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ABSTRACT

Nonuniformities present in the laser illumination and target in laser-driven inertial confinement fusion experiments lead to an asymmetric
compression of the target, resulting in an inefficient conversion of shell kinetic energy to thermal energy of the hot-spot plasma. In this
paper, the effects of asymmetric compression of cryogenic deuterium tritium laser-direct-drive implosions are examined using a suite of
nuclear and x-ray diagnostics on the OMEGA laser. The neutron-averaged hot-spot velocity (~uhs) and apparent ion temperature (Ti) asym-
metry are determined from neutron time-of-flight measurements of the primary deuterium tritium fusion neutron energy spectrum, while
the areal density (qR) of the compressed fuel surrounding the hot spot is inferred from measurements of the scattered neutron energy spec-
trum. The low-mode perturbations of the hot-spot shape are characterized from x-ray self-emission images recorded along three quasi-
orthogonal lines of sight. Implosions with significant mode-1 laser-drive asymmetries show large hot-spot velocities (>100 km/s) in a direc-
tion consistent with the hot-spot elongation observed in x-ray images, measured Ti asymmetry, and qR asymmetry. Laser-drive corrections
have been applied through shifting the initial target location in order to mitigate the observed asymmetry. With the asymmetry corrected, a
more-symmetric hot spot is observed with reduced~uhs; Ti asymmetry, qR asymmetry, and a 30% increase in the fusion yield.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041554

I. INTRODUCTION

Laser-driven inertial confinement fusion (ICF)1 experiments seek
to produce an igniting plasma. A plasma is said to have ignited when the
energy output from fusion reactions significantly exceeds that required
to initially assemble the plasma.2,3 To generate such a plasma, high-
power lasers4,5 are used to compress a spherical capsule filled with a deu-
terium tritium (DT) gas that is surrounded by a dense DT ice layer. As
the laser irradiates the target, ablation of material from the outer surface
of the capsule causes the target to implode radially inward, compressing
and heating the DT gas to the ion temperatures (Ti) required for thermo-
nuclear fusion to occur, while simultaneously compressing the DT fuel
to the high areal densities (qR) required to inertially confine the hot-spot
plasma and ensure that the 3.5-MeV alpha particles generated from the
DT fusion deposit their energy into the DT fuel.

To achieve an optimal conversion of initial laser energy to fusion
output energy, a spherically symmetric implosion is required. In

cryogenic DT ICF experiments performed at the National Ignition
Facility (NIF)4 and on the OMEGA laser,5 perturbations exist in the
laser and capsule that can cause asymmetric compression of the target.
These perturbations are characterized by their Legendre-mode num-
ber ‘ ¼ 2pR=k, where the perturbation wavelength k is measured rela-
tive to the initial target radius R. These perturbations are categorized
as either high mode (Legendre-mode number ‘ � 10) or low mode
(‘ < 10). High-mode perturbations can be generated from surface
roughness of the DT ice layer, target mounts, laser imprint, or other
small-scale features. Low-mode asymmetries can be generated by
laser-drive nonuniformity due to power imbalance between beams,
offset of the target relative to the laser drive, or laser beammispointing,
as well as large-scale defects within the target. High-mode asymmetries
reduce the compressibility of the shell, reducing the shell areal density,
and cause mixing of the cold DT fuel or ablator material into the hot
spot, which act as a heat sink and extracts thermal energy from the
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hot-spot plasma. Low-mode asymmetries lead to an asymmetric com-
pression of the hot spot, poor confinement of the hot-spot plasma,
and unconverted kinetic energy being present in the target near peak
compression.

Previous work has shown that mode-one (‘ ¼ 1) asymmetries
present in either the radiation drive or the initial target uniformity can
severely degrade the performance of ICF experiments.6–9 When such
asymmetries exist, they cause a pole-to-pole variation in the shell
implosion velocity about the asymmetry axis. As the target implodes,
the implosion velocity asymmetry causes the formation of a jet within
the hot spot.6 This jet undergoes a Helmholtz instability, which results
in the formation of vortices within the hot spot. This motion within
the hot spot represents residual kinetic energy (RKE) not used to heat
and compress the target.6 Additionally, when these asymmetries exist,
the dense shell is formed asymmetrically around the hot spot and leads
to poor confinement of the hot spot. The poor confinement and resid-
ual kinetic energy present in the target results in the fusion yield of the
implosion being severely reduced.

To diagnose mode-one asymmetries in laser-direct-drive (LDD)
implosions performed on the OMEGA laser, a suite of nuclear and x-
ray diagnostics have been developed.10–12 Neutron time-of-flight
(nTOF) and charged-particle spectrometers are used to measure the
neutron energy spectrum emitted from the target from which the
fusion yield, hot-spot velocity, apparent ion temperature, and fuel areal
density are inferred.10,13–15 X-ray imaging diagnostics are used to mea-
sure the x-ray self-emission from the hot spot and are used to infer the
size and shape of the hot spot.11,16 These diagnostics have been fielded
strategically around the OMEGA target chamber to provide a set of
measurements of the hot spot and fuel conditions near peak compres-
sion which can be used to identify the presence of mode-one
asymmetries.

In this paper, measurements made using the suite of nuclear and
x-ray diagnostics on OMEGA are used to establish causal relationships
between ‘ ¼ 1 asymmetries and implosion performance in LDD
implosions on OMEGA. In particular, it will be shown that in implo-
sions with large laser mode-one drive asymmetries, large hot-spot
flow velocities (>100 km/s), ion temperature asymmetries (DTi

¼ 1:8 keV), and areal-density asymmetries (DqR¼ 114mg/cm2) are
observed in the direction of the drive asymmetry and that the elonga-
tion observed in hot-spot x-ray self-emission images is also aligned
with the measured hot-spot velocity direction. A mitigation strategy to
eliminate laser mode-one drive asymmetries is then demonstrated,
which uses the hot-spot velocity measurements and target offsets to
apply laser-drive corrections. It will be shown that with the mitigation
strategy applied, a more-symmetric hot spot and fuel distribution is
obtained, and the fusion output is increased by 30%. Finally, the effect
of mode-one asymmetries on the inferred hot-spot pressure is dis-
cussed for an ensemble of LDD implosions.

