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ABSTRACT

X-ray imaging indicates magnetized liner inertial fusion (MagLIF) stagnation columns have a complicated quasi-helical structure with signifi-
cant variations in x-ray brightness along the column. In this work, we describe MagLIF experiments aimed at controlling these stagnation
structures by varying the initial liner geometry and composition. First, by varying the initial aspect ratio of the liner, we demonstrate a change
in the stagnation structures that is consistent with helical magneto Rayleigh-Taylor (MRT) instabilities feedthrough from the outer-to-inner
surfaces of the liner. Second, to minimize the seed for such instabilities, we incorporate a dielectric coating on the outer surface of the beryl-
lium liner, which has previously been shown to reduce the growth of the electrothermal instability, a likely seed for MRT growth. Using this
coating, we achieve a stagnation column with significantly reduced helical structure and axial variation in x-ray brightness. We discuss how
this coating changes the evolution of structures through stagnation along with the spatial uniformity of neutron production. Finally, we show
that these more uniform stagnations also result in improved reproducibility in stagnation temperatures and primary DD neutron yield.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (http://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0169981

I. INTRODUCTION

Magnetized liner inertial fusion (MagLIF) is a magneto-inertial
fusion concept that uses a pulsed-power-driven, low-Z metallic tube or
liner to compress a pre-magnetized, pre-heated fuel to reach fusion

variations in the areal density of the liner.” Understanding and control-
ling MRT in MagLIF is, therefore, critical for its success.

The implosion stability of magnetically driven liners, similar to
the ones used in MagLIF, has previously been studied in detail using

conditions.' ~ With all inertial confinement fusion schemes, hydrody-
namic instabilities play a key role in determining performance as they
can impact the compression of fusion fuel, introduce contaminants
into the fuel, and deform the inertial tamper.” For MagLIF, the mag-
neto Rayleigh-Taylor instability (MRT) is the dominant instability and
can reduce the pressure and confinement of fuel during burn due to

radiography” of the liner implosion in-flight. For experiments without
an applied axial B-field, the growth of MRT instabilities seeded via
sinusoidal perturbations on the outer surface of an Al liner”* and the
feedthrough of MRT instabilities to the inner surface using smooth
(100-250 nm surface roughness) Be liners’ were previously investi-
gated. Additionally, the initiation of instabilities on the outer surface of
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the liner, in particular the electrothermal instability (ETI)," which
may seed MRT, was studied.' "

Introducing an axial pre-magnetizing magnetic field onto a
MagLIF-like liner further complicates instability growth. Initial experi-
ments radiographing pre-magnetized liners led to the surprising result
of a helical MRT instability mode during the implosion,"” which vari-
ous groups have aimed to understand.'* " In integrated MagLIF
experiments (i.e, where a liner containing a preheated, pre-
magnetized fuel is imploded), time-integrated high-resolution x-ray
imaging of the stagnation plasma has generally shown a high conver-
gence ratio (~30-50), quasi-helical column with axial variations in x-
ray brightness.” However, these inherently three-dimensional struc-
tures cannot be properly accounted for in two-dimensional MHD sim-
ulations™ or analytic models”' ** used to study scaling to higher
currents on future generators,”” complicating our understanding of
their origin and impact on performance. While these are outstanding
questions, it has been postulated™ that this helically oriented MRT
instability growth on the exterior of the liner is responsible for the heli-
cal morphology of the stagnation column. Alternatively, this helical
mode may originate during the rapid deceleration of the inner liner
surface during stagnation.” In this paper, we describe experiments
that indicate that this helical mode, and more generally the structures
seen in stagnation images, are the result of feedthrough of the early-
time helical instability which is initially formed on the outer surface of
the liner.

An additional outstanding problem in MagLIF concerns variabil-
ity in performance. In some instances, mechanisms for this variability
have been identified, including mix from mid-Z fuel-facing materials”*
and changes in input parameters” (e.g, preheat energy coupled).
Possible sources have also been identified, including unpredicted vari-
ability of coupled energy and/or mix in the preheat phase. Initial inte-
grated experiments were performed without distributed phase plates
that smoothed the preheat laser beam. With the highly structured
wave-front present in such an unconditioned beam, laser-plasma insta-
bilities can readily change across experiments. Specifically, parametric
instabilities can reduce energy coupling and filamentary instabilities
can exacerbate beam spray, introducing mix from interior target surfa-
ces.”" As preheat occurs sufficiently early (~60 ns before stagnation),
these effects can impact the fuel relatively uniformly at stagnation.

