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Abstract

®

CrossMark

Implosions of thin-shell capsules produce strongly-shocked (M > 10), low-density

(p ~ 1 mg cc™ ), high-temperature (T, ~ keV) plasmas, comparable to those produced in the
strongly-shocked DT-vapor in inertial confinement fusion (ICF) experiments. A series of
thin-glass targets filled with mixtures of deuterium and Helium-3 gas ranging from

7% to 100% deuterium was imploded to investigate the impact of multi-species ion

kinetic mechanisms in ICF-relevant plasmas over a wide range of Knudsen numbers

(Nk = \ii/R). Slightly kinetic implosions (Ng ~ 0.01-0.05) follow the expected yield trend
with experimentally-inferred Ny, suggesting effects associated with long mean-free-paths
(such as energetic tail-ion loss) provide the dominant yield reduction mechanisms. In contrast,
highly kinetic implosions (Rinderknecht et al 2015 Phys. Rev. Lett. 114 025001) with inferred
Nk > 0.5 produce the opposite yield trend from the Knudsen-number prediction, confirming
the dominance of multi-species physics in these experiments. The impact of the observed
kinetic physics mechanisms on the formation of the hotspot in ICF experiments is discussed.

Keywords: inertial confinement fusion, kinetic plasmas, multi-species plasmas,

laser fusion experiments

(Some figures may appear in colour only in the online journal)

1. Introduction

Understanding the evolution of the plasma during the shock
transit phase is fundamentally important for achieving ICF
hotspot ignition, because the shock sets the initial conditions
for hotspot formation, compression, ignition and burn [1]. In
the NIC point design for ignition on the NIF, four shocks com-
press the cryogenic deuterium-tritium (DT) fuel, then com-
bine into a single strong shock with Mach number ~10-50
[2]. This strong shock transits the central gas, a DT-vapor with
initial density 0.3 mg cc~!, compressing it by a constant factor
but heating the plasma proportionally to M?. This produces the

1741-4326/17/066014+6$33.00

conditions for long ion—ion mean-free-paths, which scale as
Aii o (T%/n) o M*. Quantitatively, calculations of the ion—ion
mean-free-paths in the shocked central plasma based on hydro-
dynamic simulations predict that they reach A= 100 pm,
comparable to the scale size of the implosion [3]. Such condi-
tions are precisely those in which the hydrodynamic assump-
tions begin to break down and kinetic physics becomes
important.

ICF experiments are generally designed using radiation-
hydrodynamic simulations of a single ion-species plasma.
Recent implosions varying the density of the fuel demonstrated
that such simulations increasingly overpredict the fusion yield

© 2017 IAEA, Vienna Printed in the UK
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and burn-averaged ion temperature as the ion—ion mean-free-
path in the fuel during burn increases [3, 4]. Defining the
Knudsen number as the ratio between the average ion—ion
mean-free-path and the hot-spot radius during peak nuclear
production, Ng = (A;)/R, for implosions with Ng > 0.1 the
nuclear yield was reduced relative to the hydrodynamic pre-
dictions by a factor of ~0.1/Nk. This effect was reasonably
explained by the direct reduction of the fusion reactivity by
the loss of the energetic tail ions which dominate fusion [5-7],
and the dilution and loss of fuel from the core due to ion diffu-
sion into the shell plasma during the implosion [4, 8].

Recent experimental [9-13] and theoretical work [14—18]
has also investigated the impact of multiple ion species on ICF
implosions. Deuterium-*He gas-filled implosions that produce
conditions relevant to the shock phase of ICF have demon-
strated that simulations increasingly overpredict the nuclear
yield as the fraction of 3He in the fuel is increased [13]. For
high-density implosions with moderate Knudsen numbers
(Ng < 1), diffusive separation of the ion species was found
to be dominant. Low-density implosions (Ng ~ 10) demon-
strated evidence of thermal decoupling between the two ion
species.