This paper is organized as follows: in Sec. II, the effects that laser
mode-one drive asymmetries have on implosion performance are
studied using 3D radiation-hydrodynamic simulations, and diagnostic
signatures of these asymmetries are identified using synthetic neutron
and x-ray diagnostics. In Sec. III, the suite of nuclear and x-ray diag-
nostics used on OMEGA to diagnose low-mode asymmetries are dis-
cussed. In Sec. IV, results from experiments with large laser-drive
mode-one asymmetries are shown and Sec. V describes how these
asymmetries have been mitigated. In Sec. VI, the effects that mode-

one asymmetries have on implosion performance are studied using an
ensemble of recent LDD implosions on OMEGA. These results are
summarized in Sec. VII.

II. EFFECT OF MODE-ONE ASYMMETRIES
ON IMPLOSIONS

When the initial target mass areal density is uniform, mode-one
drive asymmetries can result from an asymmetric ablation pressure of
the form Pðh;/Þ ¼ P0 þ

Pm¼1
m¼�1 c

m
1 Y

m
1 ðh;/Þ, where P0 is the average

ablation pressure, Ym
1 are the ‘ ¼ 1 spherical harmonic functions, and

where cm1 are the coefficients that describe the amplitude and direction
of the ablation-pressure asymmetry. This ablation-pressure asymmetry
can be caused by an asymmetric deposition of laser energy into the
coronal plasma due to laser-energy imbalance, laser beam-pointing
errors, laser–plasma interactions, or an initial target position offset.

Alternatively, when the ablation pressure is uniform, mode-one
asymmetries present in the target can result from an asymmetric initial
mass areal-density distribution in the target of the form
qRðh;/Þ ¼ qR0 þ

Pm¼1
m¼�1 c

m
1 Y

m
1 ðh;/Þ, where qR0 is the average

mass areal density, Ym
1 are the ‘ ¼ 1 spherical harmonic functions,

and where cm1 are the coefficients that describe the amplitude and
direction of the mass areal-density asymmetry. This initial mass areal-
density asymmetry can be caused by either density or thickness varia-
tions in the target which can be introduced by imperfections present
during the formation of the DT ice layer or nonuniformities present in
the ablator material.

In both cases, these asymmetries result in a pole-to-pole variation
in the shell implosion velocity about the asymmetry axis which can be
described using the expression vrðh;/Þ ¼ v0 þ

Pm¼1
m¼�1 c

m
1 Y

m
1 ðh;/Þ,

where v0 is the average implosion velocity, Ym
1 are the ‘ ¼ 1 spherical

harmonic functions, and where cm1 are the coefficients that describe
the amplitude of the asymmetry. Such asymmetries have been studied
in laser indirect drive (LID) implosions on the NIF and have been
shown to severely degrade implosion performance.8,9

To study the effects that laser mode-one drive asymmetries have
on LDD implosions in more detail, a set of simulations were per-
formed using the 3D radiation-hydrodynamic code ASTER.17,18 In
these simulations, a laser mode-one drive asymmetry of varying
strength was introduced by altering the energy balance of the 60 laser
beams used to drive the target. These simulations used the laser pulse
and target design for OMEGA shot 94712 (see Fig. 1) and the direction
of the laser mode-one drive asymmetry was chosen to match the direc-
tion of the hot-spot velocity measured in this experiment (see Sec. IV).
These simulations also included the asymmetry introduced by the
OMEGA beam-port geometry and used the as shot laser pulse.

An example of the target mass-density profile at peak neutron
production from one of the ASTER simulations is shown in Fig. 2. We
see that near peak neutron production a jet in the central hot-spot
region has been formed and travels in the direction of the drive asym-
metry. The shear flow along the sides of the jet causes a Helmholtz
instability, which results in the formation of vortices in the hot spot.
At peak compression, there is an asymmetric distribution of the DT
fuel around the hot spot, which results in poor confinement of the
hot-spot plasma, and eventually the jet material punctures the low-
density fuel region. The large flow velocities present in the hot spot
represent RKE in the target that did not contribute to generating
fusion reactions.
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The poor confinement and RKE caused by the mode-one
drive asymmetry results in the fusion yield being reduced with
respect to 1D predictions. This can be seen in Fig. 3, which shows
the fusion yield and residual kinetic energy fraction as a function
of the laser mode-one drive asymmetry amplitude r‘¼1rms for the
series of ASTER simulations that were performed. To calculate
the laser mode-one drive asymmetry amplitude r‘¼1rms , a spherical
harmonic decomposition of the laser illumination nonuniformity
determined by a hard sphere calculation was performed. Here we
have defined the residual kinetic energy fraction as

RKE ¼ min KE3DðtÞ½ � �min KE1DðtÞ½ �
max KE1DðtÞ½ � ; (1)

where min½KE3DðtÞ� and min½KE1DðtÞ� are the minimum kinetic
energy achieved after the start of the deceleration phase in the 3D and
1D ASTER simulations, respectively, and max½KE1DðtÞ� is the maxi-
mum kinetic energy obtained in the 1D simulation. From Fig. 3, we
see that as the laser mode-one drive asymmetry increases, the fusion
yield decreases while the RKE increases. It should be noted that there
are several definitions of RKE in the literature.7,19 Here, we have cho-
sen this definition of RKE as it captures the excess kinetic energy due
to 3D effects and eliminates the impact of 1D residual kinetic energy.

To study the effects that mode-one drive asymmetries have on
the neutron energy spectrum emitted from an ICF implosion, the
ASTER simulation shown in Fig. 2 was post-processed using the Monte
Carlo neutron transport code IRIS3D.22 In these calculations, DT and
deuterium-deuterium (DD) neutrons are generated in the hot spot
with a neutron energy spectrum given by the local temperature, density,
and velocity.23,24 These neutrons are then transported through the tar-
get to the detector, elastically scattering off the D and T in the fuel by
an amount proportional to the areal density experienced along the neu-
tron transport path and the scattering cross section. These calculations
were performed at 10 ps intervals over the�100 ps burn width.