A distinct explanation for the variability in MagLIF is that it is a
manifestation of implosion instability, which leads to axial variations in
the morphology and conditions of the liner responsible for compressing
and confining the fuel. This is hypothesized to produce axial variations
in the fuel conditions (volume, temperature, density, and mix) at stagna-
tion. As a result, the neutron yields from unstable stagnation columns
could be dominated by a few “hot spots,” the number and neutron emis-
sion from which would likely vary between experiments. Characterizing
the axial variability and correlating this with the reproducibility of stag-
nation performance is an outstanding problem for MagLIF. In this
work, we found that introducing a dielectric coating on the surface of
the beryllium liner significantly improved both stability and shot-to-shot
reproducibility. This will allow future experiments to explore the impact
of controlled variations between experiments with less uncertainty.

In this paper, we demonstrate the ability to alter the stagnation
structures in MagLIF by varying the liner aspect ratio (AR) and applying
dielectric coatings to the liner surface. In Sec. II, we describe the experi-
mental configurations. In Sec. 111, we discuss experiments that vary the

pubs.aip.org/aip/pop

aspect ratio of the liner, concluding that the effect on the stagnation
structures is consistent with feedthrough of instabilities. In Sec. IV, we
discuss experiments incorporating a dielectric coating that demonstrated
significant improvements to the stability of both the implosion and the
stagnation column morphology. We present data from newly available
diagnostics that show how the stagnation structures with this coating
evolve in time and how the uniformity of neutron emission compares to
x-ray imaging. Finally, we describe how stagnation conditions and per-
formance vary with the different initial liner configurations. Specifically,
we show that, with these more stable coated liners, we are able to consid-
erably improve the reproducibility of the ion temperature and yield in
MagLIF experiments.

Il. EXPERIMENTAL DESIGN

Experiments in this paper aim to study the feedthrough of insta-
bilities in a MagLIF liner into the stagnation column and to reduce the
seeds of these instabilities. Based on general Rayleigh-Taylor stability
theory™ and, more specifically, MRT theory,”** feedthrough of insta-
bilities with wavenumber k through a slab of plasma with thickness A
depends on the product kA. With no magnetic field (or no field com-
ponent parallel to the wavevector), the feedthrough factor can be
expressed simply as F=exp(—kA). This relationship is significantly
more complicated with the introduction of magnetic tension and
cylindrical geometry;” however, the dependence on kA remains. For a
cylindrically symmetric liner, the wall thickness, A, can be dimension-
lessly characterized by the liner aspect ratio (AR),

Raut Rin
AR =2 =—8 41,
where R;,, is the initial inner radius and R, is the initial outer radius.

In this study, we investigate the effect of varying liner aspect ratio
on instability feedthrough. All MagLIF experiments before this study
used a Be liner (or tube) with an initial aspect ratio of 6. Initial design
simulations for MagLIF indicated that for aspect ratios exceeding ~6,
instability feedthrough led to a degradation of yield between 1D and 2D
simulations, while for aspect ratios less than ~6, the feedthrough was
acceptable.” Simulations also indicate that, as the liner aspect ratio is
decreased, the performance drops due to less implosion energy trans-
ferred to the fuel." As a compromise between these competing effects,
integrated MagLIF experiments have predominantly utilized aspect ratio
6 liners.”*””>"° In the experiments described in this work, we expand
this dataset to include aspect ratio 4.6 and 9.0 liners of the same height.
We aimed to keep factors that impact the preheat phase fixed, which led
to fixed fuel density (impacts laser plasma instabilities, radiative cooling)
and liner inner wall radius (could impact laser-induced mix). An over-
view of the target dimensions is shown in Figs. 1(a)-1(c).

In Sec. I'V of this paper, we explore the impact of coatings in sta-
bilizing the implosion of the AR liners. To preserve the implosion tra-
jectory, we fixed the total mass (including the coating) between the
uncoated and the coated liners. This was achieved by reducing
the outer radius of the Be by an amount equivalent to the mass of the
75 um Epon coating (Bisphenol-A diglycidyl ether epoxy resin, density
1.1 g/cm®). As the liner implosion trajectory (i.e., mass) dictates much
of the dynamics of the experiment, we choose to refer to these coated
liners by the aspect ratio of the uncoated equivalent mass, hence mass-
matched coated AR6 (abbreviated “coated AR6”) and mass-matched
coated AR9 (abbreviated “coated AR9”). The mass-matched coated
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FIG. 1. Liner configurations of varying aspect ratio. (a)—(c) are liners with aspect
ratios 4.6, 6, and 9, respectively. (d) and (e) show mass-matched coated aspect
ratio 6 and 9 liners, respectively. The coating is shown in more detail in (f).

ARG6 and AR9 targets are shown in Figs. 1(d) and 1(e), respectively
and, with more detail on the coating, in Fig. 1(f). Due to the difference
in density between Be and Epon, to provide equal liner mass, the total
wall thickness is increased by ~25 um between the AR9 liners and the
coated AR liners. Said differently, the aspect ratio of just the Be in the
ARO case is 10.6, and the true (non-mass-matched) aspect ratio aspect
ratio is 8.1; however, using the terminology of the aspect ratio of the
similarly massed uncoated Be liner, this setup is referred to as mass-
matched coated AR9.

