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Abstract

Multidimensional effects on hot-spot formation must be considered to better understand the current
limits on the performance of direct-drive inertial confinement fusion experiments on OMEGA with
cryogenically layered solid deuterium—tritium targets. A comprehensive reconstruction effort has
been established at the Laboratory for Laser Energetics to infer hot-spot and shell conditions at
stagnation from a large collection of x-ray, neutron, and particle detectors along multiple lines of
sight. Several time-gated and time-integrated x-ray imagers are being used to record the shape of
the hot-spot plasma. A 3D hot-spot x-ray emission tomography technique has been developed to
infer low-mode drive asymmetries from the hot-spot shape. A suite of neutron diagnostics is used

to provide measurements of hot-spot flow velocity, ion temperature, and areal density. The



information obtained from the x-ray and neutron detectors will be combined into a coherent model

of the shape of the hot spot and shell assembly.

1. Introduction

In direct-drive inertial confinement fusion (ICF) [1], lasers are used to directly irradiate and
implode a thin-shelled spherical target containing a solid, cryogenic deuterium—tritium (DT) layer.
The laser-direct-drive ICF concept is studied on the 60-beam, 30-kJ, 351-nm OMEGA laser [2] in
both the spherical-direct-drive (SDD) [1] and polar-direct-drive (PDD) [3—5] configurations. In
the PDD configuration, 40 of the 60 OMEGA beams are used, and beams from the higher latitudes
are repointed toward the equator to achieve adequate symmetry, emulating the National Ignition
Facility [6] beam configuration [4]. Cryogenic targets used on OMEGA are typically about 1 mm
in diameter and have a thin CH outer shell, and an inner layer of solid cryogenic DT ice with

thickness of about 35 um, with the innermost portion filled with DT gas.

Nonuniformities in the laser illumination and target configuration can cause low-mode
asymmetries in implosions [7]. Engineering features in the target including the target stalk and
nonuniformities in the layer or ice-shell thickness cause variations in the mass distribution of the
target and result in implosion asymmetries that are amplified by hydrodynamic instabilities. Beam
pointing, timing, energy and power imbalance, and laser—plasma instabilities cause the absorbed
energy across the target surface to vary, leading to nonuniform compression [8]. Offsets in the
target positioning can also cause a variation in the incident laser intensity over the target surface,

which results in asymmetric target compression [9,10].

Statistical modeling has highlighted the sensitivity of the measured fusion yield to low-mode

asymmetries [11]. Another metric for low-mode asymmetry is the measured maximum-to-



minimum ion temperatures, which is correlated with the spherical harmonic mode € = 1 amplitude.
It has been shown by both theory [12] and through a database of experimental results [11] that if
this ratio approaches unity, it results in an improvement in implosion performance, defined as the
ratio of the measured neutron yield to the 1D predicted yield. The motivation of the ongoing work
presented here is to study the effect of the £ = 2 mode on performance using 3D reconstructions of
hot-spot shape asymmetries, mitigate low-mode asymmetries to optimize implosion performance,
and combine all stagnation measurements to develop a better physical understanding of

the implosions.

2. Diagnostics

Implosion symmetry is measured on OMEGA with x-ray and nuclear diagnostics along several
lines of sight. A suite of nine nuclear diagnostics is used to infer the mode £ = 1 hot-spot flow
velocity, apparent ion temperature, ion-temperature distribution, and areal-density distribution
[13]. The port locations of the nuclear diagnostics are indicated on the map of the OMEGA target
chamber in blue in Fig. 1. Three quasi-orthogonal x-ray imagers are used to infer the mode £ =2

shape of the hot-spot emissivity, shown in red in Fig. 1 [14—16].

The £ =1 implosion asymmetries are inferred using nuclear diagnostics that detect the energy
spectrum of the neutrons emitted from an implosion [13,17]. Shifts in the mean energy of the
primary neutron energy spectrum provide information on the hot-spot velocity, and the width of
the primary neutron peak is used to infer the apparent ion temperature. The measurement of the
down-scattered neutron energy spectrum provides information on the shell areal density and its

low-mode asymmetries [18,19]. More details on these measurements can be found in [13].
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Fig. 1. A map of the OMEGA target chamber with different diagnostic ports highlighted. Locations

of nuclear diagnostics are in blue and x-ray diagnostics are in red.

