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Surrogate implosions play an important role at the National Ignition Facility (NIF) for isolating
aspects of the complex physical processes associated with fully integrated ignition experiments. The
newly developed CD Symcap platform has been designed to study gas-shell mix in indirectly driven,
pure T,-gas filled CH-shell implosions equipped with 4 um thick CD layers. This configuration pro-
vides a direct nuclear signature of mix as the DT yield (above a characterized D contamination back-
ground) is produced by D from the CD layer in the shell, mixing into the T-gas core. The CD layer
can be placed at different locations within the CH shell to probe the depth and extent of mix. CD
layers placed flush with the gas-shell interface and recessed up to 8 um have shown that most of the
mix occurs at the inner-shell surface. In addition, time-gated x-ray images of the hotspot show large
brightly radiating objects traversing through the hotspot around bang-time, which are likely chunks
of CH/CD plastic. This platform is a powerful new capability at the NIF for understanding mix, one

of the key performance issues for ignition experiments. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894215]

I. INTRODUCTION

Hydrodynamic instabilities that grow during Inertial
confinement fusion (ICF) experiments, performed at the
National Ignition Facility (NIF),'” inject cold and high-Z
material into the hotspot that can quench thermonuclear
burn.* Turbulent instability growth during the deceleration
phase of the implosion, also called mix, is one of the key per-
formance issues for cryogenic ignition experiments.>° It is
therefore necessary to properly design targets that are robust
to the deleterious effects of mix.

During the course of the National Ignition Campaign,’
experiments showed that current ignition designs were sus-
ceptible to an unacceptable amount of mix. For example,
measurements of Ge doped capsule implosions have demon-
strated that ablator material mixes through the ice layer and
into the hotspot in cryogenic implosions.® Also, measure-
ments of X-ray yields relative to the neutron yields, in cryo-
genic DT experiments, have been used to quantify the
amount of ablator material that mixes into the hotspot. These
data have shown that inferred mix mass has a strong inverse
correlation with the overall yield.” To help understand these
results, focused experimental campaigns are now underway to

1070-664X/2014/21(9)/092705/13/$30.00
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study and test calculations of both acceleration phase instabil-
ity growth using x-ray radiography of pre-imposed perturba-
tions'***% and deceleration phase instability growth by
observing nuclear signatures of gas-shell atomic mix.

In particular, a focused experimental platform called the
“CD Symcap” platform was designed and deployed to test
mix modeling used in simulating experiments on the NIF, as
first reported in Ref. 11. This paper follows up with addi-
tional results from experiments, analysis, and calculations
from the CD Symcap campaign. The platform uses the same
hohlraum, drive, and ablator as ignition targets but rather
than a cryogenic DT ice layer, the “Symcap” capsule uses a
surrogate plastic payload, in addition to the typical Si-doped
plastic ablator. Originally designed to measure and tune hot-
spot symmetry,'> the Symcap platform has here been
extended to study gas shell mix by inserting a thin layer of
deuterated plastic and filling the capsule with extremely pure
tritium gas (<0.15 mol. % deuterium). The CD Symcap
experiments are designed to directly probe atomic-scale fuel-
shell mix through observations of the DT yield that occurs
from tritium and deuterium, which were initially separated,
but have become turbulently mixed and heated. This tech-
nique has been used successfully before in direct drive laser

© 2014 AIP Publishing LLC
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experiments that used deuterated plastic layers (CD) with
tritium filled"® and helium-3 filled capsules'*'® at the
OMEGA laser facility.!” The present CD Symcap experi-
ments are nonetheless unique, as they represent the first time
this technique has been used in indirect drive and at the full
energy scale available at the NIF.? In addition, these experi-
ments are performed using actual ignition drives and targets
(with surrogate plastic instead of ice) to be as relevant as
possible to ignition platforms.

The experimental target design is illustrated in
Figure 1. The deuterated plastic layer is either placed flush
with or recessed by up to 8 um from the gas-shell interface.
The CD Symcap target is of the so-called “Rev5” ignition
target design.* The Au hohlraum dimensions are 5.75 mm
inner diameter by 9.43 mm tall (inside) with a 3.373 mm in
diameter laser entrance hole. The hohlraum is filled with
0.96 + 0.01 mg/cm® of helium gas to tamp the Au-plasma
ablated from the hohlraum wall to improve irradiation sym-
metry, while also controlling laser plasma instabilities and
cross-beam energy transfer.*'® The entire target assembly
including capsule and hohlraum is maintained at 32 K using
the thermo-mechanical package designed and used for
cryogenic DT experiments.

The capsule is nominally 1137 um in radius with a total
shell thickness of 209 um. To shield the inner payload (usu-
ally DT ice but plastic in Symcaps) from the x-ray drive, and
thereby reduce density discontinuities and instabilities,'® the
plastic ablator is doped with three layers of graded Si (thick-
nesses and dopant concentration described in Figure 1). The
inner plastic layer contains a mass-equivalent payload of
plastic to hydrodynamically match a typical cryogenic ice
layer, momentum balanced to achieve similar implosion ve-
locity. We use the density of CH at 1.06 g/cc (at 32K) and
the solid DT density of 0.255 g/cc (the small density differ-
ence of doped CD layers in the payload are neglected).
Figure 2(a) shows a capsule diagram of an ignition target
(shot N111215), while Figure 2(b) shows a diagram of a
Symcap target.

