”
models) may not apply to the actual implosion. Further, this
technique ignores complementary information from other di-
agnostics that may be critical to devising the correct model.
Another possible technique is to directly simulate the experi-

A Consistent Measurement-Based Picture of Core-Mix
in Direct-Drive Implosions on OMEGA

ment and post-process the simulation for the relevant diagnos-
tic. Again, the comparison is very model dependent, and
further light on any disagreement between simulations and
experiment is difficult to obtain through this route. The third
method, described in this article, is to use all observables from
a set of hydrodynamically similar implosions and infer a
picture that is consistent across all diagnostics. This picture
would correspond to a neutron-weighted, “1-D” description of
temperature and density profiles in the core and mix region of
the imploding target. The advantage of such a scheme is that it
provides a picture using all available information and allows
for more detailed comparisons between simulation and experi-
ment through a sensitivity analysis of the model parameters.

In this article, we describe a consistent picture, inferred
from different diagnostics, of conditions in the fuel core and
mix region for 20-µm-thick-plastic-shell implosions. These
targets are of interest because their stability during the accel-
eration phase is calculated to be similar to those predicted for
OMEGA cryogenic implosions,4 which, in turn, are energy-
scaled surrogates5 for direct-drive ignition targets.2 Studies on
these targets should then be applicable to both OMEGA cryo-
genic and NIF ignition targets. Experiments with plastic tar-
gets also offer a larger array of diagnostic techniques, allowing
for more information on target behavior.

The following sections (1) describe the targets modeled and
the diagnostics used to probe these targets, (2) present evidence
for mixing and the mix model, and (3) present our conclusions.

Targets and Diagnostics
The experiments chosen for this analysis had nominally

identical laser pulse shapes, smoothing conditions, target-shell
thickness, and gas pressure. The makeup of the fill gas or
details of the shell layers were then varied so that complemen-
tary diagnostics could be applied to hydrodynamically similar
implosions. Since implosions on OMEGA show excellent
reproducibility,4 variation between different shots is relatively
small, allowing for such an analysis. We consider targets with
20-µm-thick plastic shells (pure CH or with CD layers) with
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different gas fills (D2, DT, 3He) at 15 atm (see Fig. 86.29 for a
description of targets and corresponding observables). These
targets were irradiated with a 1-ns square laser pulse with
23-kJ energy and used full-beam smoothing (2-D smoothing
by spectral dispersion with 1-THz bandwidth and polarization
smoothing using birefringent wedges).

For the D2-filled targets, the neutron diagnostics involved
measurements of primary neutron yields from the DD reac-
tions and neutron-averaged ion temperatures, measured using
neutron time-of-flight detectors.4 In addition, secondary neu-
tron yields,6 which are produced by the following sequence of
reactions,

D D T

T D MeV

+ → +

+ → + ( )

p

nα 12 17~ , (1)

are also measured using current-mode detectors.7 Tritons in
the primary DD reaction produced at energies of about 1 MeV
cause secondary reactions with the fuel deuterons as they move
through the target. The ratio of the secondary neutron yields to
the primary DD neutron yields depends on the fuel areal
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Figure 86.29
A large suite of diagnostics has been brought to bear on plastic shells with and
without CD layers and with different gas fills. The different targets and the
observables that are characteristic of the targets are shown.

density. Secondary neutron yields can also depend sensitively,
however, on the temperatures in the target, through the slowing
down of the triton and the energy-dependent cross section of
the reaction. With the cross section increasing significantly
with decreasing energy of the triton (the cross section increases
by nearly a factor of 5 between the triton birth energy and about
0.1 MeV), this diagnostic is particularly sensitive to the effects
of mix; the shell material mixed in with the fuel could contrib-
ute to the greater slowing down of the triton and consequently
an increased secondary neutron yield.

Secondary protons,8 in an analogous reaction to that of the
secondary neutrons, are produced in D2-filled targets. Here,
the second main branch of the DD reaction produces primary
3He particles, which in turn fuse with the background deuter-
ons as they traverse the fuel region:

D D He

He D MeV

+ → +

+ → + ( )

3

3 12 17

n

pα ~ . (2)

Again, this reaction is dependent on the areal density of the fuel
and the slowing down of the primary 3He particles. In this case,
however, the cross section of the reaction decreases signifi-
cantly with increasing slowing down of the 3He particle.
Therefore, when slowing down is significant, the areal density
local to the primary 3He production essentially determines the
secondary proton yield. Measurements of secondary proton
spectra are carried out using a magnet-based charged-particle
spectrometer (CPS) as well as “wedge-range-filter”-based
spectrometers using CR-39 track detectors.8

The number of elastically scattered deuterons and tritons
(“knock-ons”) is directly proportional to the fuel areal density
for DT-filled targets.9 Since the elastic scattering of the
14-MeV DT neutrons off the background fuel ions produces
these particles, these diagnostics are relatively insensitive to
the location of the fuel and therefore mix. A forward-scattered
peak in the particle spectrum characterizes this diagnostic. The
number of knock-on particles in this forward-scattered peak is
expected to be a constant fraction of the total produced and
therefore provides a measure of the total fuel areal density.
Detailed knock-on particle spectra have been measured using
the CPS and used to infer areal density in DT-filled targets.10

