A Consistent M easurement-Based Picture of Core-Mix
in Direct-Drive Implosonson OMEGA

Introduction

The central goal of direct-drive implosions on the OMEGA
laserl is to validate the performance of the high-gain, direct-
driveignition designs? planned for useontheNational Ignition
Facility. Inferring the density, temperature, and fuel—shell mix
of ignition-relevant capsuleimplosionsisimportant in validat-
ing models of implosions. To thisend, diagnostic information
from sets of implosions that differ in their hydrodynamic
properties has been obtained in direct-drive spherical-capsule
implosionson OMEGA. Inthisarticle, wereport 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-driveimplosions, aspherical target isilluminated
uniformly with alaser. 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. Thisinstability, occurring at the ablation
surface during the acceleration phase of the implosion, can
thenfeed throughtothefuel—shell interfaceand addto any pre-
existing roughness on the inner surface. During the decelera-
tion phase, these distortions at the fuel—shell interface grow,
resultinginamixing of thefuel 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 ameasure of compression. Comparisons of inferred
quantities with those from simulations indicate the closeness
of the actual implosionsto 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 isto directly simulate the experi-
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ment and post-processthe simulation for therelevant 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 inthisarticle, isto useall observablesfrom
a set of hydrodynamically similar implosions and infer a
picture that is consistent across all diagnostics. This picture
would correspond to aneutron-weighted, “ 1-D” description of
temperature and density profilesin the core and mix region of
theimploding target. The advantage of such aschemeisthat it
provides a picture using all available information and allows
for more detailed comparisonsbetween 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-um-thick-plastic-shell implosions. These
targets are of interest because their stability during the accel-
eration phaseis calculated to be similar to those predicted for
OMEGA cryogenic implosions,* which, in turn, are energy-
scal ed surrogates® for direct-driveignition targets.? Studieson
these targets should then be applicable to both OMEGA cryo-
genic and NIF ignition targets. Experiments with plastic tar-
getsalso offer alarger array of diagnostictechniques, allowing
for more information on target behavior.

Thefollowing 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 pul se shapes, smoothing conditions, target-shell
thickness, and gas pressure. The makeup of the fill gas or
details of the shell layerswerethen varied so that complemen-
tary diagnostics could be applied to hydrodynamically similar
implosions. Since implosions on OMEGA show excellent
reproducibility,? variation between different shotsisrel atively
small, allowing for such an analysis. We consider targets with
20-um-thick plastic shells (pure CH or with CD layers) with

LLE Review, Volume 86



different gasfills (D,, 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 sguare 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 D,-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.# In addition, secondary neu-
tronyields,® which are produced by the following sequence of
reactions,

D+D —>T+p
T+D - a +n(12~17 MeV), (1)

are also measured using current-mode detectors.’ Tritons in
the primary DD reaction produced at energies of about 1 MeV
causesecondary reactionswiththefuel deuteronsasthey move
through thetarget. Theratio of the secondary neutronyieldsto
the primary DD neutron yields depends on the fuel areal
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Figure 86.29

A largesuiteof diagnosticshashbeen brought to bear on plastic shellswith and
without CD layers and with different gasfills. The different targets and the
observables that are characteristic of the targets are shown.
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density. Secondary neutronyields can also depend sensitively,
however, onthetemperaturesinthetarget, 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 thetriton (thecrosssectionincreases
by nearly afactor of 5 betweenthetriton birth energy and about
0.1MeV), thisdiagnosticisparticularly sensitiveto the effects
of mix; the shell material mixed in with thefuel could contrib-
uteto the greater slowing down of the triton and consequently
an increased secondary neutron yield.

Secondary protons,8in an analogous reaction to that of the
secondary neutrons, are produced in Do-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 - 3He +n
SHe+D - a +p(12~17 MeV). )