Figure 4 shows the time-integrated neutron energy spectrum cal-
culated along the three directions shown in Fig. 2. The large peaks in
the neutron energy spectrum at 14.028 and 2.45MeV are the primary
DT and DD fusion neutrons, respectively. The broad spectral features
between 1.5 and 13MeV are primary DT fusion neutrons that have
elastically scattered off the D and T in the fuel. The sharp edge features
at 1.5 and 3.5MeV are the nT and nD elastic backscatter edges.25 In
these calculations, only the D(n,n0)D0 and T(n,n0)T0 elastic scattering
reactions were considered. The effect that other scattering reactions
such as the D(n,2n)p reaction have on the neutron energy spectrum is
an area of active research26,27 but is expected to be a second order
effect at the areal densities achieved at OMEGA.

FIG. 1. The laser pulse and target design for OMEGA shot 94712.

FIG. 2. The equatorial mass-density profile of a target at peak neutron production
from the 3D radiation-hydrodynamic code ASTER when a laser mode-one drive
asymmetry was introduced. The flow velocity field within the hot-spot region is
shown as the white arrows. The directions along which the synthetic neutron energy
spectrum and x-ray images are calculated (see Figs. 4 and 5) are indicated by the
dashed lines.

FIG. 3. The simulated fusion yield (blue curve) and residual kinetic energy fraction
(orange curve) from a series of 3D ASTER simulations where a laser illumination
mode-one drive asymmetry of varying strength was introduced.
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The primary DT neutron energy spectrum is shown in the inset
of Fig. 4 and highlights how the mean energy of the neutron energy
spectrum varies along each measurement direction. We see that the
neutron energy spectrum measured by a detector along the direction
of the hot-spot velocity, such as d1, has a mean energy higher than the
nominal mean energy of DT neutrons, while the spectrum measured
by a detector opposite the hot-spot velocity, such as d2, has a mean
energy lower than the nominal mean energy of DT neutrons, and the
spectrum measured by a detector orthogonal to the hot-spot velocity,
such as d3, has the nominal mean energy of DT neutrons. Previous
work has shown that the mean energy of the primary fusion neutron
energy spectrum is the sum of a thermal and nonthermal compo-
nent.28,29 The thermal component is isotropic along all diagnostic lines
of sight and is referred to as the Gamow shift.10,28 The nonthermal
term originates from the Doppler shift introduced to the neutrons as a
result of the velocity of the hot spot, and is responsible for the peak
shifts observed in Fig. 4. Therefore, measurements of the mean energy
of the primary neutron energy spectrum can be used to infer the hot-
spot velocity present in an implosion.

Calculations of the variance of the primary DT neutron energy
spectra shown in Fig. 4 also reveal an anisotropy along the different
lines of sight. In particular, the standard deviations of the primary DT
peaks measured along the directions d1 and d2 were both 166 keV,
while the standard deviation of the peak along d3 was 158 keV. It has
been shown that the variance of the primary fusion neutron energy
spectrum is the sum of a thermal and nonthermal component.24,29,30

The thermal component is isotropic and is proportional to the thermal
ion temperature of the hot spot. The nonthermal term is proportional
to the flow velocity variance along the measurement line of sight
(LOS)7 and causes the variances of the primary fusion peaks to be dif-
ferent along each line of sight. Note that because the velocity-variance
calculation is identical along opposing lines of sight, opposing lines of

sight such as d1 and d2 will measure identical variances in the neutron
energy spectrum. In ICF experiments, the variance of the primary neu-
tron energy spectrum is typically used to infer the apparent ion tem-
perature of the experiment. Therefore, measurements of the apparent
ion temperature asymmetries can be used to infer the flow velocity
variances within the hot spot.7

Figure 4 also shows that the scattered neutron energy spectra are
different along each measurement direction. To understand the trends
in the scattered neutron energy spectra, we first note that these neu-
trons have been generated in the hot-spot region and have elastically
scattered off the D and T present in the dense fuel as they exit the tar-
get. The energy at which a neutron exits the scattering reaction is
directly related to the neutron scattering angle, and is therefore associ-
ated with scattering in a particular region of the capsule.31

Additionally, the number of scattered neutrons is proportional to the
areal density along the neutron path length. As a consequence of these
two factors, the number of scattered neutrons in different regions of
the neutron energy spectrum is proportional to the areal density in dif-
ferent regions of the target.26 For example, neutrons that have elasti-
cally scattered off the T in the dense fuel layer and exited the reaction
at energies between 9 and 11MeV have undergone a forward scatter
event and therefore have originated from the region of the capsule
along the detector line of sight. Conversely, neutrons that elastically
scatter off T in the dense fuel and exited the reaction at energies
between 3.5 and 4.0MeV have undergone a backscatter event, and
therefore have originated from the region of the capsule opposite the
detector line of sight.

Therefore, the trend in the scattered neutron energy spectrum
shown in Fig. 4 is due to the areal-density asymmetries of the target.
In particular, we see that the neutron energy spectrum measured along
d1, which is directed along a low areal-density region of the target (see
Fig. 2), has the lowest number of scattered neutrons in 9–11MeV
region, while the neutron energy spectrum measured along d2, which
is directed along a high areal-density region of the target (see Fig. 2),
has the highest number of scattered neutrons in the 9–11MeV region.
Conversely, we see the opposite trend is true near the 3.5–4.0MeV
region of the neutron energy spectrum as these neutrons are sampling
the region of the target opposite the detector directions. Therefore, by
measuring the neutron energy spectrum along different lines of sight,
the areal-density asymmetry of the target can be inferred.

To study the effects that mode-one drive asymmetries have on
different x-ray imaging diagnostic measurements, the ASTER simula-
tion shown in Fig. 2 was post-processed to generate x-ray self-emission
images along different lines of sight. For this calculation, the x-ray
emission in the hot spot was calculated using the local density and
temperature conditions, and the x rays were then transported to each
detector plane assuming an optically thin plasma.