The € =2 implosion asymmetries in the shape of the hot-spot emission are inferred using x-ray
diagnostics [20,21]. Three x-ray diagnostics image the hot-spot self-emission in the 2- to 9-keV
energy range: (1) The single line-of-sight time-resolved x-ray imager (SLOS-TRXI) [14] consists
of a pinhole array coupled to a fast-gated x-ray camera to provide up to eight images of the hot-
spot x-ray emission with a temporal resolution of 30 ps and a spatial resolution of 10 um, and is
located in port H4. (2) KBframed [15] is a Kirkpatrick—Baez x-ray microscope coupled to a
framing camera, which provides 16 images of the hot-spot x-ray emission with a temporal
resolution of 30 ps and a spatial resolution of 6 um, and is located in port H13. (3) The gated
monochromatic x-ray imager (GMXI) [16] is a Kirkpatrick—Baez x-ray microscope coupled to
four time-integrating charge-injection—device sensors, which provides time-integrated data with a
spatial resolution of 5 um, and is located in port H12. The spatial and temporal resolutions and

photon energy ranges for each diagnostic are summarized in Table 1.



Table I: A summary of the spatial resolutions, temporal resolutions, and approximate detected

photon energy ranges for each of the 3 x-ray diagnostics.

Diagnostic Spatial resolution | Temporal resolution Detected photon
(um) (ps) energy range (keV)
SLOS-TRXI 10 30 4-9
KBframed 6 30 2-8
GMXI 5 Time-integrated 4-7

3. Three-dimensional reconstruction of hot-spot x-ray emission volume

A 3D hot-spot x-ray emission model is used to reconstruct the hot-spot emission profiles of
OMEGA implosions by combining measured x-ray emission data from multiple lines of sight
[20,21]. The complex shape of the hot-spot emission &(r,0,4) is described using a spherical

harmonic Gaussian function,

n

0 0 b4
ng(r,0,8)= Y R |1+ S > Ay (R) Y (6:8) ] (1)
n=0

l=1m=—(

where ¢ are radial coefficients, R is the radius, and Asm are the mode-amplitude coefficients

describing the real spherical harmonic terms Yen(6,9).

The 3D emissivity profile is reconstructed by initially estimating the solution as a spherically
shaped volume with a 1D radial Gaussian profile. The solution is projected into each detector plane
using a straight-line light source projection, where it is assumed that all emitted photons are
projected onto the detector planes and that there is no attenuation of the x-rays by the dense fuel
layer. The hot-spot plasma of cryogenic DT target implosions on OMEGA is optically thin for
photon energies >2.5 keV [22], which is fulfilled for all of the x-ray imagers in this work. The

experimental x-ray images are compared to the projections of the solution. The rms error is



calculated between the model projection and the experimental images for each line of sight, and
the average over all lines of sight is taken. All diagnostics are weighted equally in this
reconstruction. The coefficients are slightly perturbed using a gradient-descent machine-learning
algorithm [21] and this process is repeated until the error is minimized. This method was tested
using radiation-hydrodynamic simulations produced by the hydrodynamic code DEC3D [23], which
found good agreement between the simulated x-ray images and projections of the reconstructed

hot-spot emission volume [20].

The 3D reconstruction technique is being applied to high-yield SDD DT cryogenic implosions
[11,24,25]. OMEGA implosion 96806 had a measured neutron yield of (1.6£0.1) x 1014, areal
density of 148+12 mg/cm?2, and maximum and minimum ion temperatures of 4.8+0.3 keV and
4.4+0.3 keV, respectively. A hot-spot flow of 62+15 km/s was inferred from the nuclear
diagnostics. X-ray images were recorded by the three imagers, shown in Fig. 2(a). SLOS-TRXI
and KBframed are time-resolved imagers that provide several images of the hot-spot emission, so
the images at maximum emission were chosen for the reconstruction. These images were used as
inputs to the reconstruction routine, and the hot-spot shape was reconstructed using the method
described above. Projections of the model are shown in Fig. 2(b) for each detector line of sight.
The error between the experimental data and the projections of the best-fit solution are expressed
as a percent and were calculated as the rms error of the difference between the two images,
normalized to the maximum of the experimental image, and are shown in Fig. 2. The rms error of

less than 10% indicates reasonable agreement of the best-fit solution to the experimental data.

