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This paper details and examines the origins of radiation drive asymmetries present during the initial High Foot
implosion experiments. Such asymmetries are expected to reduce the stagnation pressure and the resulting
yield of these experiments by several times. Analysis of reemission and dual axis shock timing experiments
indicates that a flux asymmetry, with a P2/P0 amplitude that varies from -10 to -5 %, is present during the
first shock of the implosion. This first shock asymmetry can be corrected through adjustments to the laser
cone fraction. A thin shell model and more detailed radiation hydrodynamic calculations indicate that an
additional negative P2/P0 asymmetry during the second or portions of the third shock is required to reach
the observed amount of asymmetry in the shape of the ablator at peak implosion velocity. In conjunction
with symmetry data from the x-ray self emission produced at stagnation, these models also indicate that
after the initially negative P2/P0 flux asymmetry, the capsule experiences a positive P2/P0 flux asymmetry
that develops at or before ~2 ns into the peak of the laser power. Here, direct evidence for this inference,
using measurements of the x-ray emission produced by the lasers irradiating the hohlraum, is presented.
This data indicates that the reduction in the transmitted inner laser cone energy results from impeded
propagation through the plasma associated with the ablation of the capsule target. This paper also correlates
measurements of the outer cone laser deposition location with variations in the observed x-ray self emission

shape from experiments conducted with nominally the same input conditions.

I. INTRODUCTION

Starting a chain of fusion reactions that produces more
energy than required to initiate the process is a crucial
step in the pursuit of a viable fusion energy scheme and
for the study of so-called burning plasmas. Multiple in-
ertial confinement approaches to achieving this goal are
being pursued!™. Common to all of these approaches
is the necessity to form and confine a central volume
of high pressure (>100 Gbar) deuterium-tritium (DT)
plasma within a dense shell of DT fuel (>100 g/cm?).
If the pressure of the central volume can be maintained
over a sufficient time duration, the surrounding fuel can
be heated via alpha particle deposition initiating a cas-
cade of fusion reactions that will release more energy, in
the form of energetic neutrons, than initially supplied to
the system.

In the indirectly driven inertial confinement approach
being pursued at the Lawrence Livermore National Labo-
ratory, the highest performing implosion experiments to
date resulted from the so-called High Foot design that
increased the level of stabilization to hydrodynamic in-
stabilities above that of the Low Foot design that was
initially pursued®®. While achieving a fuel gain greater
than unity”, the yield, instead of continuing to increase,
was observed to plateau as the velocity of the implosion
was increased. For implosions that are symmetric or one
dimensional with convergence, increasing the velocity in-
creases the available kinetic energy of the shell. This in

turn increases the amount of energy that is transferred
from the shell into the internal energy of the reacting hot
spot at stagnation. For an approximately constant con-
vergence ratio, higher velocities therefore are expected to
increase the hot spot pressure and yield. However, if the
implosion is compressed asymmetrically there will be an-
gular variations in the momentum in the shell that com-
presses and confines the central hot spot and changes in
symmetry with convergence will be observed. The vari-
ations in the shell momentum desynchronize the time at
which different angular elements of the shell compress
the hot spot. This extends the duration of time over
which kinetic shell energy is transferred into the hot spot.
This lowers the amount of kinetic energy which can be
transfered into internal hot spot energy at a given time
and therefore reduces the stagnation pressure and per-
formance of the implosion®. In the High Foot series of
experiments, changes in symmetry with convergence were
observed and are thought to be part of what limited the
pressure and yield obtained.

Radiation drive asymmetries give rise to symmetry
swings and are one effect that can limit the pressure and
yield of the reacting DT plasma. Detailed radiation hy-
drodynamic modeling of the data was conducted with the
HYDRA code®. This modeling used a phenomenological
estimate of the radiation flux asymmetries to reproduce
many of the experimental observations. Calculations per-
formed in 3D and 2D find that with the estimated level of
radiation flux asymmetries, the yield of such implosions



is reduced by ~2-5 x, respectively!®:1L.

This work aims to understand and document the ori-
gins of the radiation drive asymmetries present during
the High Foot series of experiments. A description of
the asymmetry present during the first shock and how
this asymmetry is thought to evolve with time will be
given. Using x-ray imaging of the hohlraum emission,
we will also present new evidence for a time dependent
asymmetry during the peak of the x-ray drive. This late
time asymmetry is consistent with the phenomenological
description constructed to model the observed symme-
try of the x-ray self emission at stagnation. The data
suggests that the peak radiation drive asymmetry arises
from a reduction in the transmission of the inner cone of
the laser through the plasma associated with the target
ablation. Furthermore data from x-ray imaging of the
hohlraum also helps to explain variations in the shape of
x-ray emission on repeated experiments conducted with
the same initial conditions.

The paper is organized in the following manner. In sec-
tion II, a description of the integrated implosion experi-
ments and x-ray imaging diagnostics used will be given.
Following this, section IIT will present the results and
analysis of the measurements used to infer time depen-
dent asymmetries. Finally in section IV, our findings will
be summarized and future work will be proposed.

Il. EXPERIMENT

In the indirectly driven inertial confinement approach
being pursued at the Lawrence Livermore National Lab-
oratory, a spherical capsule target comprised of an outer
ablator shell with an inner shell of DT fuel is first placed
at the center of a cylindrical cavity called a hohlraum.
The 192 laser beams of the National Ignition Facility
(NIF) are then used to irradiate the inner surface of the
hohlraum, producing a radiation drive which ablates the
outer surface of the capsule target. The outward ablation
of material triggers the inward compression or implosion
of the remaining ablator and DT fuel shell. Figure 1 a-b)
details the capsule and hohlraum dimensions used in the
High Foot experiments described here. In this work, gold
so-called 575 hohlraums were used. Here 575 refers to the
inital hohlram diameter of 5.75 mm. The hohlraums were
filled with helium gas to a density of 1.6 mg/cm? to im-
pede the expansion of the hohlraum wall. The capsules in
this subset of the High Foot implosions are quite similar
to the Rev. 5 capsule design'?. The notable difference
is that the dopant has been changed from germanium to
silicon in this work!3. Changing the dopant to silicon
increased the ablation pressure and subsequent velocity
of the implosion'*. This increase in ablation pressure is
due to the lower emissivity of silicon as compared to ger-
manium at energies corresponding to the peak spectral
intensity associated with the radiation drive. In addi-
tion, silicon was chosen as it provides nearly the same
amount of shielding from the gold M shell radiation, but

has a lower atomic number than germanium, reducing the
amount of radiative losses that would occur if the doped
ablator were to mix into the hot spot. These capsules
have an outer radius of 1.125 mm and an outer ablator
shell that consists of layers of undoped and silicon doped
glow discharge polymer (GDP) material. GDP is primar-
ily comprised of hydrocarbon (CH) with small amounts
of oxygen. The 195 pm thick CH ablator shell encom-
passes a cryogenically cooled, solid density DT ice layer
with a thickness of ~69 pm. Figure 1 b) shows the in-
cident pattern of laser intensity on the hohlraum wall.
The intensity pattern is calculated using the VISRAD'
program and does not account for absorpbtion, refrac-
tion or reflection from the plasma within the hohlraum.
As seen in Fig. 1 b), the 192 beams of the NIF are ar-
ranged into three laser cones, two outer and one inner.
Before irradiating the hohlraum the laser wavelength is
frequency tripled from 1054 nm to 351 nm to reduce the
growth rate of laser plasma instabilities. The temporal
history of the requested combined outer cone and inner
cone power for experiment N1305016, the first High Foot
layered implosion, is shown in Fig. 1 ¢).