The CD layer is 4 um thick and placed flush to the gas-
shell interface or recessed up to 8 um. Figure 3 shows a

4 um CD, 0-8 um from
gas/shell interface

FIG. 1. Schematic of indirectly driven
CD Symcap target. Lasers irradiate the
inside of a Au hohlraum, which pro-
duces x-rays that drive the capsule
imploding inward. The capsules are
filled with pure tritium gas and the
shell contains deuterated plastic layers
at different distances from the gas-
shell interface. The DT neutron yield
of the imploded capsule is a direct
measure of atomic scale fuel-shell mix.
Included also in the bottom right panel
is a photograph of the assembled target
used in shot N121119.

10pm 1% Si
35um 2% Si
6um 1% Si
20um 0% Si

backscatter scanning electron microscope (SEM) image® of
two CD Symcap capsules, one with the CD layer flush on the
gas-shell interface (a) and the other with the CD layer
recessed 8 um (b). These SEM images are of the first few
layers near the gas-shell interface. They were taken after
destroying the targets by fracturing the capsule and taking an
image slice through the capsule wall but are representative
of the capsules used in these experiments, as they were man-
ufactured using the same techniques. Clear discontinuities
are observed between CH, CH doped with Si, and CD layers
due to differences in density and polymer-production techni-
ques of the different plastic layers.

The capsule is filled with 11.1 = 0.5 mg/cc of purified
trittum gas corresponding to 4.0 atm at 32 K. An upper limit
of 0.15 at. % residual deuterium contamination in the gas
was determined by first filling the capsule, then retracting the
gas from the fill system, and subjecting the sample to mass-
spectrometry. Furthermore, several contamination shots
were performed without CD layers to show DT yield from
residual D in the gas (as will be discussed in more detail
later) and the results were consistent with D levels measured
in the gas.

Symcap

a)  Layered DT D)

FIG. 2. (a) Diagram of a typical layered DT ignition target. The Si dopant
follows the thickness and amounts outlined in Figure 1. (b) Diagram of a
plastic shell Symcap target.
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a) Inner CD layer capsule

Location of gas/shell interface

b) 8 um recessed CD layer capsule SEM

Location of gas/shell interface

FIG. 3. (a) Backscatter SEM image of a CD Symcap capsule with a 3.8 um
CD layer flush against the gas-shell interface, followed by 17.1 um of
undoped CH, and then followed by 1% Si doped CH. More layers follow
beyond the image field of view, as illustrated in Figure 1. (b) SEM image of
a CD Symcap capsule with the CD layer recessed by 8.4 um from the gas-
shell interface with undoped CH. The CD layer is followed by another
8.0 um of undoped CH, and then 6.1 um of CH doped with 1% Si. More
layers follow beyond the image field of view, as illustrated in Figure 1.

The laser drive was matched to cryogenic DT shot
N111215, which utilized a 1.5 MJ laser pulse and a 434 TW
peak power, as shown in Figure 4. To help control hotspot
symmetry, 145 TW was incident on the 23.5° and 30° or
inner cone laser beams and 289 TW on the 44.5° and 50° or
outer cone beams illustrated in Figure 1. As an additional
control of hotspot symmetry,?' the inner 23.5° beams were
operated at 8.1 A larger wavelength and the 30° inner beams
were operated at 6.6 A larger wavelength than the outer cone
beams. The hohlraum radiation temperature produced by the
laser drive, as inferred by the Dante diagnostic, is also shown
in Figure 4. The peak radiation temperature was consistently
303 £4eV for all shots in the campaign. As indicated on
the figure, the x-ray bang-time (defined as peak x-ray

Phys. Plasmas 21, 092705 (2014)
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FIG. 4. Measured laser pulse used to drive shot N130512 at 436 TW peak
power, plotted as total power as a function of time. All shots described here
used the same laser pulse with excellent repeatability. Also shown is the
measured hohlraum radiation temperature in eV, as determined from the
DANTE diagnostic. The peak radiation temperature was 303 eV, and the im-
plosion x-ray bang-time was at 22.5ns.

self-emission brightness) occurred consistently ~1.5ns after
the end of the laser drive at 22.5 ns.

Despite careful matching of drive and target conditions
to cryogenic DT experiments, there are important differences
in CD Symcaps that must be considered in the context of
mix. First, the imploded Symcap convergence ratios (Ro/R)
are ~15, roughly a factor of 2 lower than typical cryogenic
DT implosions and therefore also achieve lower shell density
at stagnation. Mix is very sensitive to convergence, which
likely decreases the instability growth when compared to a
cryogenic DT implosion. Second, the Atwood number at the
gas-shell interface may be higher, due to the larger density
plastic payload (compared to DT ice), which likely leads to
higher deceleration instability growth. In addition, ablator
plastic must mix through the dense DT shell into the hotspot
in order to degrade the yield in cryogenic DT implosions that
do not achieve propagating shell burn. Figure 5 shows the
simulated density and pressure profiles for ignition targets
and Symcap targets compared at peak acceleration (right
panel) and peak velocity (left panel). Regardless of these dif-
ferences, the data obtained from CD Symcaps provides direct
and unambiguous measures of gas-shell atomic mix that are
essential for testing and developing the mix modeling used
to design and understand ignition experiments.