The experimental images and model projections exhibit an elongation along the different

views, indicative of a large mode € = 2 in the shape. The mode ¢ = 2 coefficient 45, which is

defined as the square root of the sum of the squares of the mode € = 2 coefficients,
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2
(Zgz Ay m) , 15 0.95+0.02 for this reconstruction. The error on the fit parameters was

estimated by adding normally distributed random noise to the resulting best fit and reconstructing
the hot-spot emission multiple times in a Monte Carlo simulation by varying the noise. The
reconstructed hot spot is shown as a contour plot at 10% of the maximum emission for two views
90° apart along the equator in Fig. 3. The hot-spot flow velocity direction inferred from nuclear
diagnostics is largely along the major axis of the mode-2 elongation shown in Fig. 3, indicated by
the arrow. Future work will include applying this reconstruction method to all SDD D—T cryogenic
implosions, as well as further combining performance metrics such at the neutron yield, hot-spot
flow velocity, areal density, and ion temperature asymmetry to assess how the implosion
performance varies with varying low-mode hot-spot shape asymmetries. It has been shown that
the mitigation of £ = 1 asymmetries in laser-direct-drive ICF implosions improves performance
[11,13]. Reducing the £ = 2 asymmetry will likely further improve performance in future

experiments.
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Fig. 2. (a) Experimental x-ray self-emission images from shot 96806. (b) Projections of the 3D

reconstruction model into each detector plane. The error between the experimental data and the



projections of the best-fit solution are expressed as a percent and were calculated as the rms error

of the difference between the two images, normalized to the maximum of the experimental image.
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Fig. 3. Reconstruction of shot 96806 inferred from measured x-ray images shown from two
equatorial views rotated by 90°. The arrow indicates the direction of the hot-spot flow velocity

inferred from neutron measurements.

Experiments are planned on OMEGA to improve the implosion symmetry on a shot-by-shot
basis using this 3D reconstruction technique with ambient DT gas-filled plastic shell targets. The
experiments will impose large £ = 1 and 2 asymmetries in the initial target configuration by either
offsetting a spherical target from target chamber center (TCC) or by positioning a target with a
spatially varying mass density profile at TCC. These asymmetries will then be detected in the
stagnation x-ray images. Once the x-ray and nuclear data is available following an implosion, it
will be used to infer the 3D hot-spot shape and flow velocity. This information will be used to
calculate the redistribution of laser energy across the 60 beams that is needed to mitigate the
mode-1 or -2 asymmetry. The process will be repeated until a symmetric implosion is achieved. A

mapping relation of hot-spot shape asymmetries as a function of laser-energy corrections will be
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determined to mitigate low-mode implosion asymmetries. This technique will be used in the future
on DT cryogenic implosions to improve performance during a shot day. Additionally, a new
iteration of this hot-spot x-ray emission reconstruction technique using a neural network [26]
trained on the results from hydrodynamic code DEC3D [23] is being developed and will constrain
the solution only to physically possible solutions. The nuclear measurements will also be included
in this model by comparing to simulated quantities to further constrain the reconstructed

emissivity.

A third time-resolved x-ray imager [27] is being developed for OMEGA and will be located
along the same line of sight as GMXI in port H12 in Fig. 1. This diagnostic will operate similarly
to SLOS-TRXI but with a temporal resolution of 20 ps and a spatial resolution of 5 um. The
addition of this diagnostic will allow a fully time-resolved reconstruction of the hot-spot shape.
Six knock-on-deuteron imagers (KoDIs) along different lines of sight, which can measure both
deuterons and x rays, are being developed to image the low-mode structure of the compressed shell
and the hot spot from implosions [28—30]. The KoDI diagnostic is still under development, but

x-ray data from these lines of sight will be included into the 3D reconstruction routine in the future.

4. Conclusion

Three-dimensional reconstructions of the hot-spot shape of high-performing DT cryogenic
implosions on OMEGA are being used to understand the effect of low-mode degradation
mechanisms on hot-spot formation and to develop ways to improve implosion performance. Mode
=1 and £ =2 implosion asymmetries are diagnosed with nuclear and x-ray diagnostics, and will
be combined into a coherent model of the hot-spot core shape and shell assembly. Reconstructions
are being performed for implosions on OMEGA with the goal of developing a better physical

understanding of the implosions that is consistent with all the stagnation measurements.
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