To isolate the effects of liner geometry on stagnation morphology
and target performance, other inputs to the experiments were kept
similar. The liners were filled with 0.7 mg/cm’ deuterium fuel sealed
from the top with a 1.77-um thick, 3-mm diameter polyimide laser
entrance hole (LEH) foil. Note the preheat laser must penetrate this
foil prior to preheating the fuel. The laser preheat configuration has
been described in other publications as “no-DPP thin-window”*"*’
because no spatial smoothing is applied to the spot profile; this config-
uration has been used extensively in other integrated MagLIF experi-
ments. In these experiments, the laser delivered 1900-2400] to the

ARTICLE pubs.aip.org/aip/pop

target and coupled 780-1060] to the fuel based on a scaling relation-
ship determined through offline tests.”® Note that data and simulations
of ARG targets driven with ~20 MA show little variation in yield over
this range of preheat energies.””*

For all experiments analyzed in this work, the liner was pre-
magnetized with a 10T axial magnetic field. The final transmission
line, which was designed to allow the pre-magnetization coils to be
appropriately positioned, is identical to that shown in Fig. 1 of Ref. 13.
Although the pulsed power configuration is identical for all experi-
ments, changes in the liner aspect ratio modify the implosion trajec-
tory. As the time-varying load inductance is dictated by the implosion
trajectory, changing the liner aspect ratio ultimately impacts the load
current. To minimize any change in cooling of the fuel following injec-
tion of the preheat laser, we fix the preheat time to be 60 ns prior
to the simulated stagnation time in all experiments.” Although
pre-magnetization of the fuel reduces heat loss through electron con-
duction, large variations in the preheat-to-stagnation time have the
potential to impact performance.

lll. CONTROLLING STAGNATION MORPHOLOGY
BY VARYING THE INITIAL LINER GEOMETRY

To study how the stagnation structure and performance varies with
wall thickness, we conducted two experiments for each aspect ratio of
4.6, 6.0, and 9.0. If the observed stagnation structures are the result of
instability feedthrough, we expect lower aspect ratio targets to be more
robust to feedthrough of shorter wavelength (larger k) modes. Therefore,
the observed spatial spectra have the potential to elucidate the origin of
the stagnation structures, with shorter wavelengths and higher ampli-
tudes expected for the higher aspect ratio liner configurations.

Figure 2 shows time-integrated, quasi-monochromatic x-ray
images from the experiments. The images are generated using a
~65 pim resolution spherically bent crystal imager.”” Six experiments
are shown in the figure, two at aspect ratio 4.6 [left images, (a) and
(d)], two at aspect ratio 6 [center images, (b) and (e)] and two at aspect
ratio 9 [right images, (c) and (f)]. This array of images shows many
similarities along with notable differences. All images show emission
over a multi-mm length region of hot plasma. There is a bright column
near the z-axis in all the images, consistent with high convergence
implosions; however, each column displays significant structure with a
quasi-helical morphology present. There are significant differences in
the details of the structure between the experiments—even between
nominally identical experiments.

For each image, we have located the centroid of emission as a
function of z by fitting a Gaussian profile to each axial location, as plot-
ted on the left of the image in red. While the profile is more compli-
cated than a simple Gaussian, this approach is sufficient to capture the
broad morphology of the column. This fitting was performed after a
smoothing routine was applied to the images. Images are smoothed via
binning, i.e.,, using “superpixels” created by summing local groups of
N X N pixels. The grid spacing of the smoothed image is N times the
spacing of the original. For the images in Fig. 2, we used a value of
N = 11, which compromised over-smoothing and de-noising (note the
typical image size in Fig. 2 is ~1000 x 1700 pixels).

The top row of images in Fig. 2 each has a more clearly identifi-
able helical structure over a large portion of the stagnation height,
despite the different aspect ratios. The structures in the bottom row of
images, from nominally identical experiments to the top row, appear
quasi-helical but are more complex, likely with multiple modes
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FIG. 2. Variation in structure for different aspect ratios: (a) and (d) are aspect ratio
4.6, (b) and (e) are aspect ratio 6 and (c) and (f) are aspect ratio 9. On the left of
the images a representation of the helical structure is shown (omitted in regions that
have more complex structures or are too dim to track), obtained by identifying the
centroid of the emission for each axial position. To accentuate the structures
observed the figure uses a z:x axis ratio of 1:6. The intensity is scaled to show the
features within each image.

superimposed on each other. In some cases, bifurcation is present [e.g.,
atz=3mm in (a)]. The variety of structures in these images highlights
the overall irreproducibility of the instability.