Figure 5 shows the synthetic x-ray self-emission images as
simulated for a detector near on axis and near orthogonal to the
mode-one perturbation. These images have accounted for the pho-
ton sensitivity of the x-ray imagers on OMEGA (see Sec. IV), which
are peaked in the 4 to 9 keV photon energy range. A 6-lm point-
spread function has been applied to the images. The images are
either time resolved [Fig. 5(a)] with a 15 ps time resolution or time
integrated [Fig. 5(b)]. The hot-spot flow velocity from the simula-
tion has been projected into each detector plane and is shown for
reference.

FIG. 4. The synthetic neutron energy spectra calculated by post-processing the 3D
ASTER results shown in Fig. 2, with the neutron transport code IRIS3D. The spec-
tra are shown for a detector along (orange curves), orthogonal (green curves), and
opposite (black curves) the mode-one drive asymmetry direction (see Fig. 2). The
inset shows the calculated primary DT neutron energy spectrum on an expanded
scale. For simplicity, these calculations have included only primary DT and DD
fusion reactions, and single elastic nD and nT scattering events.
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The asymmetry observed in the synthetic x-ray images depends
on the viewing direction of the detector with respect to the asymmetry
direction. If the x-ray image is taken along the direction of the laser
mode-one drive asymmetry, as is the case for detector d2, little distor-
tion to the hot-spot x-ray image is observed [see Fig. 5(a)]. If the x-ray
image is taken nearly orthogonal to the direction of the laser-drive
asymmetry, as is the case for detector d3, a large distortion to the hot-
spot x-ray image is observed [see Fig. 5(b)]. Additionally, the asymme-
try observed in these images is along the projection of the hot-spot
velocity into the detector plane, and the magnitude of the asymmetry
is proportional to the hot-spot velocity.

It should be noted that the laser mode-one drive asymmetry used
in these simulations are only an approximation of the laser mode-one
drive asymmetry that was present on shot 94712. As mentioned previ-
ously, the mode-one drive asymmetry in these simulations was intro-
duced through laser-energy imbalance, while in the experiment the
laser mode-one asymmetry was due to large laser beam-pointing
errors (see Sec. IV). In order to accurately model drive asymmetries
caused by large laser beam-pointing errors, a full 3D cross-beam
energy transfer (CBET) ray trace laser-energy deposition model20 is
required, and is not currently available in ASTER. Recent work21 using
a full 3D CBET ray trace laser-energy deposition model has shown
that CBET effects can reduce mode-one drive asymmetries, and so the
ASTER results shown here likely overestimate the effect of mode-one
asymmetries. Although using the approximate drive asymmetry in
these simulations prevents a direct comparison of these results with
the experimental data, they are still useful in developing an under-
standing of the effect that laser mode-one drive asymmetries have on
LDD implosion performance and identifying the diagnostic signatures
of such asymmetries.

III. THREE-DIMENSIONAL NUCLEAR AND X-RAY
DIAGNOSTICS ON OMEGA

Mode-one asymmetries present in the initial target fabrication or
in the laser drive are diagnosed using a suite of nuclear and x-ray diag-
nostics on OMEGA. These detectors have been placed strategically
around the OMEGA target chamber to provide quasi-orthogonal mea-
surements of the neutron energy spectrum and x-ray self-emission
emitted from the target. Figure 6 shows the different lines of sight on
OMEGA and the diagnostic measurements made along each line of
sight.

Measurements of the neutron energy spectrum are obtained
using nTOF spectrometers32 and a magnetic recoil spectrometer
(MRS).33 The primary DT fusion neutron energy spectrum is used to
directly measure the fusion yield, apparent ion temperature, and the
Doppler shift along the measured LOS. The scattered neutron energy
spectrum is used to infer the areal density using a point source single
scatter model, which converts the number of scattered neutrons in a
particular region of the spectrum, into an areal density.34

It is important to note that the values inferred from the primary
fusion neutron energy spectrum are neutron-averaged quantities35

while the areal densities inferred from the scattered neutron energy
spectrum are neutron path-integrated quantities.26 Additionally, as
discussed in Sec. II, depending on the region of the neutron energy
spectrum measured, the areal density can be inferred in different
regions of the target. Neutron time-of-flight detectors on OMEGA
infer the areal density from the 3.5 to 4-MeV region of the scattered
neutron energy spectrum.14 This corresponds to neutrons with an
average scattering cosine of l ¼ �0.9 (i.e., back-scattered neutrons).
Consequentially, the nTOF detectors on OMEGA sample the areal
density in the region of the fuel opposite of the detector LOS since the
neutrons being measured have interacted with the region of the shell
opposite the LOS, back scattered, and then arrived at the detector.31

The MRS detector on OMEGA infers the areal density from the 9 to
11-MeV region of the scattered neutron energy spectrum, which cor-
responds to neutrons with an average scattering cosine of l ¼ 0.7 (i.e.,
forward-scattered neutrons). Consequentially, the MRS detector on
OMEGA samples the region of the fuel along the detector LOS.26,31

There are seven nTOF LOS on OMEGA that measure the DT
primary neutron energy spectrum. Six of these LOS have detectors
that are positioned sufficiently far from the target chamber center
(TCC) to enable the apparent ion temperature along the LOS to be
measured with an accuracy of �250 eV.36 Five of these LOS have
nTOF detectors that are equipped with timing fiducials that enable an
absolute time-of-flight measurement37 to be made from which the
Doppler shift in the neutron mean energy can be inferred, which is
then used to determine the hot-spot velocity along the detector
LOS.10,13,38,39 There are three detectors on OMEGA that measure the
scattered neutron energy spectrum, two of which are nTOF detectors

FIG. 6. A sinusoidal projection of the OMEGA target chamber with the different
diagnostic ports labeled. Lines of sight that measure hot-spot velocities are red,
apparent ion temperature LOS are orange, areal-density LOS are blue, and x-ray
imaging LOS are green. The direction along which the target stalk is located is
shown in gray. Multiple quantities are diagnosed along some of the lines of sight.

FIG. 5. The synthetic x-ray images observed from a detector (a) near on axis and
(b) near orthogonal to the mode-one direction (see Fig. 2). The projection of the
hot-spot velocity into the detector plane is indicated by the white arrow. The magni-
tude of the projection is indicated by the length of the white arrow.
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that measure the nT backscatter edge14,40 and one MRS detector that
measures the forward-scattered neutron energy spectrum.