The effects of long mean-free-paths and multiple ion spe-
cies have so far been studied separately. However, because the
mean-free-path for a given ion depends upon the charge and
mass of all species in the plasma, the effects of long mean-
free-paths will couple to ion concentration. The mean-free-
path for an ion of species j interacting with species k is given

by the formula:
2
3 4wey
/\j,k =—|—
A\ e ZjZk

where Z;; are the ionization states, m; the ion masses- and
m, the reduced mass, T the ion temperature of both species, ny
the field ion density, and In A the Coulomb logarithm. When
multiple species are present, the total mean-free-path for
species j is the inverse sum of the mean-free-path relative to all

2.
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. —17-! . . . .
species: \j = [Zk A ],1(] . Assuming thermalized ion species

and ignoring variations in the Coulomb logarithm, the scaling
of the mean-free-path for ions in a D-*He plasma with constant
mass density p can be calculated as a function of the deuterium
fraction, fi, = np/(np + 13y ):

103 — fp) 53 —fp)
p= 20Ty = 28Tk,
(24 — 19fp) 8(5 — 4/p)
where  the  constant of  proportionality \¢ =

(3/4m)(dmeole?)* T m,/(plog A). The deuteron mean-free-
path Ap is always 3.3 X A3y, to within 5%; additionally, the
mean-free-path for each species increases by greater than
3% as fp increases from O to 1. This reduced confinement with
increasing fp stems primarily from the decrease in average
field ion charge, partially offset by an increase in the ion
number density with constant p (\;i o< {m)/{Z)?). An average
mean-free-path for the plasma, calculated by weighting
the species-specific \; by their concentrations, is more than
10x greater for pure deuterium than for pure *He. Because

of this strong dependence of Nk on fp, experimental studies
must be careful to distinguish between observed trends due to
the ‘single-species’ effects of large Nx and the multi-species
effects dependent on fp.

Data from D*He-gas filled implosions with low and high
Knudsen numbers and varying deuterium fraction illuminate
the interaction of the two previously studied classes of kinetic
phenomena—Ilong mean-free-path effects and multi-species
effects—and demonstrate that different physics dominates the
observed nuclear performance trends in the low- and high-
Nx regimes. In this paper, section 2 describes the design of
experiments to probe kinetic fuel dynamics as a function of
Knudsen number and fuel concentration. The results are pre-
sented in section 3 and discussed in section 4. Finally, the rel-
evance of these results to ICF hotspot formation is discussed
in section 5.

2. Experimental design

The experiments were performed in two campaigns at the
60-beam OMEGA laser [19]. In the first campaign, spherical
glass capsules (860 pm diameter, 2.2 yum wall) were filled
with various concentrations of D, and *He gas. The deuterium
fraction of the gas fills ranged from f, = 1 (pure deuterium)
to 0.07 (*He-rich), while maintaining a constant initial mass
density of p, = 0.4,1.5,0r 3.3 mg cc™!. The capsules were
imploded by direct laser drive, using a 23 TW pulse with
duration of 0.6 ns (low, high density) or 1.0 ns (mid den-
sity). These implosions produced hot ((7;) ~ 10-20 keV), low
density plasmas, generating moderately to extremely kinetic
conditions with Knudsen numbers in the range Nx ~ 0.1 — 20.

In the second campaign, gold hohlraums (1.6mm diam-
eter, 2mm long, with 0.8 mm diameter laser entrance holes)
were used to indirectly drive thin glass shell targets filled with
either pure deuterium or 50:50 D:*He gas. The capsules had
an outer diameter of 625 ym, 5.1 pm walls, and a fill gas den-
sity of 6.1mg cc™!. Forty beams containing 17.6 kJ in a 1 ns
impulse drove the hohlraums. Due to the reduced efficiency
of indirect drive and the increased gas density, these implo-
sions produced cooler ((7;) ~2-6 keV), denser plasmas with
Knudsen numbers on the order of Ng ~ 0.01.

In both series of experiments, the shells burn through
prior to shock rebound and the compression of the fuel by
remaining shell mass is minimal. For this reason the experi-
ments probe the shock-phase dynamics of plasmas relevant
to the central DT-plasma at the beginning of the deceleration
phase in laser-driven ICF designs. Such ‘exploding pusher’
experiments have been demonstrated to be insensitive to
departures from 1D physics, because of low radial conv-
ergence, reduced hydrodynamic instability growth, and the
insensitivity of spherically converging shocks to drive asym-
metry [20, 21]. The 1D nature of these implosions makes them
especially valuable for the study of deviations from hydrody-
namics in imploded plasmas, because the multi-dimensional
hydrodynamic effects that can dominate high-convergence
implosions (e.g. instability growth, turbulent mix) are mini-
mized. Moreover, D3He fuels with constant mass density
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Table 1. Experimental nuclear yields, burn-averaged temperatures, and inferred Knudsen numbers (averaged over # shots).

