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ABSTRACT

We present first results from a novel experimental platform that is able to access physics relevant to topics including indirect-drive magne-
tized inertial confinement fusion, laser energy deposition, various topics in atomic physics, and laboratory astrophysics (for example, the
penetration of B-fields into high energy density plasmas). This platform uses the x rays from a wire array Z-pinch to irradiate a silicon target,
producing an outflow of ablated plasma. The ablated plasma expands into ambient, dynamically significant B-fields (~5T), which are
supported by the current flowing through the Z-pinch. The outflows have a well-defined (quasi-1D) morphology, enabling the study of fun-
damental processes typically only available in more complex, integrated schemes. Experiments were fielded on the MAGPIE pulsed-power
generator (1.4 MA, 240 ns rise time). On this machine, a wire array Z-pinch produces an x-ray pulse carrying a total energy of ~15k]J over
~30 ns. This equates to an average brightness temperature of around 10 eV on-target.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0084550

I. INTRODUCTION

In this paper, we describe a novel platform (shown in Fig. 1) that
uses the radiation pulse from a wire array Z-pinch to drive plasma
ablation from solid silicon targets. The ablated silicon plasmas have a
uniform (quasi-1D) structure and expand into an ambient magnetic
field produced by the current flowing through the Z-pinch.

The platform produces plasma flows with a simple experimental
morphology that have well characterized boundary and initial condi-
tions. This means that the platform is a promising test bed for the study
of fundamental physics relevant to a wide variety of different topics
within the high energy density (HED) plasma physics community,
including x-ray-driven ablation physics,' magnetic field penetration/
anomalous diffusion,” various topics in atomic and radiation physics,
and laser energy deposition.’

Because of the simple morphology, the effects of different physi-
cal processes can be isolated and studied separately. This is unusual for

a HED experiment: Typically, much of the physics we describe in this
paper is only accessible in more complex integrated schemes. For
example, magnetic field diffusion is a physical process, which may be
well diagnosed using the setup we describe here. This is a process that
is also relevant to magnetized liner inertial fusion (MAGLIF)*© and
magnetized-inertial confinement fusion (ICF) implosions.” However,
in these integrated fusion experiments, plasma diagnosis is more chal-
lenging and many interacting processes mean that it is challenging to
isolate the influence of individual aspects of the physics.

The remainder of the discussion in this paper is organized as follows:

Section II—we provide a detailed description of the experimental
setup, including quantitative details on the driving radiation pulse.
Section IIl—we present interferometry and self-emission imaging
data. These results show that the ablated silicon plasma has a
quasi-1D morphology, and that the experimental dynamics are
sensitive to the time-history of the driving radiation pulse.
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FIG. 1. Orthogonal views of the experimental setup. These show the position of the
wire-array Z-pinch, the orientation of the magnetic field, and the position of the pla-
nar silicon target. The separation between the target and the pinch ranged between
1and4cm. (a) Shows a “side-on” view of the experiment, where structure is

resolved in the X-Z plane. (b) Shows an “end-on” view of the experiment, where
structure is resolved in the X-Y plane.

Section [V—we describe the results from radiative magnetohydro-
dynamics simulations of the experiment performed with the code
Chimera,”” which show that the presence of an ambient magnetic
field affects the electron density profile in the ablated silicon
plasma.

Section V—we present temperature, velocity, and ionization mea-
surements from an optical Thomson scattering diagnostic. These
results are in qualitative agreement with the simulations and show
evidence of Thomson probe heating in the cold, dense plasma near
to the target. The results also suggest that the radiation field from
the Z-pinch may play a role in determining the charge state distri-
bution of the ablated silicon plasma.

Section VI—we compare the results from a shadowgraphy diag-
nostic to predictions from a theory for inverse Bremsstrahlung
absorption and find that the measured absorption coefficient is
systematically higher than the predictions from theory.

Section VII—we summarize our conclusions.