Measurements of the hot-spot x-ray self-emission images on
OMEGA are made using two time-resolved imagers and one time-
integrated x-ray imager.11,12 These diagnostics have a spatial resolution
of �6lm and the time-resolved diagnostics have a time resolution of
15 to 40 ps. The x-ray imaging diagnostics are sensitive to x-rays hav-
ing photon energies in the 4 to 9 keV range. These detectors are posi-
tioned along three quasi-orthogonal lines of sight and are shown in
Fig. 6.

IV. MEASUREMENTS OF MODE-ONE ASYMMETRIES

Large mode-one drive asymmetries have been observed when
abnormally large errors in the laser alignment exist. To align all 60
OMEGA beams to TCC, a two-step process is performed. First, a
�860lm diameter glass sphere with a reflective aluminum oxide coat-
ing is placed at TCC and a low-energy UV alignment beam is propa-
gated through each beamline. Adjustments are made to the beam
alignment mirrors until each beam is retroreflected off the sphere at
TCC to verify the beam alignment. This process is referred to as laser
targeting and provides initial alignment of the laser beams to TCC.
The second step in aligning the system is referred to as laser beam
pointing and provides precise alignment (rrms � 10lm with worst
beam <20lm out of alignment) of the laser beam pointing. During
laser beam pointing, a 4-mm diameter Au sphere is placed at TCC
using a high-speed video camera and all 60 OMEGA laser beams illu-
minate the Au sphere using the full laser energy. X rays are generated
at the locations where the beams hit the Au sphere and these x rays
are measured using x-ray pinhole cameras.41,42 An example of the laser
beam-pointing data taken with the x-ray pinhole cameras on a typical
pointing shot on OMEGA is shown in Fig. 7(a). The position of each
beam is determined by fitting the measured beam profile seen by the
x-ray pinhole cameras with a super-Gaussian profile. Any deviation
from the ideal laser beam-pointing configuration5 is determined, and
appropriate modifications to the laser beam positioning are made.
This two-step alignment process is typically capable of positioning
each of the 60 beams on OMEGA to their desired location with rrms

< 10lm.

Errors can occur in the laser beam-pointing procedure if target
defects exist on the spheres used for beam targeting and beam point-
ing. For OMEGA shots 94657, 94660, 94712, and 94715, the alumi-
num oxide coating on the target used during the laser targeting had
unintentional coating defects, which caused gross mispointing of the
laser beams to be introduced during the targeting procedure.
Additionally, the Au spheres used during the laser pointing procedure
for these experiments had unintentional nonuniform Au coatings as a
result of target fabrication issues. The nonuniform Au coating resulted
in weak x-ray signals being generated by specific beams as shown in
Fig. 7(b). The weak signals led to large uncertainties in identifying the
position of these beams and resulted in large beam-pointing errors
being introduced during the beam-pointing procedure. The com-
pounding errors in the alignment of the laser system during these
experiments resulted in a large laser mode-one asymmetry being
present.

Figure 8 shows the laser illumination perturbation on target for
shot 94712. The laser illumination on target was determined from a
hard sphere calculation, which determines the overlap intensity of all
60 beams on the initial target radius, accounting for the laser beam
pointing, laser beam energy, and target offset.41 The laser beam point-
ing was determined during the beam alignment procedure described
above, the laser beam energy was measured using a calorimeter, and
the target offset was measured by both a high-speed video camera and
x-ray pinhole cameras.43 Including all known effects, the total illumi-
nation nonuniformity was found to be 27.3%.

Both the target offset, and the laser-energy imbalance were small
for this shot, and so did not contribute significantly to the asymmetry
observed in Fig. 8. To confirm this, the hard sphere calculations were
repeated including each effect (pointing, target offset, beam energy bal-
ance) separately. When the laser-energy balance and target positioning
were assumed perfect, but the measured laser pointing was included,
the total illumination nonuniformity was found to be 29.0%. When
the laser-energy balance was assumed perfect, but the measured laser
pointing and small <5lm target offset was included, the total

FIG. 7. X-ray pinhole camera measurements of the OMEGA beam pointing from
(a) a typical OMEGA campaign when the Au coating of the pointing target is uni-
form and (b) measurements when the Au coating has large defects as was the
case during the pointing shots used to align the laser prior to the shots discussed in
Secs. IV and V.

FIG. 8. A sinusoidal projection of the OMEGA target chamber showing the illumina-
tion perturbation for shot 94712 determined from a hard sphere calculation which
used the measured laser beam pointing, energy, and target offset. The direction of
the measured hot-spot velocity is shown as the orange star and had a magnitude
of 1466 12 km/s. The laser mode-one illumination asymmetry r‘¼1rms amplitude was
7.3% and the direction is shown as the green circle.
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illumination nonuniformity was found to be 27.9%. When the target
positioning was assumed perfect, but the measured laser pointing and
laser energies were included, the total illumination nonuniformity was
found to be 28.6%. Therefore, we can conclude that the asymmetry
observed in Fig. 8 originated from the laser beam-pointing errors.

The calculated on-target illumination perturbation for shot 94712
shows that a large mode-one drive asymmetry was present with a total
variation of 27.3% across the target. Figure 9 shows the Legendre-mode
spectral decomposition for the laser illumination perturbation shown in
Fig. 8. The laser mode-one illumination asymmetry r‘¼1rms amplitude was
7.3% and was oriented along h ¼ 51� and / ¼ 122� as shown in Fig. 8.
Note that we are using a convention in which the mode-one direction is
taken to be along the drive deficit to aid in the comparison with the hot-
spot velocity measurement direction.

Measurements made using the nuclear and x-ray diagnostics on
OMEGA were able to identify the presence of the laser mode-one
drive asymmetry. In particular, a hot-spot velocity of 1466 12 km/s
was inferred from the nTOF’s in the direction of h ¼ 64�6 7� and /
¼ 133�6 4�. The apparent ion temperature asymmetry was
1.86 0.5 keV as measured from the nTOF detectors. The highest
apparent ion temperature was 5.96 0.2 keV as measured along the H8
LOS and the minimum apparent ion temperature was 4.16 0.2 keV as
measured along the P2 LOS. Finally, the areal-density asymmetry was
1046 18mg/cm2 as inferred from the nTOF and MRS detectors. The
lowest inferred areal density was measured from the H10 nTOF detec-
tor, which measures the areal density along the H11 LOS, while the
highest areal density was inferred from the MRS detector, which mea-
sures the areal density near the P10 LOS.