The symmetry of the radiation flux that the capsule
experiences can be adjusted by varying the incident inner
cone fraction, defined here as, CFy, = Piner/(Piner +
Pouter); where Piner and Poyter denote the power of the
inner and outer cones, respectively. The requested inner
cone fraction is also shown in Fig. 1 c).

As seen in Fig. 1 c), the inner cone fraction varies
in time, to account for several time dependent processes
which effect symmetry. These processes include time de-
pendent laser plasma interactions within the hohlraum,
including inverse Bremsstrahlung absorption, and stim-
ulated Raman and Brillouin scattering. These effects
reduce the amount of laser power that can propagate
and couple to the hohlraum cavity. Inner cone propa-
gation is relatively more challenging as the laser beams
must propagate a longer distance through the hohlraum
as compared to the laser beams of the outer cone.

Indeed in this work, in order to maintain the x-ray
drive from the inner cone, it was necessary to employ the
cross beam energy transfer (CBET) process'”. CBET
occurs near the laser entrance hole where the inner and
outer cones spatially and temporally overlap. Here en-
ergy is transferred from the outer to inner cone via an ion
acoustic wave driven at the beat frequency that arises
from the difference in laser frequency / wavelength of
the inner and outer cones. The amount of energy trans-
ferred follows the approximate proportionality APiyner
Piner Pouterne AN/T,. Here n. and T, denote the plasma
density and temperature, respectively. At the NIF, the
wavelength separation between the inner and outer cones
can be varied, allowing for control of the amount of en-
ergy transferred. As will be discussed, in the initial High
Foot experiments, it was found that the amount of power
that had to be transferred from the outer to inner cone
via CBET had to be increased to maintain symmetry as
the magnitude and duration of the peak of the x-ray drive
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FIG. 1. (Color online) Illustration of hohlraum and capsule dimensions from above a), and from the side b). In b), the

colormap represents the requested laser power deposition of the inner and two outer cones during the peak power of the laser.
Also shown is the aperture through which the shape of x-ray self emission is viewed at stagnation. The dashed circle represents
the original capsule diameter. ¢) details the requested laser power of the of the two combined outer cones (solid) and the inner
cone (dashed) as well as the inner cone fraction as a function of time.

was increased. The change in the x-ray self emission sym-
metry as the drive duration and magnitude are increased
highlights the presence of time dependent radiation drive
asymmetries in these experiments.

A large effort has gone into developing methods to
diagnose and then model the effects of radiation drive
asymmetries throughout the implosion'®. In the initial
set of high foot experiments described here, the symme-
try of the first shock was measured using the Reemission
and Keyhole shock timing approaches'®2%. Information
on the integrated impact of radiation drive asymmetries
during the second shock, and during the peak of the x-
ray drive is inferred from radiographic measurements di-
agnosing the shape of the ablator shell at peak velocity
and from the symmetry of the x-ray self emission at stag-
nation. The symmetry of the x-ray emission at stagna-
tion is dependent on the entire temporal history of the
radiation flux asymmetries and can also be modified by
hydrodynamic instabilities?! and the growth of pertur-
bations seeded by engineering features used to support
and fill the capsule??. Using the self emission shape to
infer the symmetry of the radiation flux during the peak
of the x-ray drive is therefore quite challenging®!+23.

In this work, additional data from diagnostics that im-
age the x-ray emission from the hohlraum, is used to infer
changes in the radiation symmetry during the peak of the
x-ray drive. The two diagnostics used are the static x-
ray imager (SXI) and the equatorial hard x-ray imager
(EHXI)2425. These diagnostics provide information on
the location and relative magnitude of the outer and in-
ner laser cone energy deposition. As both diagnostics are
time integrated measurements, the signals are almost en-
tirely weighted to reflect the peak of the radiation drive.
The SXI and EHXI signals are recorded onto TR and

MS image plate detectors,respectively. Figure 2 a)-c) il-
lustrates the field of view of the two diagnostics.

As shown in Fig. 2 b), the EHXI diagnostic images
the x-ray emission from the entire hohlraum and observes
the location of the outer cones. The emission is imaged
through the 30 pm thick gold hohlraum wall, the 150
pm thick aluminum thermo-mechanical package, 10 mm
of plastic vacuum windows and a 30 pm thick aluminum
detector filter. With this filtering and for the expected
range of plasma temperatures, the detected EHXI sig-
nal is expected to be comprised primarily from photons
with energies > 17 keV, with the peak in the spectral
response between 25-27 keV and a smaller contribution
from photon energies between 10-12 keV. The position of
the outer cone is found to an accuracy of ~ +50 um by
fitting a Gaussian distribution to signal.

As seen in Fig. 2 a) and c), the lower SXI diagnostic
looks through the laser entrance hole at an angle of 19°
with respect to the hohlraum axis and images a portion
of the hohlraum wall. Figure 2 a) shows the calculated
laser intensity distribution within the hohlraum made us-
ing the VISRAD program'®. The SXI diagnostic images
an azimuthal portion of the inner and outer cones seen in
Fig. 2 ¢). In Fig. 2 d) the synthetic SXI image has been
projected into cylindrical coordinates. Here the relative
intensities between the outer and inner cones for a cone
fraction of 0.33 can be seen. The portion of the inner
cone signal that is observed is comprised of beams that
enter from the upper and lower laser entrance holes. The
beams that enter at the larger 30° angle with respect
to the vertical axis of the hohlraum are ~1.4x more in-
tense when projected onto the hohlraum wall compared
to the 23° beams due to the steeper angle of incidence.
The calculated laser intensity distribution in Fig. 2 a),
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FIG. 2. (Color online) a) An illustration of the calculated laser intensity distribution inside the holhraum. Here the outer and
inner cones are seen. b) An x-ray image of the hohlraum acquired using EHXI diagnostic. The outer cone location can clearly
be seen, while the inner cone emission is less distinct due to the lower inner cone intensity. Also seen in the EHXI image is the
central emission from the hot spot at stagnation. The bright emission above and below the outer cones is the unattenuated
emission from hot plasma that is flowing out of the hohlraum. ¢) The SXI diagnostic line of sight and field of view. The SXI
diagnostic discussed here looks up through the laser entrance hole at an angle of 19° and images emission from a portion of
the inner and outer cones. d) The expected SXI signal after being projected into cylindrical coordinates. This expectation was
produced using a cone fraction of 0.33. The labels on the inner cone denote whether the inner cone beams have entered through
the upper (U) or lower (L) laser entrance hole and the relative angle of the inner cone propagation, either 30° or 23° with
respect to the vertical hohlraum axis. e) The expected relative spectrally integrated SXI signal as a function of temperature
from x-ray source produced via Bremsstrahlung. This expectation includes the 75 pm thick Kapton filtering as well as the

detector response.

