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To study the effects of chunk mixing, the implosion experiments using capsules filled with deuterated foam
(CDF capsule) were carried out on the Shenguang laser facility. Three types of the CDF capsules, namely
the capsules without Au dopant, with micrometer Au dopant, and with atomic Au dopant, were used in the
experiments. The neutron yields, the size, and the emission intensity of the hotspots were measured. The
CDF capsules without Au dopant produced the highest neutron yield and the largest hotspot size at the time
of peak emission. The capsules with micrometer or atomic Au dopant showed similar reduced neutron yield
and hotspot size. The time-resolved hotspot emissions showed different behaviors between different capsules.
One-dimensional simulations were carried out to understand the implosion dynamics of the CDF capsule without
Au dopant, and to provide the thermodynamic conditions that the Au dopant would experience during the
implosion. The effects of Au dopant were then discussed qualitatively.
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I. INTRODUCTION

Mixing between shell material and gas fuel, caused by hy-
drodynamic instability [1-3], isolated defects [4—6], or kinetic
effects [7-9], is the key to understanding the degradation of
implosion performance in the research of inertial confinement
fusion (ICF) [10-13]. There are theoretical and experimental
studies to quantify the effects of mixing providing the shell
material is atomically presented in the gas fuel at the be-
ginning of the implosion [14-18]. There are also studies to
quantify the effects of subgrid mixing by using the Reynolds
averaged Navier-Stokes equations (RANS) model to explain
the 14-MeV neutron yields [19-21]. In all these studies, the
mixing between the shell and gas are treated as atomic mixing.
However, it is known that the length scale resulting from the
growth of hydrodynamic instability spans from the dimension
of the system to the scale of viscosity dissipation [22,23].
It is interesting to know the role played by the mesoscale
at the interface during the implosion. The spikes may be
described as “chunky” when certain places inside the spikes
cannot be reached by certain particles. For example, if an
electron process is involved, the spike is chunky when the
electron collisional mean free path is smaller than the spike
dimensions, and if the radiations process is involved, the spike
is chunky when the radiation mean free path is smaller than
the spike dimensions. Otherwise, the spikes could be treated
by atomic mixing. The complexity of chunk mixing lies in
the continually evolving thermodynamic conditions of the
spikes under extreme conditions of high-energy density and
high Mach number. The processes of electron and radiative
heating, diffusion, expansion, and shearing work together
and competitively to change the thermodynamic conditions
and decrease the dimension of the spikes. The nature of
multiscale and complex evolution makes the chunk mixing
hard to simulate. To the authors’ knowledge, there are few
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codes capable of modeling chunk mixing in the context of ICF
implosion. In addition, there are few experiments devoted to
the effects of chunking mix on implosion performance. The
only example of such study is the “Marble Campaign” carried
out at the National Ignition Facility [24]. The capsules with
finer pores are expected to be less chunky, and produce more
14-MeV neutrons. In our work, the capsules with CH ablators
is also filled with deuterated foam. Instead of filling H,/T
mixture, the gold dopant is distributed inside the deuterated
foam with the same weight fraction but different initial size.
It is expected that the gold grains with smaller diameters
would be less chunky, and should act more like atomic mix-
ing. The neutron yield should also change accordingly with
the dimensions of the Au dopant. In this article, we report
the comparative studies of implosion experiments using the
capsules without Au dopant, with micrometer Au dopant, and
with atomic Au dopant. The experimental observations would
be helpful to test the model describing the effects of chunk
mixing in ICF implosion.

II. TARGETS AND DIAGNOSTICS

The experiments are carried out on the Shenguang laser
facility [25]. 64-kJ laser energy in a 1.6-ns squared pulse is
used to create a thermal radiation field of 250 eV. The capsule
is driven by the radiation field. The capsules are deuterated
foam balls overcoated with plastic ablator. The diameter of
the foam ball is 720 pum. The thickness the plastic ablator is
40 pm, as shown in Fig. 1. The type-I capsule is not doped
with Au. It is a reference target. The type-II capsule is doped
with Au particles. The weight fraction of the Au particles is
8%, and the average diameter of the Au particles is 1 um. The
Au particles are uniformly distributed in the deuterated foam
ball. The type-III capsule is doped with atomic Au. The Au
weight fraction of the type-III capsule is the same as that of the
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FIG. 1. Schematic of reference target (a), type I, target with
micrometer Au dopant (b), type I, and target with atomic Au dopant
(c), type III.