The direction of the hot-spot velocity was found to be consistent
with the direction of the initial laser-drive mode-one asymmetry. This
can be seen in Fig. 8, which shows that the hot-spot velocity was mea-
sured along the direction of the laser mode-one drive asymmetry. The

slight discrepancy between the direction of the laser mode-one drive
asymmetry and the hot-spot velocity is within the directional uncer-
tainty in the hot-spot velocity measurement.44

To facilitate comparison between the apparent ion temperature
measurements with the direction of the laser-drive asymmetry, Fig. 10
shows the apparent ion temperature measurements plotted as a func-
tion of the projection of the hot-spot velocity~uhs along the measure-
ment direction d̂ i. We see that the highest apparent ion temperatures
were observed along and opposite to the direction of the hot-spot
velocity, while the lowest apparent ion temperature was observed near
orthogonal to the hot-spot velocity. This is consistent with a jet being
formed in the hot-spot region that generates vortices along the direc-
tion of the mode-one, causing variations in the flow velocity within
the hot spot. A fit to the apparent ion temperatures is shown in Fig. 10
using the expression6 ðTiÞj ¼ T0 þ DTf2j , where fj ¼ ûhs � d̂ j. The
values inferred from the fit are T0¼ 4.3 keV and DT ¼ 2.2 keV.

To facilitate comparison between the inferred areal densities and
the direction of the laser-drive asymmetry, Fig. 11 shows the areal-
density measurements plotted as a function of the projection of the
hot-spot velocity along the measurement line of sight, corrected for
the average neutron scattering cosine li of each measurement. Note
that the li correction is required to make a direct comparison between
data taken for the nTOF and MRS measurements. From Fig. 11, we
see that the highest areal density is observed in the direction opposite
of the hot-spot velocity direction, while the lowest areal density is
observed along the hot-spot velocity direction. This correlation
between the hot-spot velocity and areal-density asymmetry has previ-
ously been observed in LID implosions on the NIF.8 A fit to the
inferred areal-density measurements is shown in Fig. 11 using the
expression ðqRÞi ¼ qR0 þ DqRgi, where gi ¼ ûhs � d̂ ili. The values
inferred from the fit are qR0 ¼ 116mg/cm2 and DqR ¼ �55mg/cm2.

These measurements were also consistent with the asymmetry
observed in the measured hot-spot x-ray self-emission images.

FIG. 9. A Legendre-mode spectral decomposition of the laser illumination perturba-
tions shown for shots 94712 (blue curve, see Fig. 8) and 94715 (orange curve, see
Fig. 13) and a nominal OMEGA shot (green curve). The nominal OMEGA curve is
taken from a shot which represents the typical illumination uniformity achieved on
OMEGA when no gross beam-pointing errors or target offsets are present.

FIG. 10. The apparent ion temperature measurements for shots 94712 (blue) and
94715 (orange) as a function of the projection of the detector direction with the
measured hot-spot velocity direction. The solid curves are fits to the data using the
functional form Ti ¼ T0 þ DTf2.
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Figure 12 shows the x-ray self-emission images measured on shot
94712 by the three x-ray diagnostic imagers on OMEGA. The mea-
sured hot-spot velocity has been projected into each detector plane
and is shown as the white vector. The elongation observed in the hot-
spot x-ray images is consistent with the direction of the hot-spot flow
velocity. It is important to note that the x-ray image shown in Fig.
12(b) was measured along the H13 LOS, which is on axis of the mode-
one drive asymmetry (see Fig. 8) and so is not expected to observe the
drive asymmetry [see Fig. 5(a)]. A quantitative analysis of these x-ray
measurements is being developed and will be the focus of future work.

V. MITIGATION OF MODE-ONE ASYMMETRIES

The experimental results highlighted in Sec. IV for shot 94712
were reproduced on shots 94657 and 94660. Each of these experiments

used nearly identical laser pulses and target dimensions as shot 94712
(see Fig. 1). The nuclear and x-ray measurements on each of these
experiments were consistent with the asymmetry observed in 94712,
and the fusion yield was significantly lower than expectation. Based on
these observations, an effort was undertaken to mitigate the asymme-
try observed in these experiments.

Realigning the laser to eliminate the laser mode-one drive asym-
metry was not possible during the experimental campaign because
laser realignment is a time-consuming process that requires the
OMEGA laser and diagnostics to be reconfigured specifically for the
laser alignment. Therefore, mitigation strategies were developed that
can introduce laser-drive corrections without requiring a full laser
realignment.

Two techniques have been proposed for mitigating mode-one
asymmetries in laser-direct-drive implosions. The first technique relies
on using strategic modifications to the individual beam energies in
order to redistribute the laser energy on target to apply low-mode
laser-drive corrections.45 This strategy is advantageous since the indi-
vidual laser beam energies can be modified with sub-percent accuracy
and can be done in such a way as to suppress multiple low modes (i.e.,
not just ‘ ¼ 1). This strategy suffers, though, in that when the full
OMEGA laser energy is used, it can require some beam energies to
exceed the damage threshold of the optics in the beam path and there-
fore requires a reduction in the total energy on target to be used. The
second technique relies on using controlled target offsets to geometri-
cally redistribute the beam overlap intensity on the target. This tech-
nique is capable of only applying mode-one laser corrections but can
be used when the full laser energy of OMEGA is required. This tech-
nique has the disadvantage that it relies on accurate target placement,
which, with the current target positioning system on OMEGA, is lim-
ited to �5-lm accuracy and can be affected by random target vibra-
tions at shot time.