To investigate the spectrum of modes present in the stagnation
columns, we implemented a procedure to approximate the Fourier
transform using the fast Fourier transform (FFT). FFTs were con-
ducted for each centroid trace using zero padding of ~10x the original
trace length. The absolute value of the Fourier transform was approxi-
mated by dividing the absolute value of the FFT by the sampling fre-
quency (the sampling frequency is the reciprocal of the grid spacing).
In this fashion, the amplitude of the modes can be directly compared
across the various experiments. To facilitate the comparison across a
variety of experiments, the Fourier transform approximations are
smoothed using windows of length equal to ~5% of the length of the
zero-padded FFT. This essentially bins the spectral content at the
expense of detailed spectral information (e.g., identification of sharp
peaks corresponding to dominant modes). Note the conclusions below
are insensitive to the zero-padding and smoothing window lengths.

Figure 3(a) shows the Fourier transform approximations.
Considering only the uncoated liners, first note that lower aspect ratios
generally show smaller overall amplitudes. This is consistent with feed-
through as lower aspect ratio targets should be more robust to this pro-
cess. To quantify the instability growth, we integrated the square of the
Fourier transforms over wavenumber space. Figure 3(b) shows the
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FIG. 3. (a) Absolute value of the Fourier transform approximated using the FFT
divided by the sampling frequency for the traces tracked in Fig. 2. (b) Integral of the
square of Fourier transforms in (a), which serves as a measurement of total instabil-
ity. Colors/symbols in (b) are the same as the legend in (a).

results of this analysis, clearly indicating the relationship of instability
growth with aspect ratio. Second, the curves in Fig. 3(a) generally show
higher aspect ratio targets have larger amplitudes at larger mode num-
bers. For example, the AR targets show larger amplitudes near the
k= 2/mm wavenumber, while the AR4.6 and ARG are closer to zero.
Similarly, the AR6 and AR9 targets show amplitudes near k= 1.5/mm,
while the AR4.6 is close to zero. This observation is also consistent
with feedthrough as the feedthrough factor from outer-to-inner surfa-
ces of higher k modes is reduced for thicker targets. The coated AR9
data will be discussed in Sec. IV B.

It is important to note that the acceleration history, which drives
MRT on the outside of the target, depends on the aspect ratio of the
liner. Despite this, the experimental results are still consistent with
feedthrough. To understand why, note that lower AR targets have
more mass and implode over approximately the same distance as the
larger AR targets but over a longer time period. This allows more time
for MRT to develop. For example, see Fig. 6 in Ref. 38, where identical
liners were magnetically driven to similar convergence ratios using
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different implosion trajectories. The target that imploded with a longer
rise time current pulse developed significantly larger MRT amplitudes
and feedthrough. Despite this effect, the lower AR targets in this work
show overall reduced amplitudes. This may be explained via the feed-
through factor, where thicker targets are more robust to feedthrough
across all wavelengths. Additional work is under way to utilize scatter-
ing transforms’” trained with geometric helices to better quantify the
structures observed in these data."’

IV. CONTROLLING INSTABILITIES USING DIELECTRIC
COATINGS

The presence of complex 3D structures in MagLIF stagnation col-
umns can have numerous deleterious effects on performance by
increasing mix, reducing confinement, and increasing shot-to-shot
variability. In addition, these structures are challenging to model. The
results in Sec. III show significant 3D structures that are consistent
with feedthrough of MRT instabilities from the outside of the target.
Reducing the liner aspect ratio can reduce the feedthrough; however,
this comes at the cost of reduced performance in 2D simulations.’
Other approaches to improving stability include reducing the MRT
amplitude at stagnation by reducing the growth rate during the implo-
sion via a dynamic screw pinch’' * and reducing the initial seed.
Previous simulations by Peterson et al."" indicate that for the tempera-
tures and densities present in these types of experiments, ETT can be
important and provide a seed to the more deleterious MRT instability.
That work suggested a potential solution is to include a thick (tens of
um) dielectric coating on the exterior liner surface. The dielectric coat-
ing is stable to the striation form of ETI and simultaneously tamps
ETI-driven expansion of the underlying beryllium. This reduces the
amplitude of density variations while keeping these regions at higher
density, the latter of which reduces the ETI growth rate.