Il. EXPERIMENTAL SETUP

Experiments were performed on the MAGPIE pulsed power gen-
erator'” at Imperial College London (1.4 MA peak current, 240 ns rise
time). This machine was used to drive wire arrays consisting of 32 alu-
minum wires (12.7 um wire thickness, 16 mm array diameter). This
load delivered an x-ray pulse that carried ~15Kk] of energy in a ~30 ns
pulse. The initial choice of array parameters represents a compromise
between maximizing total x-ray yield and minimizing experimental
complexity. In future experiments, we may consider using different
wire materials to change the spectral character of the x-ray pulse—this
would likely have a small (but not totally negligible) impact on both
the yield and pulse duration. By adjusting the array diameter, the wire

ARTICLE scitation.org/journal/php

material, and the wire diameter, it would also be possible to control
the x-ray pulse duration/shape. This would potentially come at some
cost to the total x-ray yield produced in experiments. In principle, it
may also be feasible to field a nested wire array: Experiments on the 20
MA Z-machine have shown that nested arrays yield a 40% increase in
X-ray power over a single array.'' It is also possible to control the x-ray
pulse shape through the use of nested wire arrays.' "’

The separation between the axis of the pinch and silicon targets
was varied between 1.5 and 4 cm. The silicon target was placed inside
of the wire array’s return structure, so the ablated silicon plasma
expanded into an ambient magnetic field supported by the current
flowing through the Z-pinch. For a target separation of 4 cm, the peak
magnetic field strength was 7 T. In future experiments, by reducing
the array diameter to 8 mm and the separation between the target and
the axis to 6 mm, it would be possible to increase the peak magnetic
field strength to as much as 50 T.

Figure 1 is a pair of diagrams depicting this experimental setup
from different fields of view. The figure defines the coordinate system,
which we will use to describe the experiment throughout this paper:
The X axis of this coordinate system is aligned with the target normal;
the Z axis is along the current path, and the Y axis is directed in
the same direction as the magnetic field in the vicinity of the target.
Figure 1(a) shows a “side on” view of the setup, where structure is
resolved in the X-Z plane. Figure 1(b) shows an “end on” view of the
setup in which structure is resolved in the X-Y plane.

A photograph of the experimental setup is shown in Fig. 2.
Labels in the figure indicate the position of the silicon target and the
initial position of the wires. During an experiment, the generator’s cur-
rent pulse is directed through the wires in the array, resistively heating
them to form a plasma. The current also produces a global, azimuthal
magnetic field, so the plasma experiences a J x B force, driving it
toward the central axis. The plasma stagnates on axis to form a hot,
dense column. It is the emission from this stagnated plasma, which is
the source of the driving x rays used in this investigation.

The dynamics of, and emission spectra produced by, wire arrays
driven on mega-ampere class pulsed power generators is a topic that

" . T b‘
i Wire-Arrays

FIG. 2. A setup photograph of an x-ray driven silicon ablation experiment. The sili-
con target (mounted on a two pronged fork and facing the array) sits toward the
left-hand side of the image, and the wires of the array are on the right-hand side of
the image.
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has been well described by a number of previous publications (see, for
example, Refs. 14-20) The overview we give here is limited to a phe-
nomenological description of wire array emission spectra. This is
included to provide context for the discussion of silicon ablation
experiments, which is the main topic of this paper.

A plot of a generator current pulse and effective color temperature
as a function of time for a mega-ampere class Z-pinch implosion is
shown in Fig. 3. Here, color temperature is defined as the temperature
of a black-body, which roughly approximates the spectral character of a
non-black-body source.”’ We emphasize that this plot represents an
empirical model of the radiative dynamics of an array, informed by
experimental data and the results of simulations. The figure shows that,
around 100 ns after the start of the driving current pulse, the wire array
starts to emit the so-called “precursor” (or pre-pulse) radiation. This
radiation is relatively soft (nominal color temperature ~50eV) and
radiates roughly 3007] in total.”” The source of precursor radiation is
emission from the wires in the array, and from a column of ablated alu-
minum plasma, created by the (current-driven) ablation of material
from the wires, and accelerated toward the axis by the ] x B force."”

The precursor persists for a timescale ~150 ns prior to the main
implosion of the array. This main implosion happens over a shorter
period (~30ns) and has a harder spectral character (indicative color
temperature ~150€V)."” This main implosion phase occurs when
approximately half the mass of the wires is lost to ablation, and the
wires implode in bulk to produce a hotter, denser x-ray radiator on
the central axis of the array.'”'® Bolometery measurements suggest
that the total energy radiated in the main implosion is around
10-15k]."" For the geometry of the Z-pinch, this corresponds to a
brightness temperature of ~50 eV at the emitting surface.

Here, the brightness temperature (sometimes called the effective
temperature) of a non-black-body source is defined by the tempera-
ture of a black-body with the same (spectrally integrated) intensity. In
determining the brightness temperature quoted above, we assumed a
pinch diameter of 2mm (indicated by diagnostic images), a pinch
length of 20 mm (from the initial conditions), and an emission dura-
tion of 30 ns (indicated by x-ray diode measurements).