Based on its simplicity and the ability to be used at the full laser
energy of OMEGA, the target-offset strategy was used in these experi-
ments. In order to determine the appropriate target offset required to
mitigate the observed asymmetry, the hot-spot velocity was used to
quantify the magnitude and direction of the laser mode-one drive
asymmetry. The hot-spot velocity~uhs is assumed to have a linear rela-
tionship with the target offset~o and is given by

~uhs ¼ a~o ¼ að~r þ~cÞ; (2)

where a is the offset to velocity conversion in km/s/lm, and the total
offset is assumed to be the sum of the measured offset ~r from the
high-speed video camera and some unknown effective target offset~c.
The unknown effective target offset is the component of the hot-spot
velocity generated from an assumed static mode-one asymmetry
source (either laser or target) present in the system. This model is sup-
ported by both experimental data46 and simulation results.21

Given at least two measurements of both the hot-spot velocity
~uhs and high-speed video target offset ~r , the terms a and ~c can be
determined, through a least squares minimization. Once the vector~c is
determined, the hot-spot velocity, and therefore laser mode-one drive
asymmetry, in an experiment can be eliminated by intentionally mov-
ing the target offset to the location�~c.

These calculations were performed using the experimental results
from the experiments discussed above and the target was positioned to
the calculated location to eliminate the observed asymmetry. The

FIG. 11. The inferred areal-density measurements for shots 94712 (blue) and
94715 (orange) as a function of the projection of the detector direction with the
measured hot-spot velocity direction, modified by the average scattering cosine li

of the measurement. The solid curves are fits to the data using the functional form
qR ¼ qR0 þ DqRg.

FIG. 12. The x-ray self-emission images measured for shot 94712. The (a) single-line-
of-sight, time-resolved x-ray imager (SLOS-TRIXI)12 and (b) KB framed11 images are
time resolved and are averaged over a 40 and 15 ps time window around peak neutron
production, respectively, while the (c) gated monochromatic x-ray microscope (GMXI)11

image is time integrated. Each detector has a �6lm spatial resolution. The projection
of the measured hot-spot velocity into the detector plane is indicated by the white arrow.
The magnitude of the projection is indicated by the length of the white arrow.
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offset to velocity conversion for these experiments was found to be
4.16 0.2 km/s/lm. The unknown effective target offset was deter-
mined to be~c ¼ h�26, 33, 17 i lm. This corresponds to a total target
offset of 45lm in the direction h ¼ 112� and/ ¼ 308�.

For shot 94715, the target was positioned at~r ¼ h28;�35;�19i
lm, which was within a few micrometers away from the requested
location of h26;�33;�17i lm. The direction of the target offset in
the OMEGA target chamber coordinate system is shown in Fig. 13.
With the target positioned to this location, the asymmetry present in
the previous experiments was greatly mitigated. In particular, the hot-
spot velocity was reduced to 276 11 km/s and was in the direction h
¼ 109�6 35� and / ¼ 341�6 26� and is shown in Fig. 13. As can be
seen from Fig. 10, the apparent ion-temperature asymmetry was
greatly reduced to 0.56 0.5 keV. A fit to the measured apparent ion
temperatures shows a slight enhancement in the minimum ion tem-
perature to T0 ¼ 4.6 keV and the ion temperature variation being
reduced to DT ¼ 0.03 keV. Additionally, the areal-density asymmetry
shown in Fig. 11 was reduced to 376 12mg/cm2. A fit to the mea-
sured qR values shows little change in the average areal density qR0

¼ 115mg/cm2 but with a greatly reduced areal-density variation DqR
¼ 4mg/cm2. Finally, the x-ray self-emission images became signifi-
cantly more symmetric when the offset correction was applied and is
shown in Fig. 14.

To understand how the target-offset correction was able to miti-
gate the previously observed asymmetry, it is instructive to analyze the
hard sphere illumination nonuniformity for shot 94715. Figure 13
shows that when the target correction was applied, the on-target illu-
mination uniformity was improved by a factor of 2 as compared to
shot 94712 (see Fig. 8). In particular, the total illumination perturba-
tion variation around the target was reduced to 14%. A Legendre-
mode spectral decomposition of the illumination uniformity is shown
in Fig. 13 and reveals that the laser-drive mode-one r‘¼1rms amplitude
was reduced from 7.3% to 4.3%.

The residual drive asymmetry present in the hard sphere calcula-
tion for shot 94715 suggests that there was a slight overcorrection
when applying the target-offset correction. This is consistent with the
slight areal-density asymmetry still present and some residual asym-
metry in the x-ray images shown in Fig. 14. With more-accurate place-
ment of the target and repeated measurements of the hot-spot
velocity, the target-offset correction can be refined to fully eliminate
the observed asymmetry.

Although there is a slight residual asymmetry observed in the
experiment, the illumination variation value of 14% calculated through
the hard sphere calculation is an upper limit on the asymmetry that
was likely present in the experiment. This is because the target offset
applied on this shot was large, which can enhance the effects of laser–-
plasma interactions. The effects of laser–plasma interactions are not
included in the hard sphere illumination calculations because they
require more-complicated physics models and is an area of active
research. Recent work21 using a more-complete description of the laser
illumination on target has shown that when large target offsets
(�40lm) are present, the increase in the overlap between beams
causes an enhancement in the rate at which cross-beam energy trans-
fer (CBET) occurs. This was found to suppress the mode-one drive
asymmetry and led to a reduction in the laser-drive asymmetry when
compared to a hard sphere calculation.21

VI. EFFECT OF MODE-ONE ASYMMETRY
ON IMPLOSION PERFORMANCE

The experiments described above represent a controlled set of
experiments where a laser mode-one drive asymmetry was present
and was then mitigated. Therefore, these experiments are good candi-
dates to experimentally study the yield degradation due to the laser
mode-one drive asymmetries in laser-direct-drive implosions.
Figure 15 shows the measured DT fusion yield as a function of the
hot-spot velocity for the experiments described above. We observed a
30% increase in the fusion yield for the shot (94715) where the correc-
tion was applied as compared to the shots (94657, 94660, 94712)
where no correction was applied, and the mode-one asymmetry was
present. It should be noted that some of the variation in the yield for

FIG. 14. The x-ray self-emission images measured for shot 94715. The (a) SLOS-
TRIXI12 and (b) KB framed11 images are time resolved and are averaged over a 40
and 15 ps time window around peak neutron production, respectively, while the (c)
GMXI11 image is time integrated. Each detector has a �6lm spatial resolution.
The projection of the measured hot-spot velocity into the detector plane is indicated
by the white arrow. The magnitude of the projection is indicated by the length of the
white arrow. The elongation observed in the x-ray images in Fig. 12 has been elimi-
nated by applying the offset correction.