In experiments with solid rods, the addition of dielectric coatings
reduced the early time growth of instabilities.'" Dielectric coatings also
resulted in improved stability when applied to imploding ARG liners.'”
In these experiments, radiographs taken at convergence ratios (defined
as the ratio of the initial inner liner radius to implosion front radius) of

(a) AR9 uncoated [full transmission]

(a) AR9 uncoated (limited
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~20 maintained a highly stable inner liner surface. It should be noted
that, in the previous work on Z, and in the work described below, the
impact of the dielectric coating on ETI is inferred from the observed
reduction in MRT growth during the implosion - the diagnostics on Z
presently lack sufficient spatial resolution for studying the early time
ETI stage. Separate experiments are under way on smaller pulsed
power drivers to study this in detail.”*

The highly improved stability observed in radiographs of previ-
ous coated ARG liner implosions'* motivated experiments designed to
improve stability in our most unstable targets from Fig. 2, the AR9 lin-
ers. In Secs. IV A and IV B, we present a detailed study of coated AR9
liners using radiographic measurements, time-integrated and time-
resolved x-ray imaging, and time-integrated neutron imaging. We
then show that, along with improved stability, these integrated experi-
ments show reproducible stagnation conditions including ion temper-
atures and yields.

A. Radiographic measurements

We first investigated the stability of coated AR9 liners in
implosion-only radiography experiments. These experiments were
pre-magnetized to 10T but lacked laser preheat as it is presently not
possible to simultaneously preheat the fuel and radiograph the implo-
sion as both are accomplished using the Z Beamlet laser.*” Note that
we only expect the fuel pressure to impact morphology of the implo-
sion at late times, so we use early-time radiography without preheat as
a surrogate for the with-preheat experiments. Figure 4 shows radio-
graphs of coated and uncoated AR9 liners at similar convergence ratios
(7.5 and 6, respectively). By examining the helical structure in Figs.
4(a) and 4(c), we see that the pitch angle of the helices is similar
between the coated and uncoated liners, while the number of helices
present is significantly different. In the uncoated experiment, there are
2-3 well-defined (higher contrast) interweaved helices at this point in
the implosion, while in the coated experiment there are >5 less defined
(lower contrast) interweaved helices. The lower contrast indicates
reduced instability amplitude (smaller areal density variations arise
from reduced mass motion associated with MRT) and the increased

Axial Position [mm]
&

Axial Position [mm]
i

Axial Position [mm]

2 -1

0 1 2 3
Horizontal Pasition [mm]

Horizontal Position [mm]

0.4 (e) AR9 uncoated [limited

3 -3 -2 -1 0 1 2 3
Horizontal Position mm]

FIG. 4. Radiography images and analysis demonstrating the impact of dielectric coatings on implosion stability in AR9 MagLlIF liners. The left images are the full scale (white is
full transmission, black is zero transmission, and the initial liner and coating positions are overlaid in blue and red, respectively). The uncoated AR9 liner is on the top row and
the coated AR9 liner is on the bottom row. The center images are the same as the left except on a different color scale to highlight the inner surface structure (a Pt coating is
used to enhance this surface). The bottom right image is radiography of a coated AR liner at higher convergence.
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number of helices indicates a smaller wavelength. The latter is also
consistent with a reduced amplitude as previous studies'” show larger
amplitudes are accompanied by larger wavelengths, likely driven by
mode-merging events.®

In these radiography experiments a 25 nm Pt coating is used to
highlight the inner surface of the implosion front.'”'” The radiography
indicates that, despite their high aspect ratio, the implosion front has
very little structure when the coating is used [this Pt layer is more
clearly visible when the transmission scale is limited, as shown in Figs.
4(b) and 4(d)]. For the uncoated liner, there are ~75 pum variations in
the implosion front location along the height of the radiograph (note
that the field of view is only 3 mm vs the 10 mm tall target). The coated
liner at similar convergence has reduced or eliminated these perturba-
tions—there is no discernable fluctuation in the implosion front at the
15 pm resolution of the radiograph. Shown in Fig. 4(e) is a radiograph
of the coated liner later in time, which demonstrates good stability of
the inner surface of the coated AR liner at higher convergence (~15).

B. X-ray emission imaging

Informed by the radiography experiments in Sec. IV A, integrated
MagLIF experiments were performed to study the stagnation mor-
phology with the objective of determining whether coated AR9 liners
would produce a more uniform stagnation than their uncoated coun-
terparts. Figure 5 shows stagnation images from three nearly identical
coated AR9 liner experiments. The images all indicate a significantly
more uniform stagnation column than those shown in Fig. 2. In these
images, the coated AR9 stagnation columns demonstrate a weakly heli-
cal structure. As shown in Fig. 3, both the spectrum and instability
growth are much more comparable to the uncoated AR4.6 dataset,
indicating that the axial uniformity of the self-emission from the stag-
nation columns with the coated AR9 liners is considerably improved.
Note that there remain short scale variations in the axial emission pro-
files (see Fig. 5); however, all three images show significantly less axial
variation compared to the uncoated liners in Fig. 2.