¢) and d) were made after first decreasing the radius of
the hohlraum by 500 pm to account for the amount of
hohlraum wall closure. This level of hohlraum closure is
inferred by measuring horizontal extent of the outer cone
signal that is observed in the EHXI diagnostic. The SXI
diagnostic records four time integrated images. Each im-
age is filtered by 75 um of Kapton. Three of the images
are filtered with an additional titanium filter that is 5, 10,
and 20 pm thick, respectively. This work focuses on anal-
ysis of the image filtered by only the Kapton. The peak in
the spectral response of this SXI image occurs between 4-
5 keV for the expected range of plasma temperatures (2-
5 keV). The Kapton filtering significantly attenuates the
signal from photons with energies <2 keV. An estimate of
the expected SXI signal level from Bremsstrahlung emis-
sion from a plasma with an electron temperature between
1-5 keV is shown in Fig. 2 e). Here the 75 pm of Kapton
filtering and image plate detector response have been in-
cluded. For a fixed volume, density, and charge state,
Fig. 2 e) indicates that the signal from the free-free
emission scales approximately linearly with the plasma
electron temperature.

Using these diagnostics to infer radiation flux asymme-

tries during the peak of the drive, in conjunction with ree-
mission and dual axis shock timing experiments used to
infer symmetry during the first shock, we can assess the
origin of changes that were observed between the shape
of the ablator at peak velocity and the shape of the x-
ray self emission at stagnation. To quantify changes in
symmetry, angular variations in the radiation flux sym-
metry, absorption of the ablator, or x-ray self emission at
stagnation are fit using a Legendre polynomial basis set.

Figure 3 shows data from three companion experi-
ments. Each experiment used a similar experimental
setup with regards to the hohlraum, capsule dimensions,
and laser pulse shape, power, and wavelength separation.
The first of the companion experiments, N130303, was
conducted using the 2D convergent ablation platform?2°.
The goal of this experiment was to ascertain the shape
of the ablator shell at a convergence ratio of 4-6, which
occurs during the time period at which the peak implo-
sion velocity has been reached. While this measurement
is made using a hohlraum with large diagnostic windows
and with a surrogate D3He gas filled symmetry capsule,
the low mode shape of the ablator at a convergence ratio
of 4-6 is still thought to accurately reflect the ablator shell
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FIG. 3. (Color online) a-b) The total delivered laser power and incident cone fraction vs. time for experiment N130501 (solid
line) and N130812 (dashed line). c¢) The amplitude of P2 as a function of time for N130501 (diamonds) and N130812 (circles).
Also shown is the P2 amplitude of the in-flight ablator shell measured using radiography on experiment N130303 (open squares).
The solid blue square represents the P2 amplitude of the x-ray self emission at stagnation from N130303. N130303 used the
same pulse shape and cone fraction as N130501. d-f) Measurements of the in-flight shape from N130303 and x-ray self-emission

at stagnation from N130501 and N130812.

shape of implosions conducted with DT fuel layers to
within ~5 pum?%. The surrogacy in ablator shape at peak
velocity between layered and symmetry tuning capsules
arises from the fact that the pressure gradient across the
shell and total shell mass for both targets is substantially
the same. Using this surrogacy, the temporal evolution of
radiation drive asymmetries can be broadly inferred from
comparing the ablator shell shape, at a convergence ra-
tio of 4-6, to the shape of x-ray self emission from higher
convergence layered implosions. A radiographic image of
the capsule from experiment N130303 is shown in Fig. 3
d). The ablator was observed to have a prolate shape.
Over the time period of observation, as shown by the
open square symbols in Fig. 3 ¢), Legendre mode analy-
sis of the shape of minimum transmission indicated a P2
coefficient amplitude of 19-23+ 2 pm.

The second experiment, N130501, was conducted using
a capsule with a DT ice fuel layer and used the same pulse
shape as N130303. The delivered laser pulse shape and
cone fraction for experiment N130501 are shown in Fig.
3 a) and b), respectively. This pulse shape used a total of
~1.3 MJ of energy, had a peak power of ~350 TW, and
a wavelength separation (before frequency tripling to 351
nm) between the outer and the inner 23° and 30° cones
of 85 and 7.3 A, respectively. As seen in Fig. 3 e), the
shape of x-ray self emission at stagnation is slightly pro-
late. Figure 3 c), shows that over the emission duration,
the P2 magnitude of the 17% contour of peak emission,

denoted by the diamond shaped symbols, decreases lin-
early from 6.5 to 2.7 um. The shape of self emission at a
contour level of 17% of the maximum emission value has
been traditionally used to indicate the shape of the con-
fining fuel. Comparing the shape of the ablator at peak
velocity to the shape of the x-ray self emission, it is ob-
served that the amplitude of the P2 coefficient changes by
~16 pm. A similar change in the P2 amplitude between
the self emission and ablator shape was also observed
on the lower convergence 2D convergent ablation experi-
ment N130303. This observation supports the hypothesis
that, in addition to any hydrodynamic instabilities which
might be present, there is also a hohlraum drive asym-
metry that is modifying the shape of the assembled fuel
and hot spot.

Further evidence for a time dependent asymmetry was
observed on experiment N130812. This experiment also
used a capsule with a DT fuel layer. As shown by the
dashed line in Fig. 3 a) and b), the pulse shape and cone
fraction used on N130812 are nearly identical to those
used on N130501. The wavelength separation was also
kept the same as N130501. The major difference in the
laser pulse shape on N130812 was that the duration of the
laser pulse at peak power was extended by an additional
nanosecond. This extension was made to increase the
implosion velocity and subsequent performance. As seen
in Fig. 3 f) and by the circular symbols in Fig. 3 c),
extending the laser pulse resulted in a more oblate hot



spot with a P2 coefficient amplitude of ~ - 9 um at the
time of peak x-ray emission. The further decrease in the
amplitude of the P2 coefficient from experiment N130501
indicates that the asymmetry amplitude is increasing in
time.

Two more layered experiments N130927 and N131119
were performed with the same pulse duration as N130812.
In these experiments, the peak power of the laser was in-
creased to 395 and 410 TW, for N130927 and N131119,
respectively. The power was raised to increase the implo-
sion velocity and performance. On each of these experi-
ments the wavelength separation was increased to main-
tain symmetry at stagnation. Initially, this approach
worked. On N130927, the average wavelength separation
was increased to 9.2/8.5 A. This seperation was 0.95 A
larger than the separation used on N130812. At these
conditions the magnitude of the hot spot P2 decreased
from the ~ -9 pm observed on N130812, to -4 pm. As the
power was further increased on N131119, the wavelength
separation was also increased to the maximum available
of 9.5/8.8 A. On this experiment the magnitude of the
hot spot P2 increased to ~ -11 pum. The inability to
reduce the P2 amplitude through use of wavelength sep-
artion indicated a lack of control over hot spot symmetry
under these laser, hohlraum and capsule conditions. To
reduce this amount of P2 amplitude to 0, experimen-
tally derived scalings suggest a further increase of 1.3 A
beyond the maximum availiable wavelength separation.
However, it should be noted that increasing the wave-
length separation only increases the transfer if doing so
brings the beat frequency of lasers closer to the resonance
frequency of the plasma. As there are uncertainties on
the plasma conditions at which the transfer is ocurring,
the resonant frequency of the plasma is also uncertain.
Therefore, the amount of transfer associated with a fur-
ther increase in the wavelength separation is also uncer-
tain. Subsequent experiments focused on using thinner
capsules and uranium lined hohlraums to increase the
implosion velocity while maintaining symmetry27-28,

This set of initial High Foot experiments indicated that
controlling the symmetry at stagnation as the pulse du-
ration and peak power was increased was challenging. To
understand why, this paper focuses on a subset of experi-
ments, where measurements of radiation drive symmetry
were made using surrogate tuning platforms. The mea-
surements of the radiation flux asymmetry during the
first shock will first be examined. The impact of the first
shock asymmetry on the shape of the ablator at peak ve-
locity will be estimated using a rocket model to estimate
the trajectory of the ablator shell. Comparisons to cal-
culations will also be discussed. Inferences of radiation
drive asymmetries during the peak of the radiation drive
will be made by examining the SXI and EHXI data.