type-II capsule. The deuterated foams are analyzed on an ICP
(inductively coupled plasma-atomic emission spectrometry)
element analyzer. The amount of element is determined by
quantitative analysis of special emission spectra intensity. The
measured foam density and Au weight fraction are shown in
Table I. Information concerning the morphology and gold dis-
tribution in the deuterated foam materials was obtained from
Scanning Electron Micrography (SEM), which was equipped
with an EDX (energy dispersive x-ray spectroscopy). EDX is
widely used to determine the atomic composition of materials
and impurities nondestructively. The deuterated foam is also
characterized using computerized tomography (CT) scans
with submicrometer spatial resolution. The reconstructed x-
ray images of Au doped foam samples are shown in Fig. 2. In
Fig. 2(a), the small bright spots represent the doped microm-
eter Au grains. In Fig. 2(b), a bright spot is hardly seen which
indicates a distinct initial condition of the micrometer doped
foam. The white areas seen in Fig. 2(b) are the boundary of
the sample or the cracks inside the sample.

The neutron yield is measured using a scintillator detec-
tor. The implosion emission is measured using a flat crystal
coupled to an x-ray streak camera. The spectra are recorded
with ~20-eV spectral and 30-ps temporal resolution. The
implosions are viewed through 25-um CH patches on the
hohlraum with an additional 200-xm Be and 5-um Al filtering
at the spectrometer. The measured spectral energy is designed
between 3 and 4 keV aiming to record the M-band emission
of the gold dopant. To eliminate the influence of the Au
emissions near the laser entrance holes, a slit is used to limit
the view field of the streak camera, and shields are also
mounted near the laser entrance holes. The hotspot shape is
measured by an x-ray framed camera with ~15-um spatial
and 70-ps temporal resolution [26]. The diagnostic window
is on the waist of the hohlraum and covered with 25-um CH
film. The images are filtered by 200-um Be and 20-um Al.

TABLE I. Measured density and Au weight fraction of deuter-
ated foam.

Sample p(mg/cm?) Amount of Au (Wt%)
Micrometer Au 104.82 8.67

Atomic Au 109.26 8.15
Undoped 106.43

FIG. 2. X-ray images of deuterated foam samples doped with
micrometer Au (a) and atomic Au (b).

III. EXPERIMENTAL RESULTS
A. Neutron yield

The neutron yields are shown in Fig. 3. There is a repeated
shot for each kind of capsule. The variations of neutron yields
between shots of the same type of capsule are much smaller
than the variations between shots of different type of capsules.

B. Hotspot images

The hotspot images are shown at two specific times,
namely the x-ray bang time (Fig. 4) and 160 ps before x-ray
bang time (Fig. 5). In Fig. 4, the contours of 50% peak
intensity are also shown. The radii of the contours were 31,
15, and 17 um for the type-I, type-1I, and type-III capsules
respectively. In Fig. 5, a halo around the central bright hotspot
is clearly seen for the type-III capsule at 160 ps before the
x-ray bang time. This time is just after the converging shocks
colliding at the capsule center. The central bright spots are not
observed before this time.

C. Time-resolved implosion emission

The typical result of the streaked spectrum is shown in
Fig. 6(a). By integrating the streaked spectrum over photon
energy, the time-resolved implosion emission is obtained,
as shown in Fig. 6(b). For the type-I capsule, the emission
intensity increased monotonically to its peak value. However,
for the type-II and type-III capsules, the emission intensities
rose at early times, and increased to their peak value sharply
just before the x-ray bang time. The early increase of the
emission intensities for the doped capsule may be correlated to
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FIG. 3. Measured neutron yields for different types of capsules.
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FIG. 4. Intensity normalized hotspot images at x-ray bang time for (a) type-I capsule, (b) type-II capsule, and (c) type-III capsule

the halo observed in the framed images of the type-III capsule
(see Fig. 5).