While the improved stability is encouraging, there are aspects of
stagnation morphology that cannot be determined from time-
integrated diagnostics, including whether there is temporal variation in
emission and stability. Obtaining a time gated image with radial
(a) 23019

(b) 23075 (c) 23135

z(mm)
z(mm)

-0.5 0 05 -05 0 0.5 05 0 05
x(mm) x(mm) x(mm)

FIG. 5. X-ray emission images of mass-matched AR liners (coated with 75 um
Epon epoxy). Traces on the left of each image are determined using the same
methodology used to generate those shown in Fig. 2. Compare to Fig. 2 for the
uncoated data.
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resolution is challenging for these experiments due to the small radial
extent of the stagnation column. An existing x-ray pinhole camera has
been fielded on many MagLIF experiments but is effectively only
resolving the axial (vertical) direction. More recently, a higher resolu-
tion pinhole camera that is situated closer to the target has been devel-
oped. The new instrument, named time-resolved in-chamber x-ray
imager (TRIXCI)," is based on an existing spectrometer design*® and
provides eight frames with ~40um resolution, comparable to
20-60 um resolution of the time-integrated spherically bent crystal
imager diagnostic.”’

Figure 6 shows time-resolved imaging of a stagnating coated
AR9 liner. Also included to the right of the figure is a time-
integrated, monochromatic image from an upgraded crystal imager
with 20 um spatial resolution.”” Note that this experiment incorpo-
rated a different laser preheat configuration than the experiments
described above, coupling 1.48 =0.12k] into 1.05mg/cc fuel.
Simulations indicate a simultaneous increase in the energy coupled
and gas density reduces the convergence ratio, which could improve
stability of the column.

The time-resolved data in Fig. 6 indicates a uniform 5-mm tall
stagnation column that forms between 3087 and 3088 ns. In the fol-
lowing 1 ns, the column brightens and extends further in the upward
direction. At this point (3089 ns), the column shows broad similarities
to the crystal imager data. Finally, the 3090ns frame of the time-
resolved data shows the column diminishing in brightness and axial
extent. At this time, there is more axial variation in the brightness.

3087 ns 3088 nsj

0
05 0 05 05 0 05 05 0 05 -05 0 05 -05 0 05
X, mm

FIG. 6. Time-resolved pinhole camera data for a coated AR9 experiment (Z shot
3296) compared to time-integrated, monochromatic crystal imaging (right) of the
same experiment. The data shows the uniform nature of the stagnation in the
coated AR9 experiments. This experiment had higher delivered laser energy than
the other experiments discussed in this work.
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There is some evidence of the column disassembling, especially at
z~3mmandz~ 4.5mm.

The ability to simultaneously assemble the entire axial length of
the stagnation plasma has implications for scaling to higher yields on a
future generator, where our scaling models assume uniform stagnation
columns.”* ** Additionally, this may facilitate achieving higher yields
in a DT fuel since MagLIF relies on trapping fusion products along
radial and axial directions to achieve self-heating.

We note that in previous experiments where helical structures
and stagnation column bifurcation have been observed, the time-
resolved dynamics can be significantly more complex” (although
those experiments used higher delivered current and higher pre-
imposed axial magnetic fields than are discussed in this paper).

C. 1D neutron imaging

X-ray emission is typically used to study the structure of stag-
nated plasmas under the assumption that x-ray emissivity will approxi-
mately track neutron production. This approach is appropriate for a
“clean” fusion plasma; however, if there is low-Z mix in the stagnation
column then this can reduce the surrogacy by increasing x-ray emis-
sion and decreasing neutron production. A one-dimensional neutron
imager has now been developed for MagLIF experiments.”’ This
instrument, which was only available for the latter experiments
described here, utilizes an extended tungsten slit to image onto CR-39
plates with a spatial resolution of ~500 ym in the axial direction.

This neutron imager was fielded on the experiment shown in
Fig. 5(c). Figure 7(a) shows a comparison of the axial neutron and
x-ray profiles for the coated AR liners, indicating very good agree-
ment between the two profiles. The continuity of the neutron produc-
tion along the stagnation column is not only useful for confirming
general uniformity—it is also a key assumption if the data are to be
compared to modeling to interpret the magnetization of the stagnation
column (see Refs. 49-52 and Sec. IV D). Figure 7(b) shows the axial
structure diagnosed in an uncoated AR6 experiment, indicating

(a) Coated AR9 (Z23135)
=

= | e

(b) Uncoated AR6 (23040)

=4
e SR

=

4 -4
= Axial Neutron structure i = Axial Neutron structure
-6 Axial X-ray structure -6 Axial X-ray structure
0 2 4 6 0 0.5 1 1.5 2

Intensity (x-ray/neutron) (AU) Intensity (x-ray/neutron) (AU)
FIG. 7. Comparison of x-ray and neutron emission along the column. (a) shows the
x-ray and neutron emission for the coated AR9 experiment shown in Fig. 5(c). (b)
shows the same comparison for an uncoated AR6 experiment (with a different laser
configuration). The x-ray and neutron data are normalized to each other.
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significantly more variations in both neutrons and x-rays. That axial
variations in the x-ray and neutron intensities track relatively well in
the experiment studied. While additional analysis of these data is
ongoing, they provide confidence in the reliance on x-ray imaging to
diagnose stagnation morphologies used in this manuscript.