Yields
Density mg cc™! o # shots  DD-n D*He-p (T)pp, keV  (Nk)
6.08 1 3 4.9+ 0.4)x10°8 26+04 0.046 £ 0.015
(Indirect) 0.5 3 17+£02)x10°8  (6.84+04)x10° 29+09 0.016 4 0.008
3.29 1 2 (2.1£0.2)x10° 1 10.8+0.4
0.8 1 (124£0.)x107""  (2.6+03)x10710 109405  1.16+0.19
05 2 (23+02x107° (3.0+£02x1071° 119406 0.69+0.11
1.45 1 3 (1.7+£0.2)x10~1 12.0£ 0.6 1.30+£0.67
046 3 (1.8+02)x10710 (3.8+0.6)x10710 13.3+0.6  042+£0.12
0.07 4 (B5+£05x107%  (8.7+08)x107° 142+23  022+0.08
0.39 1 3 (3.24+0.6)x10710 18.6 0.4 18.5+3.8
08 1 2.0+£02x10710 (2.54+02)x10710 185+£05  94+14
05 2 (G.1+03x107°  (25+02x10710 17.6£17  51+£22
02 2 (70+1.Dx10°8 (1240210710 193+21  41+06

are hydrodynamically equivalent, such that within each shot
series, systematic perturbations to the hydrodynamic evo-
lution should affect all shots equally, and should not introduce
trends that depend on deuterium fraction [9]. By comparing
the results of experiments in which Nx ranges from 0.01-20
and fp from 0.07-1.0, the relative importance and impact of
mean-free-path scale effects (such as the Knudsen tail ion
loss) and multi-species effects (such as ion species separation
and thermal decoupling) are studied.

3. Experimental results

Comprehensive nuclear diagnosis was performed to study
the fuel dynamics in these implosions. Yields and spectra of
DD-fusion neutrons (2.45 MeV) and D*He-fusion protons
(14.7 MeV) were measured using the neutron time-of-flight
(nTOF) diagnostic suite [22] and the Wedge—Range-Filter
proton spectrometers (WRF), respectively; protons were
measured with the charged particle spectrometers (CPS1
and CPS2) for the direct-drive implosions only [23]. Burn-
averaged ion temperatures (7;) were inferred from the spectral
widths of the nuclear products [24]. For the low- and high-
density direct-drive implosions, the spatial burn profiles of
D>*He-protons and DD-protons (3.0 MeV) were measured by
penumbral imaging [25]. The shell trajectory was recorded
using time-resolved self-emission x-ray imaging [26]. The
measured yields and ion temperatures are shown in table 1.°
1D-radiation hydrodynamic simulations of the direct-drive
implosions were performed using the code HYADES [27] for
comparison. The indirect-drive implosions were also simu-
lated using a radiation-hydrodynamic code. Simulations were
constrained using experimentally observed bang-times, laser
coupling, and hohlraum radiation.

The reduction in yield relative to 1D as a function of fuel
density in similar shock-driven experiments has been described
previously [3, 4]; to study the trends with deuterium fraction

3 The yield and (T;) data from the low- and high-density direct-drive
implosions were first reported in [13].

—_ 1 [ Indirect Drive: Direct Drive: 3.3 mg/cc
@] L . Lot
9 : 6.1 mg/cc g?Hz_p% ~..- P -
~ | L \'\@' 1.5 mg/cc
N SR SN
@ ¢
<
L L
>
3 L8
T 01 §-- ¢ ’ 0.4 mg/cc
] r .
= L ) %

0 0.5 1

Deuteriu.m Fraction (fp)

Figure 1. Measured nuclear yields divided by simulated yield
(“Yield-over-clean’) for direct-drive implosions with fuel density
3.3 (W), 1.5 (a), and 0.4mg cc~' (o), and for indirect-drive

implosions with fuel density 6.1 mg cc™! (4). Solid symbols
indicate DD-neutrons; open symbols indicate D*He-protons.
Dashed lines are included to guide the eye.

it is convenient to examine the ratio of measured to simulated
yields (“Yield-over-clean’ or YOC), as shown in figure 1. The
direct- and indirect-drive campaigns exhibit clear, opposite
trends in YOC with fp: while the direct-drive implosion per-
formance is reduced with smaller fp, the indirect-drive implo-
sion performance is reduced with greater fp. The contrasting
trends suggest different physical effects dominate the loss of
performance in the two regimes.