Il. RESULTS
A. First shock asymmetry

Two methods of measuring the incident radiation flux
asymmetry during the first shock of the radiation drive
are the reemission and dual axis shock timing techniques.
The reemission experiments replace the CH capsule with
a bismuth coated capsule that reemits the incident ra-
diation drive. The reemission of the incident x-rays is
viewed from the equatorial line of sight through a diag-
nostic window ~ 2 mm in diameter. The reemission of
the x-rays is temporally and spatially resolved using a
gated micro-channel plate detector. The radiation flux
symmetry at the capsule is quantified by decomposing
the angular variation in reemission amplitude using the
Legendre polynomial expansion. This method was used
to assess the incident radiation flux asymmetry for the
first 2.5 ns of the laser pulse.

The reemission experiment, N140227, was performed
with a cone fraction 0.058. During this time period,
this cone fraction was nearly the same to the cone frac-
tion delivered on the layered experiments N130501 and
N130812, which were 0.058 and 0.053, respectively. How-
ever, the reemission experiment was conducted with a
wavelength separation of 6.9/6.2 A, which is on aver-
age 20% smaller than the separation used in the lay-
ered experiments. Calculations suggest that during the
time period over which the reemission measurements are
made, the plasma conditions support a broad range of
frequiences / wavevectors over which the transfer of en-
ergy between the outer and inner laser beams can occur.
These calculations indicate, that due to this broad reso-
nance, the amount of power transfered is fairly constant
for wavelength separations between 6 and 9 A2°. There-
fore, it is expected that the radiation flux asymmetry in-
ferred from the reemission experiment will be similar to
those that exist in the fully integrated layered implosion
experiments, despite the difference in the wavelength sep-
aration. The diamond data point in Fig. 4 denotes the
expected P2/P0 flux asymmetry at 1.5 ns for the layered
experiments. The P2/P0 flux asymmetry was inferred to
be -8.5 &2 % from the remission experiment N140227.

The radiation symmetry later in time is inferred using
dual axis shock timing experiments. Here an inference
of the radiation drive symmetry can be made through
measuring the shock velocity in surrogate targets filled
with cryogenic liquid deuterium?®. As the name implies,
the dual axis shock timing techniques measures the shock
velocity along the polar and equatorial axes. The pres-
sure produced by the radiation drive can be related to the
shock velocity via the Hugoniot relationships and using a
polytropic gas equation of state in the following manner,

2
Py = ——p,U? 1
f 7+ 1/)1 s ( )
where Py is the downstream pressure, v is the adiabatic
index, p; is the upstream density and U, is shock ve-



locity. Equation 1 is valid in the first shock of these
experiments, when 2p;U2 > (y — 1)P; where P; is the
upstream pressure of the unshocked material. Scalings
to relate the pressure induced from x-ray ablation have
been developed?, and follow the approximate proportion-
ality of P, = 373, where the units of pressure are in
Mbar and the units of the radiation temperature, T,
are in units of hundreds of eV. In the limit that the ab-
lation pressure, P, is approximately equal to the final
downstream shock pressure, P¢, Eq. 1 can be used in
conjunction with the ablation pressure proportionality
to relate the ratio of the measured shock velocities at the
pole and equator of the capsule to the ratio of incident
temperature and therefore flux in the following manner,
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where the radiation temperature has been related to the
radiation flux, F, via F oc T2, To relate the ratio of flux
asymmetries at the pole and equator to the normalized
2nd Legendre coefficient, the following relation was used,

Fpole _ 1
P2 Fequator
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where the P2 amplitude has been normalized to the av-
erage flux PO.

The solid blue line in Fig. 4 is the inferred temporal
dependence of the P2/P0 flux asymmetry as calculated
using Eqn. 3. This data has been temporally smoothed
over ~250 ps. The time period over which this inference
is made corresponds to the first shock of the implosion.
At ~10 ns, the second shock merges with the first shock
wave and the data quality drops below that required to
perform this analysis. While the reemission measure-
ment is a temporally resolved observation of the instan-
taneous flux asymmetry at the capsule, the asymmetry
inferred from the shock timing data is not. This is due
to the finite amount of time it takes for changes in the
radiation flux at the ablation front to communicate and
impact the measured shock front velocity. To estimate
the time at which the flux asymmetries are occurring the
shock velocity data has been shifted backward in time by
an estimated transit time. This transit time was calcu-
lated using the radial shock location and the tabulated
values of the sound speed associated with the measured
shock speed in in the plastic ablator and liquid cryogenic
D2. The shaded blue region represents the uncertainty in
measurement and has a half width 2.6%. This half width
represents three times the standard deviation of the in-
ferred flux over the 250 ps temporal smoothing duration.
It should also be noted here that as the equatorial shock
timing measurement is made at a specific azimuthal an-
gle, it is sensitive to the laser energy in the outer and
inner cones within a range of aziumthal angles (~ £45°)

Inferred P2/PO0 flux (%)
[
o &

L
o

0 2 4 6 8 10
Time (ns)

FIG. 4. (Color online) Inferred amplitude of the incident
normalized P2 flux asymmetry from reemission experiment
N140227, solid red diamond, and dual axis shock timing ex-
periment N130214, solid blue line.

centered around the line of sight of detection. Differences
in delivered laser energy between integrated and shock
timing in this azimuth are expected to lead to variations
in the P2/PO0 of the incident flux by up to ~ £4%. The
reemission and shock timing data both indicate that the
first shock drive is higher around the equator than it is
at the poles of the capsule, with a P2/P0 amplitude that
varies from ~-10 to -5 %.