D. Stagnation conditions

As discussed in Sec. I, axial variations in the MagLIF liner mor-
phology and conditions can lead to axial variations in the stagnation
conditions within and between shots. With improved stability from
the coating, we seek to determine whether the variability in perfor-
mance is reduced. Figure 8 shows the ion temperature, primary DD
neutron yield, the ratio of DD to DT neutron yields, and the inferred
fuel magnetization for the experiments described in this paper. Ion
temperatures are determined based on a neutron time of flight diag-
nostic™ and the yields are measured with activation samples.”' For the
uncoated experiments, depending on the aspect ratio, we find
+6%-9% variations in temperature and *30%-60% variations in DD
yield. In general, the temperatures and yield are higher for AR6 and
AR9 experiments compared to AR4.6 experiments. This is broadly
similar to previously published trends from 2D simulations (Fig. 10 of
Ref. 1).

Based on the improved structure shown in the stagnation mor-
phology when coatings were used, we hoped to achieve a more repro-
ducible stagnation without degrading yield compared to the previous
ARG dataset, providing a platform that could be useful for studying
other aspects of MagLIF. The data indicate that the addition of the
coating to the ARY targets has not degraded the temperature or yield.
Moreover, the coated AR9 experiments show significantly less varia-
tion in DD yield compared to the other configurations (the standard
deviation of the sample is 7.4% for the coated AR9 experiments com-
pared to 30% for the uncoated AR6 experiments). Note the addition of
the coating to the AR6 experiments did degrade the yield; however,
this result is not yet understood.

Figure 8(c) shows that the coated targets have lower DD to DT
yield ratios than their uncoated counterparts, potentially indicating
higher levels of magnetization.”” ” Specifically, the presence of the
axial magnetic field leads to magnetization of the tritons produced in
the stagnation column; as the field is increased, the triton orbits
decrease in radius, which increases the likelihood that the tritons will
react with a deuteron before leaving the column, hence enhancing the
DT fraction of the yield. Note that these experiments utilized deute-
rium fuel so that tritons are generated from the D+ D -> p+ T reac-
tion branch. This reduction in DD to DT ratio is qualitatively
consistent with expectations for a stagnation column with improved
stability and axial simultaneity. Tritons traveling in the vertical direc-
tion have a larger probability of encountering deuterons compared to
those in unstable targets where instabilities can locally degrade fuel
assembly and therefore density while also introducing liner material.
Figure 8(c) also shows that the coated targets have a reduced variability
in the DD to DT ratio compared to uncoated targets of the same aspect
ratio. This reduction is attributed to the improved stability in the
coated targets.

Monte Carlo calculations have previously been performed to
quantify the effects that the magnetic field-fuel radius product, BR, has
on the tritons and the secondary DT yield given different plasma
parameters and cylindrical column dimensions.”” These calculations
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FIG. 8. Performance and reproducibility of uncoated AR4.6, ARG, and AR9 experiments and coated AR6 and AR9 experiments. Data for each aspect ratio are distributed hori-

zontally within the boxed regions to improve visibility.

demonstrate that secondary DT neutron energy spectra (or time of
flight) observed along radial and axial lines-of-sight as well as the ratio
of DT to DD vyield depend sensitively on the magnetic field-fuel radius
product, BR, near stagnation. Reference 55 recently applied a Bayesian
inference comparing these synthetic signals to experimental observa-
tions to quantify BR, a critical magnetic confinement parameter, for a
number of experiments including the coated AR9 dataset discussed
here. We note that, unfortunately, sufficient quality neutron-time-of-
flight data are unavailable for roughly half of the experiments shown
in Fig. 8. For experiments where BR is available, the values are shown
in Fig. 8(d) and provided in Table I, along with other performance
data that are shown in Fig. 8. BR products of 0.35, 0.42, and 0.46 MG-
cm are obtained in the coated AR 9 experiments (23019, 23075, and
23135, respectively), while comparable uncoated AR 6 targets were
observed to have BR values of around 0.20 MG-cm (22839, 22977).
The inferred magnetization in the coated AR9 experiments represents
a factor of nearly two increase over that in uncoated AR6 experiments
with comparable preheat energy absorbed. A key assumption in calcu-
lating the modeled DT yield and spectra is the axial uniformity and
cylindrical symmetry of the plasma column. Essentially, the ratio of
the stagnation column length to the column radius is a key parameter
in the model. In previous experiments where the DD/DT ratio and the
DT spectral shape have been used separately to determine the BR
product,” there has been some discrepancy between the two measures.
Previous work assumed this discrepancy may have resulted from unac-
counted-for scattering effects in the DT spectral shape™ and/or an