Il. MODELING CD SYMCAP EXPERIMENTS
A. 1D hydrodynamic simulations using CALE-KL

The experiments described herein were designed using
the arbitrary Lagrangian—Eulerian hydrodynamic code
CALE,**** which numerically solves the fluid equations to
simulate the implosion hydrodynamics. Coupled to the KL
turbulent mix model,24 CALE-KL predicts atomic scale mix
in CD Symcap implosions. The KL model describes the tur-
bulence scale size and kinetic energy from multi-mode non-
linear Rayleigh-Taylor (RT) and Richtmyer-Meshkov (RM)
instabilities in ICF implosions. With the constraints devel-
oped in the model, one free parameter L, remains, which is
the initial turbulence spatial scale length. Figure 6 shows an
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FIG. 5. Simulations comparing Symcap and layered target densities (dotted)
and pressures (solid) produced with the radiation hydrodynamics code
ARES (Ref. 22) at peak acceleration (right panel) and peak velocity (left
panel).

example calculation using CALE-KL for a DT filled
Symcap, designed to obtain the high neutron yield required
to employ the full nuclear diagnostic suite (useful for pR and
nuclear gamma bang-time measurements). It is worth noting
that the DT Symcap (illustrated in Figure 6(a)) is predicted
to have similar overall hydrodynamic behavior as TT filled
Symcap capsules, both with and without CD layers, because
it was filled with the same initial fuel particle (fully ionized
ion + electron) density. The predicted gas and shell density
profiles at bang-time are shown in Figure 6(b) (calculated
using 1D CALE-KL with an Ly=2000nm). The value of
Ly=2000nm is what allows the 1D calculation to best
match the overall performance as this approximates the
growth of asymmetries of all modes (since the 1D calcula-
tion cannot explicitly resolve asymmetry). This value is of
the same order of the capsule outer surface roughness RMS

(&)
o
I
t
o
o

8.4 £ 0.4 mg/cc
DTgas (75%D/25%T)

a) b) x1022
=150 g
1137 um CH Plastic 2 =)
— Y
928 um =100 - =
e} ®
No CD o 1073
layer E o
2 3
n) 3
= %)
2 3
[ =
o

o
g
o

0 50 100 150
Radius [um]

FIG. 6. (a) Diagram of a plastic DT gas-filled CH-capsule Symcap implo-
sion designed for high yield to employ the full suite of neutron diagnostics.
This target is similar to the CD Symcap described in Figure 1, except that
the gas is DT and the capsule does not have a CD layer. (b) 1D simulated
density profiles at bang-time for the CH shell (blue curve) and DT gas
(red curve) of a Symcap implosion. These profiles were calculated using the
hydrodynamics code CALE-KL. Coupled with the turbulent diffusion model
KL,** these simulations include predictions of the mix of the CH ablator
material with the DT gas material. The simulated burn profile is shown in
grey, which gives the neutron density (neutrons/cm®) produced from the
D+T — o+ n reaction. The simulated ion temperature (T;) is also shown
multiplied by 10 to fit on scale (black curve).
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over all modes. The KL model allows the CH and DT to mix
together. As the CH mixes into the hotspot, it radiates and
cools the implosion, which degrades the core hotspot per-
formance by effectively shrinking the burning volume. This
is evident as the simulated burn profile ends where CH is
mixing into the hotspot. This is in contrast to CD Symcaps,
where the DT neutron yield probes the atomic scale mix of T
and D in this mixing region. Note also that the TT yield in
CD Symcaps simultaneously probes the hotspot since the
yield is degraded by both atomic-scale mix and larger-scale
chunks and spikes of shell material. It is also worth noting
that these 1D simulations over estimate the amount atomic
scale mix in these experiments, motivating higher dimen-
sional calculations to explicitly resolve lower mode growth.

B. 2D hydrodynamic simulations using ARES-KL

The radiation hydrodynamics code ARES (Ref. 22) was
used to perform 2D simulations with an angular resolution of
1/8 degree.” These simulations capture low- to mid-mode
(Legendre modes up to /= 100) hydrodynamic instabilities
by initializing the problem with an imposed surface rough-
ness; fill-tube, tent, and drive asymmetries are not included.
High-mode turbulence leading to atomic mix is captured
using the KL mix model.

Figure 7(a) shows the 2D simulated ion temperature (T;)
and density profiles for a 3x nominal capsule surface rough-
ness (described later as the surface roughness required to
match the platform performance, determined by the TT neu-
tron yield).