!
Precursor [Implosion

1.50 ' 200

1.25 - :
- | - 150

1.00 =
= ! T
20.75 - I - 100 5
g ! g
50.50 1 ! =
~ , 50

0.25 |

I
0.00 ' — =L 0
0 100 200 300
Time (ns)

FIG. 3. A plot showing the variation in the spectral character of the emission from a
wire array Z-pinch as a function of time, overlaid against the generator current
pulse. Note that, in reality, the emission from the array is non-thermal and the color
temperatures are purely indicative.
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Calculations were performed with the view-factor code VISRAD™
to investigate how the geometric dilution varied the brightness tempera-
ture on-target as a function of the separation between the target and the
pinch. These results suggest that the brightness temperature on-target
ranged from 30 eV (at a separation of 1.5cm) to 10eV (at a separation
of 4cm). Due to the relatively large source size, the targets were uni-
formly illuminated: For a separation of 1.5 cm, the spatial variation of
flux on-target seen in VISRAD simulations was less than 5%.

An important caveat to our discussion above is that the radiation
from the wire array is not completely thermal (see, for example, the
spectra in Refs. 14 and 20) This is demonstrated in Fig. 4, which shows
a synthetic x-ray spectrum, calculated by post-processing a simulation
of a Gorgon magnetohydrodynamics (MHD)" simulation of a wire
array using the SpK atomic code.” The data shown in the plot are for
the spatially integrated emission from the array at the time of peak
x-ray production. It shows that the emission is dominated by bound-
bound features in the aluminum L and K shells. Particularly, in the
L-shell, this forest of emission lines blend together to form a quasi-
continuum. Emission from the L-shell is present both for the precur-
sor and for the main implosion. Emission from the K-shell is only
present during the main implosion.

The simulations we describe in Sec. IV suggest that the bulk of
the energy deposited into the silicon originated from L-shell emission
features. For photons in this energy range, the penetration depth in
solid silicon is on the order of ~100 nm.

For the sake of the discussion in this paper, the key details to take
away here are that the bulk of the energy deposited into the silicon is
from emission during the implosion phase of the wire array. That said,
radiation in the precursor phase plays an important role in determin-
ing the initial behavior of the ablated silicon.

lll. ELECTRON DENSITY MEASUREMENTS
AND EXPERIMENTAL DYNAMICS

In this section, we present the experimental results from laser
interferometry and optical self-emission imaging. The data provide
insight into profiles of electron density and qualitative experimental
dynamics.

L-Shell K-Shell

- =
o <
©o o

aul L

Intensity [W/eV/sr]
=
o

10! 102 103
Energy [eV]

FIG. 4. A synthetic x-ray spectrum for an aluminum wire array Z-pinch, calculated
by post-processing a Gorgon-MHD'® simulation using the atomic code SpK.* The
positions of the aluminum K and L shells are also indicated.
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A typical laser interferogram (532 nm probe wavelength, 200 ps
pulse width), obtained in an experiment with a separation of 20 mm
between the silicon target and the Z-pinch, is shown in Fig. 5. For this
experiment, the Z-pinch was configured so the implosion occurred at
the time when the generator’s current pulse was at a maximum. In the
image, the displacement of interference fringes from their position in
the absence of plasma is proportional to the line integrated electron den-
sity. The interferogram shows the initial position of the target as a white
mask (behind X = 0mm). In the region between X = 0mm and
2 mm, the plasma is dense enough to absorb the probing laser beam, so
the interference fringes are lost. In the region X = 2—4 mm, fringes are
observed, so a measurement of electron density can be made. The signa-
ture of the stagnated wire array Z-pinch (our source of driving x rays)
can also be seen and is centered on X = 20 mm. The error on this mea-
surement of areal density is on the order of one-quarter fringe shift or
1 x 107 em™2.

From this interferometry data, a striking finding is that the sili-
con’s density profile is constant along the Z direction throughout most
of the outflow. In some experiments, simultaneous laser probing was
carried out in the orthogonal direction (probing along Z with resolu-
tion in the X-Y plane). This revealed a similar degree of uniformity in
the Y direction—suggesting a quasi-1D profile of expanding plasma.