The spectra for different capsules at different times are
shown in Fig. 7. Each of the spectra is integrated over a
200-ps interval. The spectrum of the type-I capsule is expected
to be the bremsstrahlung spectrum without lines or edges.
However, the measured spectrum of the type-I capsule has
complex structures. Some of the structures are seen in all shots
with fixed locations and repeated patterns despite different
capsules have been used. These structures can be attributed to
the defects on the cathode. The cathode is not changed during
the period of the experiments. It is difficult to make a distinc-
tion between the spectral characteristics and the false signals
caused by the defects on the cathode. Therefore, the detailed
spectral information is uncertain, but the large-scale spectral
features and relative intensities between different capsules are
still meaningful. It is found that all spectra showed similar
shapes and intensities before 0.4 ns, and between 0.4 and
1.2 ns the intensity of the doped capsule exceed the intensity
of the type-I capsule while the profiles are still similar. After
1.2 ns, the type-III capsule shows the most intensive radiation.
Before the x-ray bang time, the intensity of the type-I capsule
increases fast enough and finally exceeds that of the type-1I
capsule.

IV. SIMULATION

A. 1D simulation for the type-I capsule

One-dimensional (1D) radiative-hydrodynamic simulation
is carried out for the type-I capsule using the Multi-1D code
[27]. The measured target parameters and radiation tempera-

100

-100

ture are used in the simulation. The equation of state and the
opacity of the CH material are used for the deuterated foam.
The property of being porous of the foam is not considered in
the simulation. The neutron yield is calculated by replacing
the hydrogen ions with the deuterium ions. The predicted
bang time is defined as the time of peak nuclear reaction
rate, namely the neutron bang time. Generally, the x-ray
bang time was about tens of ps later than the neutron bang
time. The radius of the hotspot (Rys) in the simulation is
found as the 1-keV temperature contour at the neutron bang
time. The comparison between the measurements and the 1D
predictions is listed in Table II. The agreement is acceptable.

B. 0D model for the type-III capsule

1D codes could be also used to describe the implosion dy-
namics of the atomic doped capsule if the equation of state and
the opacity of the mixed material are available. However, for
the purpose of qualitative understanding, a zero-dimensional
model is developed to describe the energy balance of the
hotspot. The price is that the spatial profiles of the temperature
and density in the hotspot are lost.

The basic assumption of the 0D model is that the nuclear
reaction region with constant mass is treated with uniform
temperature, density, and pressure. When atomic Au is added
into the foam, the radiation loss is increased significantly,
while the heat flux and the pressure at the boundary of the
nuclear reaction region are assumed to be little changed. The
energy balance of the nuclear reaction region is described by

dE dEi_ _dBin oy S Pa ()
dt dt dt
100
50
0
50
-100
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FIG. 5. Intensity normalized hotspot images at 160 ps before x-ray bang time for (a) type-I capsule, (b) type-1I capsule, and (c) type-III

capsule.
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FIG. 6. Typical streaked spectrum (a) and time-resolved implo-
sion emission (b)

where E. is the electron internal energy, E; is the ion internal
energy, Eyi, is the kinetic energy, P is the pressure at the
interface, S is the area of the interface, g, was the electron heat
flux across the interface, P,,q is the radiation power summed
over the nuclear reaction region, and AV is the volume change
of the nuclear reaction region. E,, E;, and Ey;, are in units of J.
Equation (1) is actually an expression of energy conservation.
The initial values of the terms in Eq. (1) are derived from
the 1D simulation discussed in previous part of this section.
However, the radiative loss term has to be modified to include
the effect of gold dopant, while the kinetic-energy term and
the internal energy distribution between electrons and ions is
assumed the same. The radiative loss term is given by

Paa(Is™h) = f nuodvdV, )

where 7, is the spectral emission coefficient, p is the mass

TABLE II. Comparison between measurements and 1D predictions.