B. Impact of first shock asymmetry at peak velocity

To estimate the impact of the observed first shock flux
asymmetry on the shape of the ablator at peak velocity,
a thin shell rocket model was used3’. As previously de-
scribed, this model consists of two acceleration subphases
to approximate the shell trajectory. In the first phase, the
trajectory is calculated by computing the down stream
particle velocity for a strong shock. This is done until
the shock traverses the ablator shell. After this hap-
pens, the trajectory is then calculated using the classical
rocket model rate equations. In the first phase of acceler-
ation, the velocity can be written as, \/2P¢/((y + 1)p;).
For a first shock ablation pressure of 3 Mbar, v =2 and
pi=1.05 g/cm3, an initial implosion velocity of ~14 km /s
is estimated. This model is expected to approximate the
implosion trajectory up until peak velocity is reached,
but is not sufficient to estimate the deceleration phase
and resulting hot spot shape. In this work the thin shell
rocket model was adapted to calculate the shape of the
shell by computing multiple one dimensional implosion
trajectories for the range of angular radiation fluxes pre-
scribed by an applied time dependent flux asymmetry.
Details of the applied flux are given in Fig. 5 a). The flux
amplitude was derived from measurements of the radia-
tion temperature on N130501. In the model, in order to
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FIG. 5. (Color online) Thin shell rocket model inputs a) and
the resulting calculated P2 and PO b). a) Solid red line de-
notes the time history of the temperature associated with the
radiation drive. Here the blue dashed line is the time de-
pendent value of the applied normalized P2 coefficent of the
radiation drive symmetry. b) The dashed green and solid blue
curves represent the calculated time dependent average radius
(P0), and the magnitude of P2 associated with the asymmet-
ric shell.

reach the observed implosion velocity, the measured radi-
ation temperature was increased by 10 eV throughout the
drive. The angular flux amplitude was described using a
Legendre polynomial with a prescribed time dependent
normalized P2 coefficient as shown by the dashed line
in Fig. 5 a). Here, to evaluate the impact of the ob-
served first shock asymmetry, the temporal P2/P0 flux
asymmetry during the first shock was fixed at -8.5% to
approximate the observed asymmetries from the reemis-
sion and shock timing experiments. In the model, after
the first shock, a symmetric radiation flux was applied.
In this manner, the impact of the first shock asymmetry
on the shape of the shell at peak velocity can be assessed
and compared to the measurements described in Fig. 3
c).

By computing multiple trajectories, the temporal evo-
lution of the ablator shell shape that results from pre-
scribed radiation drive asymmetries can be estimated.
This shell shape can be decomposed into Legendre poly-
nomials and compared to the observed shape of the ab-
lator shell from experiment N130303. The calculated av-

erage implosion radius, PO, in mm and the magnitude
of P2 in pum are given by the dashed green and solid
blue lines in Fig. 5 b), respectively. The early time flux
asymmetry drives the capsule more around the equator.
This causes the ablator shell radius to move further in
along the equator relative to the pole and leads to an
increasingly positive P2 shell coefficient, as seen in Fig.
5 b). However, during the peak of the radiation flux,
the magnitude of P2 stops increasing and begins to de-
crease. The reversal in the slope of the P2 amplitude dur-
ing the peak of the radiation flux represents the so-called
phase inversion process, in which previous calculations
that have applied early time asymmetries have shown,
that the magnitude of the P2 in the hot spot emission
at stagnation will have an opposite sign as the applied
first shock flux asymmetry. This inversion results from
angular differences in radius, surface area and absorbed
flux for implosions which have been distorted in shape
during the first shock. In the example described here in
Fig. 5, the first shock flux asymmetry leads to a smaller
radius around the equator than at the poles of the abla-
tor shell at the time of peak radiation flux. This leads
to a relatively higher velocity at the poles of the ablator
shell as more energy is absorbed over the larger surface
area at the peak of the radiation drive. The higher polar
velocity causes the so-called reversal of the slope of P2
as seen in Fig. 5 b).

This thin shell rocket model indicates, that for the ap-
proximate flux asymmetry experimentally observed, the
P2 amplitude associated with the ablator shell at a ra-
dius of 200 pum is 4.8 pm. Varying the P2/P0 radiation
flux asymmetry by +4% in the first shock changes the
P2 inferred at this radius by +2.3 ym. During the first
phase of acceleration the rate of change in P2 can be es-
timated by %(%US pole — %Us equator)- Lhe shock velocity
can be written as function of incident flux asymmetry by
combining Eq. 2 and Eq. 3. In this manner the rate of
P2 increase with time can be written,

1_ 1P\ 7/16
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For a first shock velocity of 21 pm/ns that is associated
with a T}.,q of 100 €V and a Py /Py flux asymmetry of -8.5
%, Eq. indicates that the rate of change of P, with time
is 0.56 pm/ns. The same rate of P2 increase with time
was found during the first phase of acceleration, from 2-8
ns, using the detailed rocket model shown in Fig. 5 b).
Radiation hydrodynamic calculations were also used
to assess the impact of the first shock asymmetry on the
shape of the ablator at peak velocity. Applying a con-
stant first shock flux asymmetry with a P2/P0 of -8.5%
resulted in the shell having a ~6.3 ym of P2 at a radius
of 200 pm. Both the thin shell model and more sophis-
ticated radiation hydrodynamic modeling therefore indi-
cate that the observed first shock flux asymmetry does
not produce the ~20 um of P2 in the ablator shell exper-
imentally observed on N130303. Therefore, we conclude



that an additional negative P2/P0 flux asymmetry dur-
ing the second and third shocks is required to distort the
ablator shell to the level observed at peak velocity.

Another effect not explicitly considered in the thin
shell model described above, is the radiation flux asym-
metry of the hohlraum after the end of the laser pulse.
After the laser pulse has turned off the radiation flux is
expected to drive the capsule more at the equator and
have a negative P2 asymmetry. Depending on the level,
this can push the ablator shell more prolate, resulting in
a larger P2 amplitude at peak velocity. However, if this
was the dominant asymmetry, then one would expect to
see a hot spot self emission shape with a higher P2 coef-
ficient than observed at peak velocity. As seen in Fig. 3
c-e) a reduction in the P2 coefficient between the ablator
at peak velocity and the shape of the hot spot emission
is seen for the radiation drive applied on N130303 and
N130501.

From this data and from inferences using the thin shell
model, it appears that in addition to the observed nega-
tive P2/P0 flux asymmetry during the first shock of the
implosion, in order to obtain the amplitude of P2 seen
in the ablator shell at peak velocity, a negative P2/P0
flux asymmetry must also be present in the 2nd or be-
ginning of the 3rd shock of the drive. Including the first
shock asymmetry, the effect of 2nd or 3rd shock asym-
metries must be sufficient to increase the P2 amplitude
by ~15 pm in order to reach the observed ~20 pym of
P2 in the ablator shell at peak velocity. To increase the
P2 by this amount, the thin shell model indicates that
a P2/P0 flux asymmetry of -30% or -2.5% would need
to be applied in the second shock or third shock, respec-
tively. However in order to achieve the observed change
in symmetry between peak velocity and stagnation, the
P2/P0 asymmetry cannot stay negative throughout the
entire 3rd shock.

To model the observed change in symmetry between
the shell at peak velocity and the shape of the x-ray
emission at stagnation, more sophisticated two dimen-
sional radiation hydrodynamic calculations that account
for the time dependent deceleration of the ablator shell
are required. In order to reproduce the implosion shape
at peak velocity and at stagnation, calculations require a
positive P2 (pole high) flux asymmetry to develop dur-
ing the peak of the radiation drive. This is consistent
with the previously discussed analysis of the thin shell
model. Additionally these findings are informed from
changes in the observed hot spot shape as the laser pulse
was extended. As shown in Fig. 3 e-f) and previously
discussed, the hot spot shape was observed to become
more oblate as the pulse duration was extended between
N130501 and N130812.