Figure 6 shows a profile of line integrated electron density, extracted
from the region of the interferogram indicated in Fig. 5. The figure also
shows a (black-dashed) linear fit to the experimental data. The gradient
of this trend line is 1.1 == 0.1 x 10% cm 2 /cm. For reference, the accep-
tance angle of the interferometer is ~20 mrad, which corresponds to a
maximum measurable gradient of ~3 x 10% cm~2/cm. From the
experiments carried out so far, it seems as if there is some variation in
this profile with time, and that it becomes both shallower and less well
approximated by a linear trend when the distance between the target and
the pinch is increased. That said, more experimental work is required to
quantify this statement.

Silicon
Plasma

Vacuum Pinch Radius

FIG. 5. An interferogram of an ablating silicon target (side-on/X-Z plane view), cap-
tured 330 ns after current start. In the image, we see plasma ablated from the target
in the region 0 < X < 4mm, and plasma from the wire array Z-pinch in the region
12 < X < 20mm. The pink box, centered on Z = 0 mm, indicates the region of
the interferogram, which is shown in Fig. 6.
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FIG. 6. Top: Measured profile of line integrated electron density, obtained from the
interferogram shown in Fig. 5. The data are spatially resolved in X and are aver-
aged over a 1 mm region, centered on Z = 0 mm. Bottom: Zoomed-in view of the
region of the interferogram which was processed to obtain the profile line presented
in this figure; the extent of this region is also shown (in pink) on Fig. 5.

To obtain information about the dynamics of experiments, the
MAGPIE diagnostic suite incorporates an optical fast-framing camera,
fielded along the same line of sight as the laser interferometer. This
diagnostic enables multiple, time gated, images of plasma self-
emission to be captured in the same experiment. Data extracted from
these images are shown in Fig. 7. The positions indicated in the figure
correspond to the foot of the emission profile in each of the images.
The plot shows front trajectories from three separate experiments. For
the data labeled with blue triangles, the separation between the pinch
and the silicon target (denoted d) was 20 mm. The data labeled with
light pink squares used the same target separation; however, the Z-
pinch was “over-massed” (see Ref. 25) to prevent implosion, so the
experiment was only driven with precursor/pre-pulse radiation. The
final experiment (labeled with dark pink circles) used an imploding
array and a target separation of d = 40 mm.

Figure 8 shows an example self-emission image from the experi-
ment with a target separation of 40 mm, along with a profile line along
Z = 0mm. This figure is intended to illustrate the process used to
extract the front positions that are shown in Fig. 7. This process consti-
tuted of manually picking the start and end of the rise in image inten-
sity associated with the ablation front. The point halfway between the
start and end was interpreted as the front position. The distance
between the start and end was interpreted as the associated error.
There are clearly other definitions of front position, which one could
use in analyzing these data—the one we used was chosen because it
was relatively insensitive to the differing intensity response of the indi-
vidual self-emission frames in the series.
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FIG. 7. Top: Position of ablation front measured from optical self-emission images,
captured with a fast-framing camera in three separate experiments. Bottom: Signal
from a photo-conducting diamond (PCD), filtered with 20 um of beryllium foil
(¢=700eV), and capturing emission from the Z-pinch in the same three
experiments.

A comparison between self-emission images and interferometry
data (captured along the same line of sight) revealed that the front
position as measured in self-emission corresponded to a smaller X
value than the front position, which was measured using interferome-
try. For example, in the shot where d = 20 mm, an interferogram was
captured at 305ns. In this interferogram, the leading edge of density
profile was 3.2 mm from the target. At this time, the front position in
self-emission was at X = 2.7 mm. The areal density measured from
the interferogram at this X position was 5 x 10'® cm~2. All of this sug-
gests that, in general, it is not clear how features in self-emission can
be directly related to plasma conditions. That said, these front trajecto-
ries do provide a useful insight into the dynamics of the experiments.

Figure 7 also shows the trace from a beryllium-filtered photo-
conducting diamond (PCD) detector, which was fielded in all three
experiments. This diagnostic is sensitive to x rays above around
700 eV, and these are only produced after implosion. By comparing
the two plots in the figure, it is evident that the velocity of the ablation
front increases at the time of implosion, in both the experiments where
the array imploded. After the Z-pinch x rays switch off, the velocity of
the front remains constant for the duration of the period which was
diagnosed.