uncharacterized bias in the experimentally measured DT yield (partic-
ularly for z2591).”* Interestingly, Ref. 56 also shows that non-trivial
magnetic field topology (e.g., helical) can impact the DT spectral shape,
potentially impacting the inference of BR. Unlike in previous work, in
the present coated AR9 experiments we both have a column that
appears axially more uniform in x-ray emission and provides a direct
measure of continuity of the neutron emission along this length. As a
result, one might expect the assumptions in the model used to infer
fuel BR may be more accurate for coated targets. However, we note
that the BR inferred for the three coated AR9 targets discussed here
was somewhat larger than what would be expected from 1D simula-
tions accounting for improved compression when compared to AR6
targets at comparable preheat energies. Reference 52 attributes this
enhancement in BR at least in part to mix, which results in degradation
of performance (relative to the mix-free case). Understanding the
interplay between mix, morphology, and the impact of the scattering
environment on Z when inferring BR will require additional data and
simulation efforts, and is the subject of ongoing investigation and
future work. Finally, we note that BR is available for only one uncoated
AR9 experiment (z3018), which achieved a value of 0.49 MG-cm. Due
to lack of data, we hypothesize, but cannot currently assess whether
variability in BR is reduced by the application of a coating.

V. DISCUSSION AND SUMMARY

MagLIF stagnations exhibit complex morphologies including
helical stagnation structures with axially varying brightness and
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TABLE I. Summary of performance for coated and uncoated experiments. BR values are included where sufficient data exist to estimate this parameter.

Aspect ratio Shot number DD yield DT yield Ion temperature (k eV) BR (G.Cm)
Uncoated

46 3017 6.00 x 10! 2.10 x 10° 1.70

46 3087 1.40 x 10" 430 x 108 1.50

6 2839 3.20 x 10"? 1.20 x 10'° 2.48 0.22 *0.01
6 2977 3.00 x 102 1.40 x 10 2.50 0.20 + 0.01
6 2979 1.70 x 102 5.10 x 10° 2.10

9 3018 2.00 x 102 1.70 x 10'° 2.40 0.49 + 0.06
9 3303 3.54 x 10"2 225 x 10" 2.70

Coated

6 2965 1.50 x 10" 1.50 x 10° 1.34

6 2966 7.60 x 10" 7.20 x 10° 1.66 0.50 = 0.03
9 3019 3.00 x 10"? 4.80 x 10'° 2.48 0.35 £ 0.02
9 3075 2.60 x 10" 4.10 x 10'° 2.20 0.42 + 0.04
9 3135 3.10 x 10" 5.50 x 10" 2.52 0.46 + 0.03

bifurcated columns. Since the first MagLIF radiography experiments
unexpectedly revealed helical instability modes, quasi-helical structures
have been observed in a variety of magnetically driven sys-
tems.'”'**"">* There are a broad array of explanations for how these
structures are seeded in Z experiments; for example, by flux compres-
sion onto the liner surface, ™" through electron energy deposition
onto the liner surface early in time,'® or due to force-free current paths
in low density plasmas surrounding the liner surface.”” In this paper,
we have not attempted to explain the cause of these helices, but instead
have (1) investigated whether the observed helical instabilities in radio-
graphic data play a role in the quasi-helical structures present at stag-
nation and (2) implemented a method to improve the stability of
stagnating plasmas.

The first set of experiments in this work investigated MagLIF lin-
ers with lower (AR4.6) and higher (AR9) aspect ratios than previous
experiments (AR6), demonstrating that the stability and spectrum of
modes at stagnation are directly related to the initial aspect ratio of the
liner. This is consistent with the stagnation structures being the result
of the helical instabilities observed on the outer surface of the implod-
ing liner feedthrough to the inner surface and therefore determining
the stagnation column morphology.

Motivated by this observation, the second set of experiments in
this work investigated applying coatings to the outer surface of liners
to reduce instability growth and improve stagnation morphology,
building off earlier work that used dielectric coatings to reduce the
ETI-developed density perturbations that seed MRT.'"'” This coating
was found to change both the contrast and the number of intertwined
helices during the implosion in radiography experiments, indicating a
more stable implosion and leading to a more stable implosion front. In
fusion producing experiments, this more stable implosion led to a stag-
nation that was significantly less helical than that produced by the
uncoated liners and provided much more uniform emission along the
axial extent of the column for both x-rays and neutrons. These experi-
ments also demonstrated that coated AR9 liners provide a reproduc-
ible platform for MagLIF. This work will enable a variety of studies
that seek to determine the impact of changes to input conditions (e.g.,
axial magnetic field or preheat energy) on stagnation performance,

studies that necessarily require consistent performance from a baseline
configuration.
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