FIG. 13. A sinusoidal projection of the OMEGA target chamber showing the illumi-
nation perturbation from the mean for shot 94715 determined from a hard sphere
calculation which used the measured laser beam pointing, energy, and target offset.
The direction of the measured hot-spot velocity is shown as the orange star and
had a magnitude of 27 km/s. The laser mode-one illumination asymmetry r‘¼1rms
amplitude was 4.3% and the direction is shown as the green circle. The target-
offset correction was 43 lm and is shown as the black diamond.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 28, 042701 (2021); doi: 10.1063/5.0041554 28, 042701-9

Published under license by AIP Publishing

https://scitation.org/journal/php


the uncorrected shots is due to age of the DT fuel used in these experi-
ments being different.47

The exact fusion yield on any given experiment is a complicated
expression that has several dependencies such as the exact 3D mode
asymmetry in the experiment, the fill age, the laser spot size, the target
offset, and other terms, which are still being identified. This compli-
cates a direct comparison between the fusion yield and the hot-spot
velocity across a broad ensemble of shots. Therefore, it is useful to
study the effect that mode-one asymmetries have on a hydrodynamic
quantity such as the hot-spot pressure, which incorporates several of
the hydrodynamic properties of the implosion into a single value.

Figure 16 shows the ratio of the experimentally inferred hot-spot
pressure to the pressure predicted from post-shot simulations using
the 1D radiation-hydrodynamic code LILAC48 as a function of the
mode-one asymmetry parameter f. The mode-one asymmetry param-
eter49 is defined as the ratio of the experimentally inferred hot-spot
velocity to the peak implosion velocity from the post-shot LILAC sim-
ulation. The experimental hot-spot pressure has been inferred by
assuming an isobaric hot-spot density and temperature profile50 and
fitting the profile to match the inferred fusion yield and minimum
apparent ion temperature given the measurements of the hot-spot
radius and burn width.51 The data shown in Fig. 16 are from 48 cryo-
genic LDD experiments performed on OMEGA since 2019 and used a
variety of laser pulse and target designs.

From Fig. 16, we see that the hot-spot pressure degradation tends
to increase with the mode-one asymmetry parameter, and that the
OMEGA data lie below the prediction from an analytic piston
model.49 The analytic piston model only considers the presence of a
pure mode-one drive asymmetry and assumes a simplified implosion
geometry, and therefore provides an upper bound for the pressure
degradation expected in an experiment. A fit to the OMEGA data
using the model P exp =P1�D ¼ ð1� f 2Þn as suggested in Ref. 49 is
shown in Fig. 16. The best-fit value for the exponent parameter n was
found to be n ¼ 1161 with a reduced chi-squared of 4.5 and suggests
that a more sophisticated model is required to explain the data. This is
plausible as there may exist other low- or high-mode asymmetries in
these implosions, which are not described by the model.

Understanding the trend observed in Fig. 16 will be the focus of future
work.

VII. CONCLUSIONS

Here, we have demonstrated how mode-one drive asymmetries
have been diagnosed in cryogenic DT laser-direct-drive implosions on
OMEGA using the suite of nuclear and x-ray diagnostics that have
been developed. We find that when large laser mode-one drive asym-
metries exist, large hot-spot velocities (>100 km/s) are observed in the
direction of the laser-drive asymmetry. Additionally, we saw that the
direction and magnitude of the apparent ion temperature and areal-
density asymmetry were aligned with the hot-spot velocity direction.
Finally, 3D hot-spot x-ray images revealed that the elongation
observed in these images was aligned with the hot-spot velocity
measurements.

A new asymmetry mitigation technique was demonstrated that
uses the measured hot-spot velocity to determine the optimal target
position to minimize mode-one asymmetries. This technique enables
corrections to be applied in laser-direct-drive implosions that require
the full laser energy of OMEGA to be used and can be applied without
realigning the laser system. This technique was successfully demon-
strated and a more-symmetric hot spot with a greatly reduced hot-
spot velocity, apparent ion-temperature asymmetry, and areal-density
asymmetry was observed. It was shown that with the laser mode-one
drive asymmetry mitigated, the fusion yield was increased by �30%.
We have also presented the first experimental data on the relationship
between the reduction in the hot-spot pressure due to mode-one drive
asymmetries in laser-direct-drive implosions.

These results highlight the importance of accurate beam align-
ment in laser-direct-drive implosions and the importance of nuclear
and x-ray diagnostics in ICF research. Motivated by these results,

FIG. 15. The measured DT fusion yield as a function of the hot-spot velocity magni-
tude. The shot with the asymmetry correction applied (94715) is shown in orange,
while the three shots (94657, 94660, 94712) where no correction was applied are
shown in blue. We see that suppressing the laser mode-one drive asymmetry leads
to a 30% average increase in the fusion yield compared to the uncorrected shots.

FIG. 16. The pressure degradation from 1D as a function of the parameter
f ¼ j~uhsj=uimp;LILAC . Shown is a fit using the functional form suggested in Ref. 49
and the analytic result using a piston model.49 Note that the scatter in the data are
likely due to the presence of other asymmetries that the hot-spot velocity does not
capture.
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improvements to both the laser alignment analysis routines and the
targets used during laser alignment have been made. These improve-
ments have resulted in laser mode-one drive asymmetries on OMEGA
being routinely <2% as is shown in Fig. 9. Future work will focus on
reducing laser mode-one drive asymmetries to <1% by increasing the
number of pinhole cameras used during the beam-pointing experi-
ments, and to increase the number of beam-pointing experiments.
Finally, 3D reconstructions of the hot spot and fuel conditions using
measurements made by the suite of nuclear and x-ray diagnostics on
OMEGA are being developed and will provide new insights into mul-
tidimensional effects in laser-direct drive implosions.44
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