Figure 7(b) shows the deuterium and tritium ion den-
sities. The tritium density (top section) is highest in the outer
part of the core, since the pressure is slowly varying at stag-
nation and the temperature is decreasing quickly with radius
and P~2nT (Figure 7(a)). The tritium density is highest
where tritium-filled bubbles penetrate into the shell and are
being compressed by spherical convergence effects. The
deuterium density (bottom section) indicates the location of
the CD layer including the mixed region where D and T can
fuse. This figure indicates that D mixes into the core on the
tips of RT fingers (spikes). This is better illustrated in Figure
7(c), showing the product of the deuterium and tritium den-
sities. The DT yield is produced on the outside of the central
core in a hollow-spherical mix region. Due to the strong ra-
dial temperature gradient and the temperature dependence of
the DT reactivity, the DT yield is weighted toward the inner
side of the mix region.

lll. OBSERVED DATA FROM CD SYMCAPS

A. Neutron observations, TT yield, DT yield, and ion
temperature

In a T, gas-filled CD Symcap implosion, the DT fusion
yield is a direct measure of the D mixing into to the hot trit-
ium core (when ignoring the trace D impurity in the tritium
gas). Simultaneously, the TT fusion yield probes conditions
of the hot core and is sensitive to the overall implosion per-
formance. Quantitatively, the fusion yield of two reactants, 1
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FIG. 7. (a) The 2D simulated Ti (top section) and density (bottom section)
distribution using ARES with the KL mix model. The black curve shows the
gas-shell and CD/CH boundaries of the CD layer, where initially the CD
layer was placed at the gas/shell interface. Fingers (RT spikes) move into
the hot spot from growth seeded by outer capsule surface defects. This simu-
lation used 3 the Rev5 surface requirement,26 which produced good agree-
ment with the core TT neutron yield. (b) Simulated tritium density (top
section) and the deuterium density (bottom section) in moles/cc for an inner
surface CD layer implosion. (¢) Product of the simulated deuterium number
density (nD) and tritium number density (nT) for an inner surface CD layer
(top section) and a 2 um recessed CD layer (bottom section). The density
product is the mix region where DT yield is produced in a CD Symcap
(weighted toward the center by the temperature gradient shown in (a). Fig.
5(c) was reprinted with permission from Smalyuk er al., Phys. Rev. Lett.
112(2), 025002 (2014). Copyright 2014 American Physical Society.
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and 2 (1 and 2 could be DT or TT), can be described gener-
ally by

Yis = J—”l (rl’z)r’(’;lgr’t) (@) 8) pdrdr, (1)

where n; and n, are the ion densities, (gv) is the fusion reac-
tivity, and Jy; is the Kronecker delta that accounts for double
counting of identical reactants.”” The fusion reactivity is the
Maxwellian averaged product of the cross-section and rela-
tive ion velocity, and requires accurate knowledge of the DT
and TT fusion reaction cross-sections.”® Fortunately, the DT
cross-section has been studied extensively at energies rele-
vant to the experiments discussed here and is generally well
known.”®? Less data are available for the TT fusion cross-
section.”® Tt is, nevertheless, well constrained for the present
work (to better than 14% at the relevant energies) by two
data sets obtained by Serov ez al.** and Brown and Jarmie.>'

Using Eq. (1), the DT neutron yield can be approxi-
mately evaluated in the mix region by

Ypr =~ npnr <O'V>DT Vi Tmix + YDT—conts 2)

where np and ny are the average particle densities of D and T,
Vimix 18 the burn volume of the mix region, 7,,;, is the burn du-
ration in the mix region, and Ypr_ ., is the yield from residual
deuterium contamination in the tritium gas. A burn weighted
metric of mix-mass in the hot spot is then related to the product
of ~ npV . Correspondingly, the TT reaction yield from the
core (or hotspot) can be approximately evaluated by

1

2
YTT—rx ~ E NT—core <GV> T Vcore Tcores (3)

where now the 7., and V. are evaluated for the core.
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FIG. 8. Neutron spectra measured with the SpecSP neutron time of flight de-
tector positioned 18 m away from the implosions for a TT control capsule
without a CD layer (N121119) and a CD Symcap with a CD layer flush with
gas-shell interface (N121125). Immediately apparent is the stronger DT
peak in the CD Symcap, which is caused by mix. Also shown are the down-
scattered neutron (DSn) spectra, which are proportional to the product of the
implosion pR and the DT yield. Note that the region between 12 and
13 MeV is poorly described due to a deconvolution artifact from the strong
14 MeV peak feature and is currently being improved. The TT neutrons are
apparent in the region below ~9.5MeV. The nearly overlapping TT-spectra
show that these two implosions had very similar core performance.
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TABLE I. Summary of observables from several TT filled CD Symcaps. The TT
gas-shell mix.

Phys. Plasmas 21, 092705 (2014)

yield is a metric of overall performance, whereas the DT yield is a metric of

Shot number N120904 N121119 N121125 N130510 N130317 N130315 N130512 N130612 N130614
CD layer location CH control ~ CH control Inner CD layer Inner CD layer 1 pumoffset 2 umoffset 2 um offset 4 um offset 8 um offset
T; (keV) [ntof] 34+04 35%0.1 2.1x0.1 22%0.1 21*02 22%0.1 2.6*0.1 29+0.1 34+0.1
DT yield x 10" 041x0.02 0.40=*0.01 2.5+0.07 2.4+0.08 20+0.06 0.88*0.03 1.3x0.04 0.72+£0.03 0.67 £0.03
TT yield x 10" 22%02 2.1+0.2 22+0.2 1.9+0.2 2703 23x02 34+03 23%02 2402
DSR (%) 1.0£0.1 1.1+0.1 1.0*=0.1 1.1£01 13%03 1.1+0.1 1.2%0.1 0.7+0.3