In the experiment where d = d; = 20 mm, the measured front
velocity, V1 = 4.3 0.1 x 10° cms ™. In the experiment where d = d,
= 40 mm, the velocity was reduced to V, = 3.3 £0.1 x 10% cms™'.
This difference is broadly consistent with the same fraction of deposited
x-ray energy being converted into flow kinetic energy for both target
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FIG. 8. Top: An example self-emission image, captured 385 ns after current start in
the experiment with a target separation of 40 mm. Bottom: An intensity profile, along
the line Z = 0mm, with the inferred front position and the associated confidence
interval marked upon it.

positions. To a course approximation, the pinch is a line-source of radia-
tion, so we expect the intensity on target to decrease as 1/d. This means
that the energy ratio deposited for the two target positions is given by
dy/dy = 2. The ratio of the flow kinetic energies at the two positions
may be approximated by (V,/V;)* = 1.7. These two values are consis-
tent considering the high error in the use of self-emission images to
diagnose plasma flow velocities.

Prior to implosion, all three experiments produced fronts with a
similar trajectory and a measured velocity of 1.3 = 0.1 x 10° cms ™.
At early times for all three experiments, and for the entire duration of
the pre-pulse only experiment, the driving radiation field is dominated
by emission from the pre-pulse alone. As discussed in Sec. II, the pre-
pulse radiation is emitted by the wires in the array and by the inflow-
ing plasma from the wires. Therefore, the pre-pulse is probably best
thought of as an extended radiation source. By contrast, emission dur-
ing the main implosion is produced by the stagnated plasma on axis
so behaves as a line source. The difference in sensitivity to standoff dis-
tance, which is seen in the data, can therefore be attributed to the dif-
ference in the source-size for the precursor and that of the fully
imploded pinch. This is because an extended source produces an
intensity scaling, which is less sensitive to standoff distance than a line
source.

The key points to take away from the discussion in this section
are that the plasma profiles produced in silicon ablation experiments
have a simple (quasi-1D) morphology, and that the experimental
dynamics are sensitive to the time-history of the driving radiation
pulse. In Sec. IV, we will compare these measurements to results from
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radiative magnetohydrodynamics simulations, performed with
reduced models for the external radiation and magnetic fields. This
comparison suggests that the presence of an ambient magnetic field
plays an important role in determining the electron density profile in
ablated silicon plasmas.

IV. RADIATION MAGNETOHYDRODYNAMICS
SIMULATIONS OF ABLATED SILICON PLASMAS

The radiation magnetohydrodynamics (R-MHD) code
Chimera.”” was used to perform 2D simulations investigating the
ablated plasma dynamics and the effect of magnetic field in the silicon
ablation experiments. Chimera is an Eulerian R-MHD code with Py /3
multigroup radiation transport using opacity data provided by the
atomic code SpK,”* flux limited Spitzer-Harm thermal transport,
extended MHD capabilities, and equation of state tables from
Frankfurt equation of state (FE0S).”®

For the work we present here, idealized radiation and magnetic
field sources were used to drive a two dimensional X-Z simulation
with the magnetic field along Y. The temporal variation and the spec-
tral character of the radiation source matched the plot shown in Fig. 3.
The intensity of the radiation was scaled until the expansion profile
and front velocity matched the experimental results presented in Sec.
IT1. This corresponded to a peak brightness temperature on target of
approximately 10 eV. The size of the x-ray source was not considered
in the simulation as it was assumed that the target subtended a suffi-
ciently small solid angle for the level of illumination to be uniform.
This assumption was justified from the results of the Visrad simula-
tions which we briefly discussed in Sec. II. The previous publication
referenced in Sec. I suggests that level of irradiation from the trailing
mass left during the implosion of the wire array was negligible com-
pared to the irradiation from the stagnated Z-Pinch on axis. The con-
tribution from the trailing mass was, therefore, not considered in the
simulation.

Spatial maps of electron density and electron temperature from a
Chimera simulation are shown in Fig. 9. In general, a comparison with
the interferometry data presented in Fig. 5 shows that the morphology
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FIG. 9. Top: Electron density map obtained from a 2D R-MHD simulation performed
with the code Chimera. Bottom: Electron temperature map from a 2D R-MHD simu-
lation performed with the code Chimera.
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of ablated plasma is in good agreement with that seen in experiments.
Close inspection of the temperature map shows a slight corrugation at
the leading edge of the expanding plasma. These corrugations grew
from grid-level numerical noise in the simulation and no such feature
is seen in the electron density map. An analysis of the various contri-
butions to total pressure in the simulations revealed that this corruga-
tion was imprinted on the temperature at a very early time:
Subsequently, the plasma and magnetic pressures relaxed such that the
edge of the expanding plasma was close to isobaric with the vacuum
magnetic field, preventing instability growth.