The dominant difference between these campaigns is
the collisionality of the fuel, which is quantified by the
Knudsen number. A ‘burn-averaged Knudsen number’
(Ng) = (i) Rpurm < {TY2/{n;)Rpum may be calculated using
the measured burn-average temperatures, radius at peak emis-
sion Rpym, and the inferred fuel density during burn (n;). For
eight low- and two high-density direct-drive implosions, a
burn-average ion density was calculated from the measured
nuclear yield, temperature, burn-history and burn volume
data, as described in [13]. On the mid-density direct-drive
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Figure 2. Inferred burn-averaged Knudsen numbers for direct-drive
implosions with fuel density 3.3 (M), 1.5 (a), and 0.4mg cc™! (o),
and for indirect-drive implosions with fuel density 6.1 mg cc™!

(4); points spread out for clarity. Knudsen numbers increase with
deuterium fraction in agreement with theory (dashed lines; absolute
value fit to data). The indirect-drive implosions are substantially
more hydrodynamic than direct-drive due to reduced energy
coupling to the fuel.

campaign, since penumbral images were not recorded, the
density of the f, = 1 implosions was calculated using the
inferred areal density at burn pRpy, from the secondary D-T
and D-*He fusion yield [28], assuming that density scales
with convergence cubed. For the remainder of the mid-density
shots, the density was calculated assuming the same average
convergence as for the deuterium shots. On the indirect-
drive campaign, the radius at bang-time Rpym ~ 230 um was
inferred from self-emission x-ray radiographs, and the density
was calculated from the initial density n;( using the scaling
relation: (n;) = n; o(Rpurn/Ro)*. These values were used to cal-
culate (Nk), as shown in figure 2; average quantities are listed
in table 1. The theoretical trend of (Ng) with fp is calculated
using equation 2 and fits are included in figure 2; the predicted
trends match well the trends in the experimental data.

4. Discussion

Based on Knudsen-layer theory and the scaling observed in
[4], pure deuterium implosions would be expected to underper-
form compared to the D*He-filled implosions: equation 2 pre-
dicts the deuterium Knudsen number to increase by a factor of
2.32x from f, = 0.5to0 f = 1, or from Ng ~ 1.9% to ~4.5%
based on the values inferred from data. This predicted trend is
observed in the indirect-drive implosions.

To estimate the impact of Knudsen tail ion loss on the
yields in these experiments, the spherical geometry must
be taken into account. The values of (Nx) shown in figure 2
are calculated for the center of the plasma, but the local
Knudsen number (and associated reactivity reduction) in
general depends only on distance to the nearest boundary.
The spherical solution has been obtained by solving numer-
ically the constrained PDE problem formulated by the quasi-
stationary kinetic equation along with the constraint that no
suprathermal ion inflow exists from the cold plasma into the

hot-spot [7]. For the experimental plasma conditions, the
volume-averaged reactivity was calculated to be reduced to
89% of the Maxwellian reactivity for the 50:50 D:*He case,
and 78% for the pure deuterium. This calculation follows the
observed and expected trend with fp, and accounts for approx-
imately one third of the reduction observed in the data (YOC
of 65% and 30%, respectively). A scaling offset in YOC may
be caused by incorrect coupling of energy to the implosion in
the simulations. However, due to the hydrodynamic equiva-
lence of D*He fuels with equal mass density, a change in cou-
pling should not introduce a trend with deuterium fraction [9].
The remaining trend may be associated with the diffusive loss
of bulk fuel ions and contamination of the fuel, which simi-
larly increases with Nk; the diffusive loss of deuterons from
the fuel was found to be the largest factor in yield reduction
for moderately kinetic experiments (Ng ~ 0.2) [4]. Note that
the reactivity reduction with increased fp is accentuated by
the changing composition of the background plasma, which
affects the shape of the modified distribution functions.

In contrast, the opposite trend is observed in the direct-
drive data, for which the implosions with f, = 1 perform
better than D3He mixtures. In previous work, these trends have
been successfully explained by diffusive separation of the fuel
ion species for the high-density case, and thermal decoupling
of the ion species in the low-density case [13]. Those expla-
nations stand, however it is important to consider why they
dominate over the long mean-free-path mechanisms in the
high-Nk experiments. The reactivity reduction formalism is
perturbative in the suprathermal ions, and strictly valid only
in the regime Nx < 1. When mean free paths become com-
parable to the size of the fuel, fusion is no longer dominated
by thermal processes, but rather by the density and velocity
of the radially-streaming bulk ion populations. As such, the
Knudsen number loses relevance as a metric for fusion reac-
tivity. Instead, processes that modify the plasma conditions
prior to burn dominate the fusion output. These include ion
species separation, which concentrates *He relative to D in
the fuel during the implosion phase; and thermal decoupling
of the D and *He in the shock, which alters the energy balance
between these two species. Both of these multi-species effects
reduce the performance of mixtures relative to pure fuels, as
shown in the data.