X Bang-time (ns) 22.58 =0.07 22.55%+0.07 2250*0.05 22.53*+0.02 22.55%+0.04 22.53+0.03 22.53+0.02 22.54*0.01 22.56*0.01
X-ray burn (ps) 291 =60 267 =36 307 =12 31230 30911  316*9 320 =30 32015 325*15
X-ray Py (um) 56 =10 60 =4 60.2+4 55+2 59+3 53+4 59*2 63+5 645
X-ray P,/Pg (%) 10x14 12+0.7 13207 16+1.1 1319 84x26 1524 24+4 236
X-ray My (um) 59*4 69+3 578 65*5 656 5814 60=*3
X-ray Ma/M, (%) 1552 2.1*32 1.9+09 47*36 4*4 28+0.3 3*2

The DT and TT fusion reactions both produce diagnostic
neutrons, which are the basis for the measurement of mix in
the CD Symcap experiments, as described by

D+T — n(14.1MeV) + 3He, 4)

T+T — 2n(0 - 9.4MeV) + 5He. 6))

Note that unless otherwise specified, all discussion herein of
the TT yield refers to the TT neutron yield, which is two
times the TT reaction yield. The exact details of the TT neu-
tron spectrum are sensitive to the interactions between the
emitted particles in the final state.*> Knowledge of the TT
neutron spectrum is important because it is required to con-
nect observations, which are typically limited to a finite
energy range due to detector cutoffs to Eqs. (2) and (3).
Calculating the TT neutron spectrum ab initio is challenging
and work in this field is ongoing.*® However, the TT neutron
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FIG. 9. (a) Measured TT neutron yield for two tritium-filled CH Symcaps
(black), which characterized the D contamination background for several
CD Symcaps (red). The CD Symcap TT yield is plotted as a function of the
recession depth of the CD layer from the gas-shell interface. As expected,
no trend with recession depth is observed. Simulated ARES yields are also
shown as the solid blue curve. The surface roughness in the simulations was
adjusted to match the TT yield. (b) Measured DT yield for two TT CH
Symcaps and several CD Symcaps. The DT yield from the TT CH Symcaps
characterizes the background from D contamination (<0.15% D) in the trit-
ium and the core performance, while the DT yield from the CD Symcaps is
from mix. Data are reprinted with permission from Smalyuk et al., Phys.
Rev. Lett. 112(2), 025002 (2014). Copyright 2014 American Physical
Society.

spectrum has been measured in a variety of accelerator and
ICF experiments34_38 and various models have been devel-
oped. In fact, the TT spectrum generated from these NIF
experiments represents the highest quality data produced to
date, and has most recently been interpreted through
R-matrix modeling.38 Furthermore, the error in the meas-
ured TT yield is minimized as the TT neutron yield is
obtained with six independent diagnostics, including three
different nuclear techniques such as: foil activation,39 neu-
tron time of flight (NTOF),***! and the magnetic recoil spec-
trometer (MRS).**™** An estimate of the systematic error in
the measured TT neutron yield based on the comparisons of
different models, diagnostics, and analysis techniques
is ~10%.

An example set of measured neutron spectra are shown
in Figure 8. These are deconvolved spectra obtained from
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FIG. 10. (a) Measured TT to DT neutron yield ratio for CD Symcaps, as a
function of the recession depth for the CD layer from the gas-shell interface.
The DT/TT yield ratio, a measure of the atomic mix in the core, decreases as
a function of recession depth, demonstrating sensitivity of the platform to
gas-shell mix. (b) Measured T; determined by the Doppler width of the DT
neutron peak for a DT Symcap, two pure TT Symcaps (DT neutrons are pro-
duced with D contamination in the T, gas), and several CD Symcaps. The T;
of the DT and TT Symcaps characterize the burn averaged core temperature.
The CD Symcaps are plotted as a function of the recession depth of the CD
layer from the gas-shell interface. As the recession depth increases, Ti
approaches the core value because fewer neutrons are produced in the cooler
mix region. Simulated ARES ion temperatures are in good agreement with
observations. Data are reprinted with permission from Smalyuk et al., Phys.
Rev. Lett. 112(2), 025002 (2014). Copyright 2014 American Physical
Society.
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the nTOF-SP diagnostic, located ~18m from the implo-
sion.* The data were obtained from a pure tritium control
shot without a CD layer (red), and from an identical implo-
sion with a target with a CD layer flush on the gas-shell
interface (blue). The DT yield is six times higher for the im-
plosion with the CD layer, while the TT yield is nominally
the same (see Table I), demonstrating fuel-shell instabilities
are mixing deuterium into the hotspot.

The measured TT neutron yield for two T,-CH Symcap
control shots, which were tritium filled capsules with CH
shells without CD layers, are shown by the black data points
in Figure 9(a). The TT neutron yield for several CD Symcaps,
as a function of the CD-layer depth from the gas-shell inter-
face, is also shown. The TT yield is on average 2.2 x 10'® and
reproducible to 20% (standard deviation) within all shots. The
two highest TT neutron yield implosions used thinner capsule
support tents, 45 nm versus 110nm, and had relatively clean
capsule surfaces compared to the average. This may imply
that outer capsule surface perturbations have a significant
impact on the overall implosion performance, a subject of cur-
rent study.