C. Peak flux asymmetry

The cause for this change in symmetry has been hy-
pothesized to arise from either a reduction in the cross

beam energy transfer or an increased absorption of the
inner laser cone that occurs during the peak of the laser
drive. Both of these hypothesis would lead to a positive,
pole high radiation flux asymmetry and could account
for the change in symmetry observed. To examine these
hypotheses SXI data from N130501 and N130812 was
compared.

Figure 6 a) and b) shows the SXI data projected into
cylindrical coordinates for N130501 and N130812, respec-
tively. Localized emission from regions irradiated by the
outer and inner laser cones is observed. Due to this lo-
calization of signal, and due to the 75 pm of Kapton fil-
tration, the observed emission is thought to be from gold
hohlraum material plasma, that is close to critical density
where the lasers deposit their energy. On these images,
the rectangular region corresponds to the azimuth over
which the profiles in Fig. 6 ¢) are taken. This region was
chosen to compare the relative amplitude of the inner and
outer cone signal. The images shown in Fig. 6 a) and b)
are on the same intensity scale, while the profiles shown
in Fig. 6 c¢) have been normalized to the peak outer
cone signal amplitude on N130501. As seen from this
data, as the duration of the peak power was extended,
the outer cone signal on experiment N130812 increased
with respect to the outer cone signal on N130501, while
the inner cone signal amplitude remained similar to that
observed on N130501. The time integrated SXI signal
amplitude is expected to be proportional to the temper-
ature and duration of the emission during the peak of
the laser pulse. Experiments N130501 and N130812 were
conducted with nearly the same power during the peak
of the laser pulse. Therefore, to zero order, the increase
in the signal level between N130812 and N130501 is ex-
pected to be linearly proportional to the amount of ad-
ditional energy deposited as the laser pulse is extended.
Averaging over all the laser beams during the peak of the
laser pulse, it is found that 1.39x more energy was deliv-
ered on N130812, than on N130501. Using this approxi-
mation, an expectation of the signal level for experiment
N130812 can be produced by scaling the amplitude of
the SXI signal on N130501 by 1.39x. The black dashed
curve in Fig. 6 c) denotes this expectation. As seen in
Fig. 6 c), the observed outer cone signal amplitude is
within 5% of the expectation. However, the inner cone
signal on N130812 was observed to increase only by ~5%
over N130501, well short of the ~39% expected increase.
This lack of inner cone signal increase clearly indicates
a reduction in the transmitted inner cone power during
the peak of the laser pulse. As the inner cone signal lev-
els are nearly the same for N130501 and N130812 with
~2 ns and ~3 ns peak power durations, respectively, the
decrease in inner cone coupling is thought to occur at or
before the second nanosecond of peak power. This re-
duction in inner cone signal level during the peak of the
laser pulse is qualitatively consistent with a pole high flux
asymmetry developing during the peak of the radiation
drive. Previous radiation hydrodynamic simulation mod-
eling also required such a positive pole high flux asym-
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FIG. 6. (Color online) SXI data projected into cylindrical coordinates for experiment N130501 shown in a) and for experiment
N130812 shown in b). Peak laser power was extended from ~2 ns on N130501 to ~3 ns on N130812. The blue and red
rectangles represent the azimuth (125-135°) over which vertical profiles, shown in c¢), are taken. In c), the relative amplitude
of the inner and outer beams over a 10° azimuth are shown with the solid blue and red curves representing the vertical profile
from N130501 and N130812, respectively. These profiles have been normalized to the peak outer signal on N130501. The black
dashed curve is the profile from N130501 multiplied by 1.39x which corresponds to the peak energy ratio between N130812

and N130501.

metry to approximately match the observed implosion
shape at stagnation.

The SXI data can also be used to consider the two hy-
potheses for reduced inner beam propagation. The first
hypothesis is that the magnitude of energy transferred
from the outer to inner beams by CBET is reduced as
the peak power of the laser pulse duration is extended.
The second hypothesis is that the inner cone is being ab-
sorbed by either the plasma from the hohlraum wall or
capsule ablator.

A time dependent reduction in CBET during the peak
of the laser drive has been implemented in radiation hy-
drodynamic calculations to create the pole high time de-
pendent flux asymmetry. A reduction in CBET could
occur if the amplitude of the ion acoustic wave that
transfers the laser energy is reduced during the peak
of the laser pulse. The ion acoustic wave amplitude
could decrease if there is a significant change in the ion
temperature or density in the regions of the hohlraum
where CBET occurs. Recent more sophositicated mod-
eling of the plasma conditions, that temporally resolve
both the stimulated Raman scattering and CBET, have
indicated higher than previously predicted temperatures
in the plasma where CBET occurs®!. In the calcula-
tions this decrease occurs due to Langmuir wave induced
heating of the plasma. Even with the temperature in-
crease, the calculations indicate that a significant amount
of CBET continues to occur. Understanding if there is a
time dependent reduction of CBET is important because
if CBET stops occurring it will strongly limit the control
of symmetry during the peak of the radiation drive. If
adequate control of the x-ray drive symmetry cannot be
maintained, then a time dependent reduction in CBET
could ultimately limit the pressures and yields obtained
by this design.

Examining the SXI data from N130501 and N130812,
strong evidence for a time dependent reduction in CBET
is not observed. If there was a large reduction in the
amount of CBET as the peak laser power was extended

from ~2 ns to ~3 ns, then relatively more energy would
go into outer cone, and relatively less energy would go
into the inner cone. This scenario is not consistent with
the change in the SXI inner and outer cone amplitude ob-
served from experiment N130812, where the peak laser
power was extended by 1 ns with respect to N130501. Re-
call, that the expectation assuming constant power levels
of the inner and outer cones was previously estimated and
shown by the black dashed curve in Fig. 6 c¢). If there
is a reduction in CBET as the duration of the peak laser
power is extended, then one would expect to observe an
outer cone signal level that exceeds the constant power
expectation. This is not observed, and as discussed the
outer cone signal level is consistent with temporally con-
stant outer cone power. Furthermore, even if there was a
complete cessation of CBET, the inner cone signal level
would still be expected to increase by ~35%. This also
is not observed. From these observations, it is concluded
that the change in the SXI signal on experiment N130501
to experiment N130812, cannot solely be attributed to a
significant reduction in the CBET. However, a reduction
in CBET in addition to a time dependent increase in the
outer and inner cone laser power absorption or reflection
could be consistent with the observed SXI signals. To
fully determine whether a strong reduction in CBET is
occurring, additional experiments would be required to
simultaneously temporally resolve the transmission and
reflection (from stimulated Raman and Brillioun scatter-
ing) of the inner and outer cones.