5. Conclusion

Nuclear data from D*He-gas filled implosions with varying
Knudsen number and deuterium fraction demonstrate a change
in the regime of dominant kinetic physics impacting the
nuclear performance. Knudsen-layer tail-ion-loss dominates
for low Knudsen numbers (Ng ~ 0.01), while multi-species
effects dominate for high Knudsen numbers (Nx 2 0.5). This
suggests that at intermediate Knudsen-numbers (Ng ~ 0.1) the
effects of long mean-free-paths and of multi-species effects
on the yield trend are balanced. Indeed, the mid-density
experiments may bridge this transition: as shown in figure 1,
both the *He-rich implosions (Ngx~0.2) and the pure-D
implosions (N ~ 1.3) perform similarly or better than the
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Jo = 0.5 implosions (Nk =~ 0.4), suggesting a combination of
the tail-ion-loss and multi-species trends. A more thorough
exploration of Nk versus fp space would be valuable to iden-
tify this transition point.

In D-T, the primary fuel of interest for fusion ignition, the
mean-free-paths of the two species are more comparable: A\p
is smaller than Ay by a factor of ~0.8. Because of this, the
average (\;;) and Knudsen number decrease with increased fp
when maintaining mass density in DT plasmas. This trend is
opposite of the trend in D*He; as such, long mean-free-path
effects and multi-species effects will both tend to reduce
performance of DT mixtures relative to pure deuterium.
However, because of the reduced magnitude of the Nx depend-
ence on fp (~1/3 x as compared to ~10Xx), deuterium-tritium
mixtures better decouple the effects of long mean-free-paths
from multi-species dynamics, making DT valuable for future
ion kinetic physics studies.

The plasmas studied in this work are relevant to the shocked
DT-vapor at the onset of deceleration in ICF experiments, for
which Ng ~ 0.2-0.8 [3]. While the nuclear yield at this phase
of the experiment is negligible, the state of the central plasma
is important in establishing the trajectory of deceleration for
the cold fuel. Standard hydrodynamic methods assume the
shocked vapor is isentropically compressed and heated by
the ice layer; heat flow from the core then ablates material
from the inside of the cryogenic fuel, which forms the bulk
of the hot spot mass. However the present work suggests
that the core ions are already far from Maxwellian: Ny = 0.5
implies ~7/8 of the core volume is within one mean-free-path
of the wall. In this scenario, hydrodynamic estimates of com-
pressional heating and heat transport will not apply. Instead,
free-streaming particles will rapidly deposit their kinetic
energy in the cold fuel, or gain energy by reflection without
significantly reducing fuel velocity. These processes will con-
tinue until energy loss from the core or increased density from
continuing compression and mass ablation reduce the mean-
free-paths, and hydrodynamics regains validity. This kinetic
volume will change the initial conditions for the subsequent
fuel assembly and hotspot formation.

The creation of this kinetic volume seems to be a general
feature of laser-driven hotspot ignition designs, for which the
low central vapor density p = 0.3 mg cc! is set by the vapor
pressure of the cryogenic DT fuel layer, and rapid implosion
of the solid fuel leads to strongly-shocked vapor. Alternative
laser-driven designs, such as fast ignition [29] or shock igni-
tion [30], could circumvent this kinetic behavior, since the
compression of the fuel is less extreme and is not relied on
for hotspot formation. MagLIF implosions [31] also do not
include strong shocks and rely on magnetic fields rather than
collisions to confine the hotspot plasma.

Kinetic physics has been shown to impact hotspot forma-
tion and nuclear performance of multi-species plasmas in
simulations relevant to ICF [17, 32], and may contribute to
the observed low areal densities and high ion temperatures of
layered DT experiments at the NIF when compared to hydro-
dynamic predictions. Experimentally, this hypothesis can be
tested by varying the Knudsen number of the initial DT vapor,
which can be done using liquid DT layers [33]. Improved

understanding of the kinetic dynamics of hotspot formation
through Vlasov—Fokker—Planck or hybrid-PIC simulations
will inform and support the continued use of hydrodynamic
tools to design an igniting ICF implosion. This work per-
formed under the auspices of the U.S. Department of Energy
by LLNL under Contract DE-AC52-07NA27344 and sup-
ported in part by the National Laser User’s Facility (Grant No.
DE-NA0002035).
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