Also shown in Figure 9(a) are 2D ARES simulations
with KL (described earlier in Figure 7), where the outer sur-
face roughness was scaled to match the TT neutron yield.
Clean calculations over predict the TT yield by a factor of
2-3. A good match was found using a factor of 3 multiplier
on the Rev5 surface roughness specification®® (which was
about 2—6 times the measured surface roughness). The over-
all TT performance is insensitive to small values of L,
(described later to match other observables) because low-
mode instabilities dominate the yield degradation of TT
coming from the hot core. In addition, the TT yield predicted
with ARES is insensitive to the presence or changes in reces-
sion depth of the CD layer, which is in agreement with the
observations. This is because the difference in CD density
(1.14 g/cc at 32K) compared with CH (1.06 g/cc at 32K) is
minimal, allowing for very similar hydrodynamics.

The DT neutron yield is shown in Figure 9(b) for two
control TT Symcaps (contamination D only, no CD layer),
and several CD Symcaps. The DT yield for the CD Symcaps
is plotted as a function of the recession depth of the CD layer
from the gas-shell interface. The DT yield drops with
increasing recession distance because the mix yield is domi-
nated by material mixing in from the inner part of the shell.
Although not shown, a 75/25 DT Symcap was also imploded
and produced 6.8 +0.2 x 10'* DT neutrons with a down-
scattered neutron ratio (related to areal density and defined
as neutron yield 10-12MeV over 13-15MeV)**647 of
1.1 = 0.1%. Figure 10(a) provides the DT neutron to TT neu-
tron yield ratio (DT/TT), a metric that is related to mix. Note
that the background DT neutron yield from residual contami-
nation has not been subtracted but is indicated on the graph.
Interestingly, even though there is some scatter in the TT
and DT neutron yield for identical shot repeats (at 0 and
2 pum recession), the DT/TT ratio remains very repeatable.

In the 2D ARES-KL simulations, shown in Figure 9(b),
the assumed surface roughness was adjusted to 2—6 times
larger than the measured value to match the TT yield and the
Ly in the KL model was adjusted to 0.1 nm to the match DT
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yield for the capsule with the CD layer on the gas-shell inter-
face (zero recession depth). With those two parameters fixed,
the ARES-KL calculations provide a reasonable match to the
measured DT neutron yield as the CD layer recession depth is
varied.

T; is determined from the Doppler broadened DT neu-
tron peak, which is measured with the nTOF suite*®*! and
MRS diagnostics,** and represents a burn-averaged DT-T;.
The determined T; for a DT Symcap filled to 75% deuterium
and 25% tritium is shown in Figure 10(b) along with two TT
Symcaps, where the DT neutrons are produced by contami-
nation D in the core gas. The TT Symcaps are in excellent
agreement with the core temperature of the DT Symcap
indicating similar burn conditions at ~3.5keV. Figure 10(b)
also shows the T; measured from the mix region from
several CD Symcaps. The T; for the CD Symcap at the
gas-shell interface is ~2 keV, much lower than the core tem-
perature, because CD-shell mix from deuterium enters the
outside, cooler, part of the core. T; increases from ~2keV
and approaches the core temperature of ~3.5keV, with
increasing depth of recession, because the relative contribu-
tion of the cooler mix yield decreases to that of the D con-
tamination yield in the central core. A summary of all yields
and Ti is provided in Table 1.

Figure 10(b) shows T; predictions made by ARES for
the CD Symcap implosions, as a function of the depth of
recession. ARES captures the T; of the CD Symcaps at all
recessions well, indicating that the radial location and extent
of the mix seems to be well understood (because temperature
is a function of radius as noted in Figure 6).

An approximate estimate of the burn-averaged mix mass
has been made from the data by combining Eqs. (2) and (3).
This is accomplished by assuming an isobaric relationship
between the core and burning mix regions and recasting
Eq. (3) into the form for the TT neutron yield (note that there
are two neutrons per TT reaction) as a function of the plasma
pressure P

P 2
YTTfn ~ (2 T[,’ore) <O-V>TT ch'e Teore- (6)

The TT neutron yield is then used to determine the tritium
density in the mix region and substituted back into Eq. (2)
and solving for m¢cp ~ npV,;.. By neglecting the CD contri-
bution to the pressure in the mix region (expected to be a
fairly reasonable assumption in the burn-weighted part of the
mix region),*® the inferred mix mass takes a particularly sim-
ple form. Assuming the same CD ratio as in the pre-shot
shell (1.35 D/C), evaluating constants, and solving for the
mix mass leads to the following relationship:

Tonix \/Teore VOV 11—core YD 1372
R (7)
(V) pr—mix VYrT

mep ~ 1.2 x 1077
Twre Trmix

where the mass is in ng, reactivity (gv) in cm’/s, burn dura-
tion 7 in ps, yields Ypr and Y7t in units of 103 neutrons, av-
erage core radius R in um, and T,;x and T, represent the
temperature in the mix region and core, respectively.
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FIG. 11. Inferred CD mix mass as a function of pre-shot CD recession deter-
mined using the data from Figure 9, Figure 10, and Eq. (7).