In addition to the plastic shells mentioned above, direct
information regarding the clean core of fuel and the mixing of
the fuel and shell can be obtained from plastic-shell implosions
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Figure 86.30
Evidence for mixing: primary yields and
secondary ratios suggest mixing of the
fuel and the shell. Despite a smaller in-
ferred fuel areal density in the experiment,
the secondary neutron yield ratio is higher
than in 1-D simulations. Direct evidence
for mixing comes from the enhanced D3He
proton yield relative to 1-D simulations
for the 3He-filled targets.

with an embedded CD layer and with 3He fill [Fig. 86.29(b)].
With a CD layer an observable signal of primary D3He protons
is produced when a significant number of deuterons from the
CD layer come into contact with the 3He in the fuel. Again, the
proton yield is measured using the CPS. Preliminary experi-
ments have used targets with the CD layer at both the fuel–shell
interface and a distance of 1 µm displaced from this interface.

Evidence of Mixing and the Mix Model
A comparison of particle yields with those from 1-D simu-

lations using LILAC11 suggests mixing of the fuel and shell.
Figure 86.30 shows experimental observables and results from
the corresponding 1-D simulations that contain no effects of
mixing. The relatively model independent knock-ons indicate
fuel areal densities of 15 mg/cm2, nearly 93% of 1-D values.
Figure 86.30 also indicates, however, that the neutron yields
from the DD reaction are only about 33% of 1-D. One expla-
nation for this reduction in the yield is the mixing of cold shell
material into the hot fuel. The fuel consequently cools, quench-
ing the yield. In the unmixed 1-D simulations, most of the
neutron yield is produced at a radius that is about two-thirds the
distance from the fuel–shell interface. Therefore, a small
amount of mixing can considerably lower temperatures in this
region and consequently quench the yield. Secondary neutron
ratios that are higher in the experiment than in the simulations
can also be explained using the same mixing scenario. In this
case, the lower temperatures result in a larger slowing down of
the intermediate tritons, and the resultant higher cross section

enhances the secondary neutron yield relative to unmixed 1-D
simulations. Finally, direct evidence from experiment for small-
scale mixing has been obtained from plastic shells with a 1-µm
CD layer at the fuel–shell interface. With a 3He fill, proton
yields from the D3He reaction are produced only if the 3He is
mixed with the deuterium from the CD layer. LILAC simula-
tions with a 3He gas fill, in principle, give zero yields for these
protons. A conservative estimate of the proton yield can be
obtained by assuming that the 3He gas is isobarically diffused
throughout the shell. The measured yields are nearly 50,000%
higher than the simulation values, indicating the occurrence of
small-scale mix.

The model used to describe the results presented above
assumes a clean fuel region and a mixed region consisting of
both fuel and shell material (Fig. 86.31). The mass of the fuel
is fixed and corresponds to that of 15 atm of gas fill. Density
and temperature are assumed to be constant in the clean fuel
region and vary linearly in the mixed region. Further, the
temperatures of the electrons and ions are assumed to be the
same. This approximation can be justified since the equilibra-
tion time for electron and ion temperatures at these conditions
is typically less than 5 ps. The model (Fig. 86.31) is described
by six parameters (five free parameters since the mass of the
fuel is known): the radius of the clean fuel region, the density
of the clean region, the radius of the mixed region, the density
of the shell material at the outer edge of the mix region, the
temperature of the fuel in the clean region, and the temperature
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Figure 86.31
Core and fuel–shell mix density (a) and temperature (b) profiles inferred from the mix model. The range of the parameters, which is consistent with experimental
observables, is shown by the width of the various parameter bands. The fuel–shell interface predicted by LILAC is shown as a dotted line in both. The dark solid
lines represent the LILAC-predicted density and temperature profiles at peak neutron production.

of the shell material at the outer edge of the mixed region.
Operationally, using the mass and a guess for the total and clean
fuel areal density, one uniquely solves for the two radii and fuel
density. A guess for the shell mass in the mixed region is made,
which uniquely determines the shell-density profile. The guesses
for the two fuel areal densities, the shell mass, and the tempera-
tures are varied, and for each static model the yields for the
secondary neutron and proton reactions, the neutron-produc-
tion rates, and the neutron-averaged ion temperatures are
calculated. This is repeated until good agreement with experi-
mental data is obtained. The yields from the 3He-filled targets
are calculated using the optimal profiles and by replacing the
DD or DT fuel with 3He.

Particle yields are calculated using the Monte Carlo par-
ticle-tracking code IRIS. IRIS tracks particles in straight-line
trajectories on a spherically symmetric mesh. Products of
primary reactions are launched based on the location of the fuel
and temperature and density distributions in the target. Sec-
ondary reactions are produced along primary trajectories, and
secondary trajectories in turn are launched according to the
differential cross section of the reaction. The energy loss of
charged particles is continuous; the trajectory is divided into
smaller sections, and at the end of each section the energy of the
particle is updated, accounting for its energy loss over that

section. IRIS runs in the so-called “embarrassingly parallel”
mode on an SGI Origin 2000 machine using MPI.12 In this
mode an identical copy of IRIS is placed on each processor,
and, at the end of the simulation, yields and spectra are tallied.