Again, thisreactionisdependent ontheareal density of thefuel
and theslowing down of the primary 3Heparticles. Inthiscase,
however, the cross section of the reaction decreases signifi-
cantly with increasing slowing down of the 3He particle.
Therefore, when slowing downissignificant, theareal density
local to the primary 3He production essentially determinesthe
secondary proton yield. Measurements of secondary proton
spectraare 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”) isdirectly proportional to the fuel areal density
for DT-filled targets.® Since the elastic scattering of the
14-MeV DT neutrons off the background fuel ions produces
these particles, these diagnostics are relatively insensitive to
thelocation of thefuel and therefore mix. A forward-scattered
peak inthe particle spectrum characterizesthisdiagnostic. The
number of knock-on particlesin thisforward-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
thefuel and shell can be obtained from plastic-shell implosions
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with an embedded CD layer and with 3Hefill [Fig. 86.29(b)].
WithaCD layer an observablesignal of primary D3Heprotons
is produced when a significant number of deuterons from the
CD layer comeinto contact with the3Hein thefuel. Again, the
proton yield is measured using the CPS. Preliminary experi-
mentshaveusedtargetswiththe CD layer at boththefuel—shell
interface and adistance of 1 um displaced from thisinterface.

Evidence of Mixing and the Mix M odel

A comparison of particleyieldswith those from 1-D simu-
lations using LILAC! suggests mixing of the fuel and shell.
Figure 86.30 showsexperimental observablesand resultsfrom
the corresponding 1-D simulations that contain no effects of
mixing. Therelatively model independent knock-onsindicate
fuel areal densities of 15 mg/cm?, 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 thisreductionintheyield isthe mixing of cold shell
material intothehot fuel. Thefuel consequently cools, quench-
ing the yield. In the unmixed 1-D simulations, most of the
neutronyieldisproduced at aradiusthat isabout two-thirdsthe
distance from the fuel-shell interface. Therefore, a small
amount of mixing can considerably lower temperaturesin this
region and consequently quench the yield. Secondary neutron
ratiosthat are higher in the experiment than in the simulations
can also be explained using the same mixing scenario. In this
case, thelower temperaturesresult inalarger slowing down of
the intermediate tritons, and the resultant higher cross section

Experiment
(average over
four shots)
Fuel pR (DT) 1542
Neutron yield
Secondary-
neutron ratio

D3He

proton yield 4107

TC5446
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(1.6+0.05) » 1011
(2.4+0.4) » 10°3

enhancesthe secondary neutronyield relative to unmixed 1-D
simulations. Finally, direct evidencefrom experiment for small-
scalemixing hasbeen obtained from plastic shellswithal-um
CD layer at the fuel-shell interface. With a 3He fill, proton
yields from the D3He reaction are produced only if the 3Heis
mixed with the deuterium from the CD layer. LILAC simula-
tionswith a3Hegasfill, in principle, give zero yieldsfor these
protons. A conservative estimate of the proton yield can be
obtained by assuming that the 3He gasisisobarically diffused
throughout the shell. The measured yields are nearly 50,000%
higher than the simulation val ues, indi cating 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 gasfill. 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-
tiontimefor electron and ion temperatures at these conditions
istypically lessthan 5 ps. The model (Fig. 86.31) isdescribed
by six parameters (five free parameters since the mass of the
fuel isknown): 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 thefuel inthe cleanregion, and thetemperature

Experiment
(% of 1-D LILAC)

9
33 Figure 86.30
139 Evidence for mixing: primary yields and
secondary ratios suggest mixing of the
fuel and the shell. Despite a smaller in-
ferredfuel areal density inthe experiment,
the secondary neutronyieldratioishigher
than in 1-D simulations. Direct evidence
for mixing comesfromtheenhanced D3He
proton yield relative to 1-D simulations
for the 3He-filled targets.

~10,000*

* Assumes 3He equal pressure throughout the target
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of the shell material at the outer edge of the mixed region.
Operationally, usingthemassand aguessfor thetotal and clean
fuel areal density, oneuniquely solvesfor thetwo radii and fuel
density. A guessfor the shell massinthemixed regionismade,
whichuniquely determinestheshell-density profile. Theguesses
for thetwofuel areal densities, the shell mass, and thetempera-
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. Thisisrepeated until good agreement with experi-
mental datais obtained. Theyieldsfrom 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. IRIStracks particles in straight-line
trajectories on a spherically symmetric mesh. Products of
primary reactionsarelaunched based on thelocation of thefuel
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 theend of each sectiontheenergy of the
particle is updated, accounting for its energy loss over that
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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 IRISis placed on each processor,
and, at the end of the simulation, yieldsand spectraaretallied.