Yn Bang time (ns) Rys (um)
Measurement 6.0 x 107 1.74 (x ray) 31 (50% contour)
1D simulation 5.1 x 107 1.71 (neutron) 35 (1 keV contour)

condition is satisfied and using Kirchhoff’s law, Eq. (2) can
be written in terms of Planck mean opacity,

24 (kT)*
15h3¢2
24 (kTH*
15h3¢2

Poa(s™) = mep K& (Tep, pep)

+ may K/I:U(TAu’ PAW); 3)

where mcp is the mass of the deuterated foam in the nuclear
reaction region, ma, is the mass of atomic Au in the nuclear
reaction region, c is the speed of light, /4 is the Planck constant,
KE, (cm?/g) is the Planck mean opacity of the deuterated
foam, and K%, is the Planck mean opacity of the gold. Both
KE,, and K, depend on the material temperature and density,
and the dependence can be found in the literature [28]. For
simplicity, the opacity of C is used instead of the opacity of
CD foam. It is assumed that the Au dopant has equilibrated in
temperature and pressure with the environmental CD plasma.
The temperature of the gold is equal to the temperature of
the foam plasma Ta, = T¢p, and the density of the gold is
determined by pressure equilibrium

_ M1+ Zcp)

- . - PAw = ———————PcD; (4)
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FIG. 7. Spectra for different capsules at different times.
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FIG. 8. Normalized neutron yield varies with Au weight fraction
(wt%). The black lines are the calculations with (black solid) and
without (black dashed) ten times reduction of Au opacity. The
measured neutron yield for the type-II capsule is the blue solid line.
The intersection between the blue solid line and the black solid line
corresponds to the effective weight fraction for the type-II capsule.

where Mcp and My, are the atomic weight, and Zcp and
Zay are the average ionization degree. Finally, inserting the
analytical expressions of K%}, and K%, into Eq. (3), and nor-
malizing the term of gold emission to the term of deuterated
foam emission, the radiation power is given by

S <MAu(1 +ZCD)>0'4
(1= ) \Mcp(1 + Zaw)

X pCD(g/cc>0-6TCD(keV)0-9}, (5)

rad

Pa(Js™H = PCD|:1 +155 x

where PSP is the radiation power of the deuterated foam
plasma, and f is the weight fraction of the atomic gold. The
second term in the square bracket quantifies the enhancement
of the radiation power due to the presence of atomic gold
dopant.

The predicted neutron yields with various weight fraction
of atomic Au dopant are plotted in Fig. 8 (back dashed line).
The calculated neutron yield reduction is larger than expected.
The effects of radiative loss must be overestimated. In order to
bring the calculation close to the observation, the gold opacity
has been reduced by a factor of 10, and the new calculaiton
with the reduced gold opacity is shown in Fig. 8 as the solid
black line. As predicted by this calculation, the internal energy
inside the nuclear reaction region decreases about 30%, and
the radiation power increases about 46% at the neutron bang
time. The measured neutron yield for the type-II capsule is
aslo shown in Fig. 8 as the solid blue line. This line intersects
with the solid black line at certain weight fraction. This weight
fraction is regarded as the effective weight fraction for type-1I
capusle.

C. Discussion for the type-II capsule

In this section, we estimate the characteristic scales of
individual process that may affect the evolution of the gold
particles in order to shed light on the dominated mechanism

of chunk to atomic transition. As we have known from the
1D simulation of the type-I capsule, the nuclear reactions
take place in a small central region when the converging
shock has collided in the center and rebounced outward. The
shock runs faster in the foam than in the gold particle, so it
would take more time for the shock to pass through the gold
grains. During the time of shock running through the gold
grains, the foam has already been shock heated, and begins to
heat the gold grains via electron heat conduction. The shock
interacting time with the gold particle, defined as the diameter
of the particle divided by the shock velocity, is estimated using
the model of shock interacting with a boundary [29] and the
ideal equation of state. It is found that the shock interaction
time is about 5.4 ps, which is much shorter than the nuclear
reaction time 30 ps. The gold particles are compressed to 77.2
g/cc with a pressure of 4.9 Gbar and temperature of 300 eV.
The density is four times solid density, and the temperature
caused the ionization degree is consistent with the pressure
given by the Hugoniot condition.