The optimal profiles from this parameter variation are
shown in Fig. 86.31. The profiles from the corresponding
LILAC simulation at peak particle production are also overlaid
on the figure. The narrow ranges on the figure indicate the tight
constraints on the model parameters. For this set of parameters,
which reproduces experimental data, the fuel areal density is
distributed approximately equally between the clean and mixed
regions. The shell mass in the mixing region [Fig. 86.31(a)]
corresponds to a 0.5- to 1-µm-thick layer of the initial shell
material mixing into the fuel region; the optimum fit occurs
with about 1 µm of mixing. This shell areal density in the mixed
region is about 20% of the compressed shell areal density
inferred from other diagnostics such as the energy loss of the
D3He proton from the D3He-filled targets.4 The density and
temperature profiles compare very well with those from simu-
lation, suggesting that these implosions are nearly 1-D in their
compression; a small amount of mixing redistributes material
near the fuel–shell interface without significantly altering the
hydrodynamics of the implosion.
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Table 86.II:  The model reproduces many experimental observables with 1 µm of shell material mixed into the fuel.

Fill Shell Parameter Measurement
Model

(% of expt)

Fuel ρR (mg/cm2) (DT fill) 15±2 100
DT CH

Tion (DT) (keV) 4.4±0.4±0.5 (sys) 86

Max: neutron burn rate (n/s) (9±1) × 1020 110

Tion (D2) (keV) 3.7±0.2±0.5 (sys) 89

Secondary neutron ratio (DD fill) (2.4±0.4) × 10−3 100
D2 CH

Secondary proton ratio (DD fill) (1.8±0.3) × 10−3 78

Secondary neutron ratio (D2 fill) (3.1±0.5) × 10−3 94

D3He proton yield (3He fill) (1.3±0.2) × 107 66
3He or D2 CD

CH
D2 neutron yield (3He fill) (8.5±0.4) × 108 97

The yields from the optimal profile are compared to experi-
mental observables in Table 86.II. The model reproduces the
experimental fuel areal densities, secondary neutron, proton
ratio, and the neutron-averaged ion temperature. The time-
dependent burn rate is also measured using the neutron tempo-
ral diagnostic (NTD)13 in the experiment. The burn rate in this
static model is less than the maximum measured burn rate. A
burn width for DD-filled targets can be calculated using the
experimental DD yield and the burn rate in the static model for
different fills. For instance, for the 3He fill in CD layer targets,
this calculated burn width from DD targets is used to obtain
yields from the static model. These yields are also in good
agreement with the data.

Further evidence supporting this model has been obtained
from recent implosion experiments on a 20-µm CH shell with
a 3He gas fill and with a 1-µm CD layer offset from the fuel–
shell interface by 1 µm. The D3He proton yields measured
from this implosion are reduced significantly relative to the
zero-offset CD layer implosion (preliminary proton yield
~7 × 105 compared to 1 × 107 for the zero-offset case). The
significantly lower number suggests that more than 90% of the
mix-related yield is due to approximately 1 µm of the initial
shell mixing into the fuel.

Pre-existing modes at the inner surface of the plastic shell
and/or feedthrough of these modes have been considered
earlier as possible sources of nonuniformities during the decel-
eration phase of ICF implosions.14 Multidimensional simula-
tions, currently being pursued, are necessary to determine if
feedthrough of the higher-order modes is significant for implo-
sions on OMEGA and if the subsequent RT growth can account
for the relatively small scales inferred from the experiments.

Conclusions
A large set of direct-drive implosions on OMEGA has been

devoted to imploding hydrodynamically similar implosions
with different gas fills and shell compositions. A complemen-
tary set of diagnostics has been obtained from such implosions,
allowing for a more detailed analysis of the core and mix region
of these targets. A static picture of 20-µm-thick-shell, direct-
drive implosions on OMEGA has been presented. This model
assumes a clean fuel region and a “mix” region where the shell
material is mixed into the fuel. Excellent agreement with the
suite of neutron and particle diagnostics is obtained through
such a model. The model suggests that about 1 µm of the initial
shell material is mixed into the fuel during nuclear-particle
production and is responsible for the observed yield ratios. The
model also suggests that the fuel areal density is distributed



A CONSISTENT MEASUREMENT-BASED PICTURE OF CORE-MIX IN DIRECT-DRIVE IMPLOSIONS ON OMEGA

LLE Review, Volume 86 73

equally between the clean core and the fuel–shell mix region.
The density and temperature profiles of the core and the mix
region obtained from this model compare very well with those
from 1-D simulations without any mixing, suggesting that the
mixing in these implosions does not significantly alter the 1-D,
unmixed hydrodynamics of the implosion. This work will be
extended to targets with different stability characteristics such
as those with thicker shells, lower fill pressures, and different
laser pulse shapes. Comparisons of this model with x-ray
observables will also be performed in the future.
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