The hypothesis that a time dependent pole high cap-
sule flux asymmetry arises from losses in the inner laser
cone energy from absorption or reflection by either the
hohlraum or ablator plasma can also be considered by
examining the SXI signal amplitudes for experiments
N130501 and N130812. Comparing the observed SXI sig-
nals in Fig. 6 a) and b), to the expected pattern associ-
ated with the laser intensity in the absence of absorption
shown in Fig 2 d), it is found that the observed inner
cone signal azimuthal distribution shows far more vari-
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FIG. 7. (Color online) Illustration of two possible sources of
inner cone absorption. Here only a portion of the hohlraum
cross section, inner and outer cones are displayed for clarity.
The longitudinal axis of the hohlraum and the mid plane of
the hohlraum (z = 0) are denoted by the black dashed lines.
The first source of potential absorption arises from hohlraum
wall plasma ablated by the relatively higher intensity outer
cone. This wall plasma can move inward and absorb energy
from the inner cone. The second potential source considered is
absorption of the inner cone by the plasma associated with the
ablation of the capsule target. The spatial extent, density and
absorption of the both the hohlraum wall and ablator plasma
are dependent on the initial hohlraum gas fill density and the
temporal intensity profile of the laser and x-ray drives.

ability in amplitude at a fixed z location than expected
from modeling. As will be discussed, the data appears
to be more consistent with the asymmetry arising from
absorption or reflection of the inner laser cone energy
within the ablator plasma.

The possibility that this variability in the inner cone
signal level is a result of the absorption in the gold
hohlraum plasma is first considered. This process is il-
lustrated in Fig. 7. Data and calculations show that as
the outer cone irradiates the hohlraum wall, the ablation
of hohlraum wall material moves the radial location at
which the outer laser cone deposits it’s energy inward in
time. If the hohlraum wall material moves radially in-
ward far enough, the inner cone can also be absorbed at
the outer cone z location before it is able to reach the
mid-plane of the hohlraum. An increase of inner cone
absorption at the outer cone z location would lead to a
time dependent positive P2 flux asymmetry, that would
drive the capsule with higher flux at the poles. If inner
cone energy was being absorbed at the outer cone z lo-
cation in this manner, then the expected outer cone SXI
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signal would be proportional to the sum of the outer cone
and some fraction of the inner cone laser power. With
regard to the data, it is observed that the inner cone sig-
nal level only increases by ~5% as the laser duration at
peak power is extended from ~2 to ~3 ns. If during ex-
periment N130812, the remaining 95% of the inner cone
energy is being absorbed by the gold hohlraum plasma
at the outer cone z location, then the expected outer
cone signal amplitude would be larger than the black
dashed curve in Fig. 6 ¢) which denotes the expected
signal level scaled from N130501 assuming a temporally
constant rate of outer power deposition. An increase in
the outer cone signal amplitude of this magnitude is not
observed on experiment N130812. Additionally, if the
variability in the azimuthal amplitude of the inner cone
was due to the absorption of energy by the hohlraum wall
plasma at the outer cone z location, a corresponding az-
imuthal variability in the outer cone SXI signal ampli-
tude would be expected. However, this is not seen in the
outer cone SXI signal on N130501 or N130812 in Fig. 6
a) and b). These observations do not strongly support
the idea that significant amounts of the inner cone energy
are being absorbed by the hohlraum wall plasma.

The inner laser cone can also be absorbed as it tra-
verses through the lower density and lower Z plasma that
has been ablated from the capsule. This scenario is il-
lustrated in Fig. 7. As the ablator plasma expands out-
ward it pushes against the initial helium and in flowing
hohlraum wall plasma. As more time passes, and more
material from the capsule is ablated, the ablator plasma
density within the hohlraum increases. This leads to a
time dependence on the amount of inner cone laser en-
ergy that is absorbed. As shown in Fig. 7, the ablator
plasma will absorb relatively more energy from the inner
cone than from the outer cone as the inner laser cone has
to traverse closer to the initial capsule location, thereby
experiencing higher ablator plasma densities. Addition-
ally, the inner cone also has to traverse a longer path
length in order reach the hohlraum wall.

Using this physical picture, evidence of inner cone ab-
sorption by ablator plasma can be inferred from exam-
ining the morphology of the inner cone longitudinal and
azimuthal emission from the SXI data in Fig. 6 a) and
b). Examining Fig. 2 d), it is observed that the inner
cone SXI emission over the azimuth from ~115-135° is
produced by laser beams that enter the hohlraum from
the positive z direction, or upper direction, while emis-
sion over the azimuth ~135-165° originates from laser
beams that enter the hohlraum from the negative z or
lower direction. Over this range of azimuths, the upper
and lower laser beams enter the hohlraum at the same
angle with respect to the hohlraum axis which is approx-
imately 30°. Examining Fig. 6 a) and b), it is observed
that the signal corresponding to the upper entering and
lower entering laser beams is weighted to being above and
below the hohlraum mid plane in z, respectively. This
distribution of the inner cone signal, which is weighted
towards the direction at which the inner cone beams en-



tered the hohlraum, is indicative of absorption of the
inner cone by the ablator plasma. This is because, as
shown in Fig. 7 which depicts an inner cone laser beam
entering from upper side of the hohrlaum, the portion
of the inner laser beams that has to cross the hohlraum
mid plane (z = 0) in order to reach the hohlraum wall,
has a relatively longer path length, and therefore experi-
ences a larger amount of absorption, than the portion of
the inner laser beam that does not have to cross the mid
plane. This physical picture would indicate that upper
and lower entering inner laser cones will deposit relatively
more energy above and below the hohlraum mid plane,
respectively and this is what is observed in the SXI data.
Refraction of the inner cone beams may also shift the lon-
gitudinal location of inner cone, however for these experi-
ments it is thought that absorption is the dominant effect
as the inner cone signal location and amplitude is quite
similar between N130501 and N130812. To further con-
firm the hypothesis that absorption of the inner cone is
predominately due to absorption by the ablator plasma,
time resolved measurements of the extent and density of
the ablator plasma can be made. Additionally detailed
radiation hydrodynamic calculations could be performed
to investigate what, if any, signature the absorption of
the inner cone in this manner would produce on the SXI
diagnostic. Absorption of the inner cone by the ablator
plasma is expected to produce a significantly different
SXI signal than absorption by the gold hohlraum plasma
due to the lower density / charge state of the ablator
plasma as well as the relatively larger spatial extent over
which the inner cone laser energy is deposited.

Since the inner cone signal level did not appreciably
increase as the peak laser power was extended from 2
ns on N130501 to 3 ns N130812, we conclude that the
emissivity of the inner cone signal for this design reached
a maximum level at a time < 2 ns into the peak of the
laser pulse. This is indicative of a reduction of inner cone
propagation as the duration of peak power was extended
and consistent with the development of an x-ray drive
asymmetry that puts relatively more flux at the poles of
the capsule during the peak of the x-ray drive. The direct
inference of a peak drive asymmetry is also generally con-
sistent with a decrease in the P2 amplitude of the x-ray
self emission data as the pulse duration was extended as
seen in Fig. 3 ¢). It is not yet clear how to quantify the
degree of radiation drive asymmetry from the SXI data.
One potential method is to correlate the observed inner
and outer cone signal ratios either directly or through
detailed calculations to an expected flux asymmetry.