Figure 11 shows the result of recasting the observations
of Figures 9 and 10 into inferred mass by using Eq. (7) plotted
as a function of pre-shot CD recession (red points). Here, the
contamination DT yield Ypr e = (4.1 = 0.1) x 10'* has been
subtracted by removing the background level (shown in
Figure 9(b)) observed in the two TT Symcap control shots
(with no CD layer). T.,. =3.5 £ 0.1keV was also obtained
from the averaged DT temperature of these control shots and
used as a characteristic core temperature in Eq. (7). 7, and
Teore are assumed to be the approximately equal and taken
from x-ray burn width (see Table I). V. is estimated from
the x-ray core-emission images.

The observed data show a swift drop in inferred CD mix
mass, consistent with the drop in DT yield observed in
Figures 9(b) and 10(a). The mixing scale length can be esti-
mated by determining the approximate rate at which the mix
mass falls as a function of pre-shot recession (AR), i.e.,
~e ™/ and then the scale length follows as m/Vm = L.
However, the finite 4 um thickness (#) of the CD layer must be
considered, which results in the following correction
~oe AR/L _ o= (ARHD/L - where again m/Vm = L. Shown by

x103
12
A
= s
o
> /7
\C 8 | //
(=) /
[a) Ve
> P
© 7’
() //
54
Ke] //
©) L7
7
,//
0¥ x103
0 4 8 12

Predicted Ypp,/Yor

FIG. 12. The observed DD neutron yield to DT neutron yield ratio (Yppn/
Ypr) as a function of the predicted yield ratio, when using the measured DT
ion temperature and accounting for neutron attenuation, for five DT Symcap
implosions.
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FIG. 13. (a) Observed pTOF data showing DT and TT neutron signals from
a TT CH Symcap. A best fit to the DT neutron burn is indicated by the red
dashed curve, which is used to obtain the time of peak core DTn and TTn
emission. (b) Observed pTOF data showing DT and TT signals from a CD
Symecap. A best fit to the DT neutron burn is indicated by the red dashed
curve, which is used to obtain the time of peak mix-induced DTn emission.

the black dashed curve in Figure 11, this result implies a total
inferred mix mass of ~820ng and a (pre-shot recession depth)
mixing scale length of ~2.1 um.

Therefore, most of the turbulent atomic-scale mix
occurs with material on the inner surface of the shell during
the deceleration phase of the implosion. The gross penetra-
tion of CH into the hot spot, however, comes from the RT
spike penetration (see Figure 7). The data may also be con-
sistent with additional contributions from ablation front
instabilities driven during the acceleration of the shell. This
is suggested by a leveling off of the inferred mix mass at the
deepest recessions. Although a relatively small component in
these experiments, this may be of particular importance for
cryogenic DT implosions as ablation front instabilities drive
deep mix via jets that have the potential of penetrating the
dense DT shell and injecting material into the hotspot.
Ablation front instabilities will be the subject of future stud-
ies using higher convergence implosions, the addition of
multiple spectroscopic tracers (Ge and Cu), and with further
recessed and thicker CD layers.

B. Observed DD neutron yield in DT Symcaps

It is also interesting to examine the DD yield produced
in the DT gas-filled CH Symcaps (the TT spectrum over-
whelms the DD yield in pure T, filled Symcaps). This com-
parison can help confirm the assumptions of Egs. (6) and (7),
especially in the context of previous studies, which have
shown some anomalous yield behavior that would compli-
cate the interpretation of the data.**~>! These previous anom-
alous observations have been hypothesized to be caused by
fuel isotope species separation” or plasma kinetic effects,
both of which are predicted to vanish at the higher density
and lower temperatures utilized in the NIF Symcap platform
because of much higher ion-ion collisionality.

The DD reaction has two branches, but only the neutron
branch is observable due to the high total pR of the fuel and
shell at bang-time. The neutron branch is described by

D+D — n(2.5MeV) + 3He. (8)
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The DD neutron yield ratio to the DT neutron yield ratio is
plotted in Figure 12 as a function the predicted ratio using
the observed ion temperature. The predicted ratio also con-
siders the initial fuel ratio and an approximate attenuation
correction for the escaping DD and DT neutron through the
compressed shell material. Figure 12 shows that the neutron
yield ratio is well understood and helps confirm the expecta-
tion that anomalous kinetic or species separation effects are
not important in these experiments.

C. Observed DT neutron and TT neutron bang-times

The particle-time-of-flight (pTOF) diagnostic™® was
used to measure the nuclear DT and TT bang-times. The
pTOF observes the time-dependent neutron emission from
the capsule using a W filtered, 200 um thick CVD-diamond,
placed 50cm from the implosion. Figure 13(a) shows the
recorded pTOF signal history from a CH TT Symcap show-
ing a sharp rise at ~33 ns corresponding to the 14 MeV DT
neutron emission and a second rise at 35 ns corresponding to
the high energy edge of the TT neutron spectrum at
9.44 MeV. A best fit to the DT neutron spectrum (indicated
as the red dashed curve) is used to obtain a DT bang-time of
22.45 = 0.05 ns, after correcting for the neutron time of flight
and pTOF detector response. The rising edge of the TTn
spectrum was also used to infer the TT neutron bang-time of
22.52 £0.06ns. The DT and TT bang-times are in agree-
ment, as expected, since they both are produced in the gas-
core for the CH TT Symcap. Figure 13(b) shows the pTOF
signal for a CD Symcap. The DT bang-time was measured to
be 22.53 = 0.05 ns, which is the time of peak D and T mix-
induced neutron emission in the CD Symcap. The TTn signal
is overwhelmed by the significantly higher DT yield, when
compared to the CH TT Symcap, making the TTn bang-time
measurement more challenging.