It has been shown in the following that by shock heating
alone the radiation loss power of the gold grains is smaller
than the radiation loss power of the foam plasma, and the
gold grains have little effect on the hotspot energy balance
at this stage. The Planck mean opacity of gold at 300 eV
and 77.2 g/cc is 1.1 x 10*cm?/g, and the mean free path is
1.1 x 1072 m which is much smaller than the dimension of
the gold grains. Therefore, the radiation is trapped inside the
gold grains. The radiation loss caused by the optically thick
gold grains is roughly equal to o7 % S * N in which S is the
surface area of the gold grains, and N is the total number of
the gold grains in the nuclear reaction region. The radiation
loss power is 5.5 x 10°J/s which is much smaller than the
radiation loss power of the foam plasma 2.4 x 10'! J/s.

After the shock passage, the gold grains evolve toward
the temperature and pressure equilibrium with the foam. The
pressure equilibration is achieved by running a rarefaction
wave into the gold grains. The adiabatic sound velocity is
yP/p, and equals c¢; = 1 x 107 cm/s, and the pressure equili-
bration time is on the order of 5 ps. Providing the temperature
remains 300 eV inside the gold grains during this very short
pressure equilibration time, the density drops to 20.5 g/cc by
hydrodynamic expansion. At this time, the Planck mean free
path is 7.2 x 1072 um which is still much smaller than the
dimension of the gold grains. The radiation is still trapped
inside the gold grains.

However, the gold grains are continually heated by the
surrounding foam plasma via electron heat conduction, and
the heated portion of the gold grains continually expands
further to keep the pressure equilibrium. Assuming the tem-
perature of the heated portion of the gold grains is the same
as the temperature of the foam, the density of heated gold is
determined by Eq. (6) where Pcp is the pressure of the foam
plasma, Z is the average ionization degree of the heated gold
plasma, N, is the Avogadro number, and My, is the atomic
weight of gold;

PAu
MAu

The dependence of ionization degree on temperature and
density for gold plasma is approximated by the fitted formula

Nu[1 + Z(Tep, pau)lkTep = FPep. (6)
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Z=592xT (keV)°'47p(g/CC)’0'02. It is found that the
density of the heated gold is reduced to 5.1 g/cc. As a result,
the Planck mean free path is increased to 2.74 um which is
larger than the dimension of the gold grains. At this time, the
radiation from the gold plasma could escape from the hotspot,
bring the internal energy away, and finally quench the thermal
nuclear reaction.

V. CONCLUSION

The implosion experiments using the capsules filled with
deuterated foam are carried out at the SG laser facility. Three
types of capsules are used in the experiments. The type-
I capsule is the reference target. The type-II and type-III
capsules are the gold-doped capsules. The weight fraction
of the gold dopant is the same for both types. However, the
initial size of the gold dopant is different. The type-II capsule
is initially with chunky dopant, while the type-III capsule is
initially with atomic dopant. The experimental observations
are repeatable and changed with the types of the capsule.
The implosion dynamics of the type-I capsule is captured
by the one-dimensional simulation. The agreements between
measurements and calculations are fairly good for the type-I
capsule. The OD model is developed to understand the reduc-
tion of the neutron yield caused by the atomic gold dopant. By
adjusting the gold opacity used in the 0D model, the correct
normalized neutron yield for the type-II capsule has been

predicted. The effective weight fraction for the type-II capsule
is deduced. As for the type-Il capsule, estimations about
characteristic scales are discussed. A scenario describing the
evolution of the gold particles during the implosion process is
proposed. First, the gold particles are heated by the converging
and rebounded shocks, and then by electron heat conductions.
The process of temperature equilibrium between the gold and
foam plasmas gradually increased the gold temperature, while
the process of pressure equilibrium between the gold and foam
plasmas gradually lowered the gold density. Only when the
gold plasma became optically thin could the radiation escape
from the hotspot.

However, the mentioned 1D simulation, 0D model, and the
scenario for the gold particles could not explain the features
observed from the framed hotspot images and the streaked
spectra. There is a lack of unified simulation to explain all the
observations self-consistently. In other words, the experiments
presented in this work can serve as a comprehensive data set
to validate this unified simulation.
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