D. Origins of variability in x-ray self-emission shape

The inference of radiation drive asymmetries from x-
ray emission diagnostics has begun to be performed using
the EHXI data to assess the impact of slight variations
in the outer cone longitudinal z location on the symme-
try of the implosion. The EHXI data set considered in
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FIG. 8. (Color online) The relative change in the amplitude of
the P2 in the x-ray self emission vs. the relative change in the
outer cone z location. The circular red symbols correspond
to the observed changes for three High Foot experiments con-
ducted with nominally the same laser pulse shape, target and
hohlraum conditions. The solid blue curve is an expectation

produced using View Factor calculations and radiation hydro-
dynamic calculations.

this paper corresponds to a series of three experiments
conducted with nominally the same laser, hohlraum and
capsule conditions with respect to one another. In these
experiments, a thinner capsule and a depleted uranium
lined hohlraum was used to increase the velocity of the
implosion. Details of the slightly different laser and ex-
perimental setup for this type of High Foot implosions
have been reported on previously?”28.

Despite similar experimental inputs, the shape of the
x-ray emission at stagnation varied by up to 4 pm in the
amplitude of P2, which corresponds to ~ 15 % P2/PO0.
Using the EHXI diagnostic, the average outer cone z lo-
cation on these three shots was measured and found to
vary by up to ~110 um. The red circles in Fig. 8 rep-
resent the relative change in the amplitude of the x-ray
self emission P2 corresponding to the relative change in
the outer cone z location. As the outer cone position
increases and moves towards higher z locations, the radi-
ation drive becomes relatively higher at the poles of the
capsule. Recall that as the EHXI diagnostic is time in-
tegrated, the signal is strongly weighted to the peak of
the laser pulse. A pole high radiation asymmetry during
the peak of the radiation drive, would decrease the am-
plitude of the P2 coefficient at stagnation. This physical
picture is consistent with observed data in Fig. 8.

An expectation of the change in the radiation drive
symmetry that would result from measured changes in
the outer cone z location were calculated by perform-
ing a three dimensional View Factor calculation using
VISRAD'. In these calculations a fixed incident cone
fraction of 0.2 was used. Additionally, the hohlraum ra-
dius was reduced to 2.325 mm to be consistent with the
EHXI data and the capsule radius was fixed at 800 pm



to approximate the radius at the peak of the laser drive.
The hohlraum albedo was set to 0.8. For these condi-
tions, the View Factor calculations indicate a change of
1.3 % in the normalized magnitude of the P2/P0 flux
asymmetry as the outer cone z location from is varied
from -200 pm to +200 pm from the observed z location.
To ascertain how this level of flux asymmetry changed the
symmetry of the x-ray emission at stagnation, two dimen-
sional radiation hydrodynamic calculations were used. In
these calculations, a High Foot radiation drive was ap-
plied to the capsule target. The radiation drive was kept
perfectly symmetric until the peak of the drive. A series
of calculations were performed in which the amplitude
of the P2/P0 flux asymmetry during the peak of the ra-
diation drive was adjusted. From these calculations it
was determined that the P2 magnitude of the x-ray self
emission varied by ~-8.5 um / % of applied P2/P0. Mul-
tiplying this scaling to the changes in the radiation drive
symmetry predicted by the View Factor calculations, an
expectation for the relative change in the amplitude of P2
in the x-ray self emission for changes in the outer cone
z location can be created. This relative expectation is
shown by the solid curve in Fig. 8. As seen in Fig. 8,
the simplified expectation reproduces the observed trend
in the amplitude of P2 and indicates that changes on
the order of 100 pum in the outer cone z location can ap-
preciably change the shape of the x-ray self emission at
stagnation.

The cause for the variation in the outer cone z location
is still under investigation. The change in the outer cone
position is not thought to arise for errors in experimental
beam pointing, as it would require a systematic offset of
48 upper and lower beams. Additionally, such a system-
atic offset would be outside of the £50 pum accuracy of
the individual beam pointing. For the separation of the
outer cones to vary from shot to shot, it would require
a varying systematic offset in the pointing of all the up-
per and lower outer cone beams. One possibility to be
investigated is if differences in plasma density gradients
arising from slightly different delivered laser powers or
hohlraum density gas fills could lead to the differences
in the outer cone refraction required to change the cone
position by ~100 pm.

IV. CONCLUSIONS

In this paper the radiation drive asymmetries during
the first and third shocks of the initial High Foot im-
plosion experiments have been examined. Direct exper-
imental evidence from reemission and dual axis shock
timing experiments indicates that the capsule target ex-
perienced a relatively higher x-ray flux at the waist than
at the poles during the first shock of the implosion. De-
composing the radiation flux into Legendre polynomials,
it was found that the normalized P2/P0 amplitude of the
first shock radiation flux varied slightly from ~ -10 to
-5%. A thin shell rocket model and more detailed radia-
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tion hydrodynamic calculations indicate that this level of
asymmetry cannot by itself cause the level of asymmetry
observed in the implosion at peak velocity.

Time integrated SXI and EHXI measurements of x-
ray emission produced by the lasers interacting with the
hohlraum were used to infer asymmetries during the peak
of the radiation drive. Examining the SXI data from ex-
periments N130501 and N130812, the first direct evidence
for a time dependent reduction of inner beam propaga-
tion was observed. The data indicates that a reduction
of the inner cone energy propagation happens within 2
ns of the laser reaching peak power. This decrease of
the inner laser cone propagation is expected to result in
radiation flux asymmetry that is relatively higher at the
poles of the capsule than at the equator. This change
in radiation flux symmetry is in line with the observed
decrease in the amplitude of the P2 of the x-ray self emis-
sion between experiments N130501 and N130812. Addi-
tionally, the relative amplitude and morphology of the
SXI signal from these two experiments is consistent with
the hypothesis that the inner cone laser energy is being
absorbed by the plasma produced from the capsule abla-
tion. Further work, such as time resolved measurements
of the laser back scatter and inner beam propagation are
required to verify these initial findings. Additional work
is also necessary to assess whether it is possible to quan-
tify the expected level of radiation flux asymmetry from
the SXI data.

Using the measured outer cone z location from the
EHXI data, coupled with View Factor and radiation hy-
drodynamic calculations, an expectation of the relative
change in the x-ray self emission shape from the ob-
served changes in the outer cone z location has been
constructed. This simple expectation shows reasonable
agreement with the change in the observed hot spot sym-
metry behavior. While this analysis helps to explain why
differences in the shape of the x-ray self emission at stag-
nation were observed for experiments with nominally the
same input conditions, more work is required to under-
stand the origin of the variation in the outer cone z lo-
cation.

Despite all of the measured radiation flux asymmetries
and variability, the High Foot implosions are still the
highest performing laser driven implosions to date. Cor-
recting the measured asymmetries in the first shock can
be done through adjustments to the laser cone fraction.
Dual axis shock timing measurements and corrections to
the symmetry of the second shock symmetry should also
be possible. If these corrections are made, a better under-
standing of the magnitude of the asymmetry that devel-
ops during the third shock or peak of the radiation drive
can be obtained. Strategies for mitigating this asym-
metry might include, reducing the duration of the laser
pulse by moving to thinner capsules, or by shortening the
laser pulse by increasing the first shock strength. Both of
these solutions impact other design choices such as cap-
sule stability and fuel adiabat. One intriguing solution,
which could also be used to mitigate the higher order



mode 4 radiation drive asymmetries, is to machine the
initial shape and thickness of the capsule to compensate
for the hohlraum drive asymmetries®2. Using these ap-
proaches, it should be possible to recover some of the
kinetic energy lost to these asymmetries and increase the
stagnation pressure and performance of these implosions.
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