D. X-ray core imaging

The hotspot shape was observed using time-gated X-ray
framing cameras that are configured for the hot-spot self-
emission (hv > 6 keV). These measurements, performed with
the gated x-ray detector (GXD) and hardened gated x-ray
detector (hGXD) instruments using a spatial resolution of
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—). ray images of shot N130315 from an
equatorial view obtained with the
hGXD instrument, and the polar view
(viewing into laser entrance hole)

obtained from the GXD instrument.

0-0 Several bright spots of radiating plastic
chunks are observed traversing the
core near bang-time.

~10 um and a temporal resolution of ~100 ps,”>° show

that hotspot shape implodes into a 55-60 um radius hotspot
with a typically prolate shape (see Table I). The X-ray bang-
time obtained from the framing camera images is 22.5ns for
this platform in good agreement with the x-ray diamond
detectors in the south pole (SPBT)’” and the x-ray streak cam-
era in the north pole (SPIDER).”® In addition, the x-ray bang-
time is in good agreement with the nuclear bang-time from
the pTOF diagnostic described earlier.”* Interestingly, these
X-ray images also show brightly radiating objects traversing
through the hotspot, as shown in Figure 14. These bright spot
features are common to implosions in this campaign, partly
due to the fact that the tritium fill radiates less than previous
D’He Symcaps, accentuating higher Z emission from hot shell
material. These objects have velocities that approach
~100-150 km/s. Common to all implosions on this platform,
these objects may be tips of fingers or chunks of ablator,
developed from instability growth, piercing, and cooling the
hotspot. A schematic of the orientation of the fill tube to both
the equatorial and polar image frames is shown. Often, at least
one object appears correlated to the fill tube orientation imply-
ing that a jet seeded by the fill tube is injecting brightly radiat-
ing CH into the hotspot.”>® The exact origin, the
performance impact, and the role of these features in bringing
mix into the hotpot is an area of active investigation.

The neutron imaging system (NIS)®' was also used to
image the TT core burn and DT mix burn regions simultane-
ously by time-gating two NIS CCD cameras, which are nor-
mally timed to look at DT and down-scattered neutrons. A
method to infer mix mass from the difference in the sizes of
the two burn regions is currently under development.®?
Preliminary estimates are encouraging and seem consistent
with the yield method described earlier.

IV. SUMMARY AND FUTURE WORK

An experimental methodology to study fuel and shell
atomic scale mix at the NIF has been developed using
trittum-gas filled CD Symcap implosions. Deuterium from
the plastic shell mixing into the hot-spot creates an unambig-
uous signature of atomic scale mix by producing DT fusion
neutrons with the hot tritium core. By taking advantage of
the advanced NIF diagnostic suite, this platform measures
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the TT and DT neutron simultaneously, ion temperature,
X-ray and neutron core imaging, along with X-ray and nu-
clear bang-times. The simultaneous measurements of TT and
DT neutrons place strong constraints on simulations by
obtaining both core performance and atomic gas-shell mix,
independently. CD layers flush with the gas-shell interface
and recessed to up to 8 um have shown that most of the mix
occurs at the inner shell surface. Ablation front instabilities
may also play a role in the observed data and will be the
topic of future efforts in simulation and experiments.

With this new and powerful mix platform now commis-
sioned, experiments are being proposed to study a wide vari-
ety of topics. For example, increasing the implosion
convergence closer to that of cryogenic DT experiments is
now underway. The expectation is that this will further con-
strain hydrodynamic simulations and atomic-mix models,
providing the opportunity for additional model development,
while also being more relevant to DT-layered ignition experi-
ments. Experiments that combine X-ray tracer measurements
in Ge and Cu doped capsules with the CD layer are now also
being designed. One such design would include a CD layer
with mostly hydrogen fill and trace tritium along with Cu and
Ge “tri-doping.” This would provide simulations and redun-
dant measurements of chunk mix from DD neutron and Cu
and Ge emission (Cu and Ge placed at different ablator loca-
tions) with atomic-mix data from DT neutrons.’*** Also
experiments to quantify the seeds and role of ablation front
instabilities in injected shell material in the hotspot are being
proposed. One experimental concept is to simply repeat the
8 um recessed shot N130614 so that inner 8 um of the shell is
CH but with the CD extending all the way from 8 um
recessed through the thickness of the shell (instead of 4 um
thick). If significant material is injected into the core via abla-
tion front growth, the DT yield will be correspondingly
higher than N130614. Another proposal is to directly measure
plastic mix in cryogenic experiments, using a deuterated plas-
tic ablator with a pure hydrogen-tritium-layer. Experiments
are also proposed to study ablation front mix using '*C tracer
layers probed with the '*C(n, n')y reaction in '*CH shells®®
using the gamma reaction history diagnostic.®® Other drives,
such as the “high foot,”®” with dramatically different ablation
front and deceleration phase growth, are also being proposed
for experiments in the CD Symcap platform. Developing
benchmarked mix models capable of designing targets robust
to the deleterious performance losses due to mix is the ulti-
mate goal of this campaign.
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