The optimal profiles from this parameter variation are
shown in Fig. 86.31. The profiles from the corresponding
LILAC simulation at peak particleproduction arealso overlaid
onthefigure. Thenarrow rangesonthefigureindicatethetight
constraintsonthemodel parameters. For thisset of parameters,
which reproduces experimental data, the fuel areal density is
distributed approximately equally between thecleanand mixed
regions. The shell mass in the mixing region [Fig. 86.31(a)]
corresponds to a 0.5- to 1-um-thick layer of the initial shell
material mixing into the fuel region; the optimum fit occurs
withabout 1 um of mixing. Thisshell areal density inthemixed
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.* The density and
temperature profiles compare very well with those from simu-
lation, suggesting that theseimplosionsare nearly 1-D intheir
compression; asmall amount of mixing redistributes material
near the fuel—shell interface without significantly altering the
hydrodynamics of the implosion.
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Figure 86.31

Coreand fuel—shell mix density (a) and temperature (b) profilesinferred from themix model. Therange of the parameters, whichisconsistent with experimental
observables, isshown by thewidth of the various parameter bands. Thefuel—shell interface predicted by LILAC isshown asadotted linein both. The dark solid
lines represent the LILAC-predicted density and temperature profiles at peak neutron production.
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Theyieldsfromthe optimal profileare compared to experi-
mental observablesin Table 86.11. The model reproduces the
experimental fuel areal densities, secondary neutron, proton
ratio, and the neutron-averaged ion temperature. The time-
dependent burnrateisal so measured using the neutron tempo-
ral diagnostic (NTD)13in the experiment. Theburn ratein 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 ratein the static model for
different fills. For instance, for the 3Hefill 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-um CH shell with
a3He gasfill and with a 1-um CD layer offset from the fuel—
shell interface by 1 um. The D3He proton yields measured
from this implosion are reduced significantly relative to the
zero-offset CD layer implosion (preliminary proton yield
~7 x 10° compared to 1 x 107 for the zero-offset case). The
significantly lower number suggeststhat morethan 90% of the
mix-related yield is due to approximately 1 um 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 aspossi ble sources of nonuniformitiesduring thedecel -
eration phase of | CF implosions.24 Multidimensional simula-
tions, currently being pursued, are necessary to determine if
feedthrough of the higher-order modesissignificant forimplo-
sionson OMEGA andif the subsequent RT growth can account
for the relatively small scales inferred from the experiments.

Conclusions

A large set of direct-driveimplosions on OMEGA hasbeen
devoted to imploding hydrodynamically similar implosions
with different gasfills and shell compositions. A complemen-
tary set of diagnosticshasbeen obtained from suchimplosions,
allowingfor amoredetailed analysisof thecoreand mix region
of these targets. A static picture of 20-um-thick-shell, direct-
driveimplosions on OMEGA has been presented. This model
assumesacleanfuel regionand a“mix” region wherethe shell
material is mixed into the fuel. Excellent agreement with the
suite of neutron and particle diagnostics is obtained through
suchamodel. Themodel suggeststhat about 1 um of theinitial
shell material is mixed into the fuel during nuclear-particle
production andisresponsiblefor theobservedyieldratios. The
model also suggests that the fuel areal density is distributed

Table 86.11: The model reproduces many experimental observables writtoi shell material mixed into the fuel.

Model
Fill Shell Parameter Measurement (% of expt)

DT CH Fuel pR (mg/cn®) (DT fill) 15+2 100
Tion (DT) (keV) 4.4£0.4+0.5 (sys) 86

Max: neutron burn rate (n/s) £9) x 1070 110

D, CH Tion (D) (keV) 3. #0.2+0.5 (sys) 89
Secondary neutron ratio (DD fill) (2£0.4)x 1073 100
Secondary proton ratio (DD fill) (14®.3)x 1073 78
Secondary neutron ratio 4ill) (3.1+0.5)x 1073 94
*HeorD, | CD 3y roton vield 3He fill) (1.3+0.2) x 107 66
o D, neutron yield $He fill) (8.520.4)x 18 97
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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 thismodel compare very well with those
from 1-D simulations without any mixing, suggesting that the
mixing intheseimplosionsdoesnot significantly alter the 1-D,
unmixed hydrodynamics of the implosion. This work will be
extended to targetswith different stability characteristics such
asthose 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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