Figure 10 shows profiles in electron density taken from two dif-
ferent Z positions. These two positions are indicated by horizontal
lines in Fig. 9. The first location was close to the middle of the target
and is labeled “bulk.” The second location was 0.5 mm above the top
of the target and is labeled “edge.” Three separate profiles are plotted
for each Z location. The first of these (rendered in black) is a profile
obtained from interferometry data. The other two profiles are from
simulations performed with and without an applied magnetic field
(rendered in pink and blue, respectively). Note that the extent of the
vertical axis in the figure roughly corresponds to the dynamic range of
the interferometer which was used to obtain the experimental profiles.
This means that the visible trend in the experimentally measured pro-
files is not affected by diagnostic saturation.

The lower limit on the response of the interferometer was set by
the smallest fringe shift which could be detected. A density of
10" cm™2 corresponds to a shift of 0.25 fringes, approximately the
limit on the accuracy of the fringe tracing process. The upper limit on
the diagnostic response was set when the fringe width approached size
of the pixels on the detector, for these experiments at a density of
around 10" cm 2.

A comparison of the three profiles shown in Fig. 10 demonstrates
that the presence of an external magnetic field in the simulations acted
to tamp the expansion of the ablated silicon plasma. Furthermore, the
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FIG. 10. Comparison of electron density profiles between experimental data and R-
MHD simulations performed with/without an applied magnetic field. The range of
the vertical axes were chosen to roughly match the dynamic range of the experi-
mental data. The results show that the B-Field tamped the expansion of the ablated
silicon plasma. Top: Profiles for plasma conditions above the top edge of the silicon
target. Bottom: Profiles for plasma conditions in the bulk (middle) of the expansion.
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plot shows that the presence of an external magnetic field in the simu-
lations was required in order for them to match the experimental data.

To summarize the discussion in this section, the Chimera R-
MHD simulations we presented were able to accurately reproduce the
density profiles and overall morphology seen in silicon ablation experi-
ments. Furthermore, the simulations demonstrated that the presence
of an external magnetic field played an important role in determining
the form of electron density profiles.

V. DIAGNOSIS OF TEMPERATURE AND VELOCITY
PROFILES WITH OPTICAL THOMSON SCATTERING

Thomson scattering is a diagnostic that involves shining a focus-
ing probing laser beam through a plasma and recording the spectrum
of light that is Thomson scattered by the electrons in the plasma.”’
The form of the spectrum is sensitive to various plasma parameters,
but for the work we present here, the diagnostic was used to measure
profiles of temperature, velocity, and average degree of ionization.

Thomson scattering data were obtained for the setup, which used
a 40 mm target separation. The diagnostic setup enabled the measure-
ment of scattering spectra from a number of spatially localized vol-
umes. Figure 11 shows the scattering geometry that was used. In the
diagram, k; is the wave-vector of the incoming (probing) laser, k, is
the wave-vector of the scattered light, and k, is the wave-vector of a
plasma mode. These three vectors are connected by the momentum
conservation rule as follows:

ks = k, — k;. (1)

As shown in Fig. 11, for this experiment, k; lay in the X-Y plane (paral-
lel to the magnetic field driven by the pinch). The angle between the
scattering vector and target normal was 22.5°. The Z position of the
probing laser was set so it passed just above the silicon target. This was

a)

loTeYe

Silicon Target

L,

L
X
FIG. 11. Diagrams of the Thomson scattering geometry that was used in the work
discussed here. The Thomson probe was directed above the target, in order to
avoid dumping its energy into the experimental volume. (a) Shows a “side-on” view

of the experiment, where structure is resolved in the X-Z plane. (b) Shows an “end-
on” view of the experiment, where structure is resolved in the X-Y plane.
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done to allow the laser pulse to exit the experimental volume, rather
than dumping its energy into the target and perturbing the plasma
conditions.

The probing laser wused frequency doubled Nd:YAG
(A =532nm) in a 2], 4 ns pulse. The scattered light was imaged onto
a linear array of 14 optical fibers, so data were obtained from 14 (spa-
tially separated) volumes. Time-gating was provided by an intensified
CCD, and the exposure time was 4 ns. A more detailed description of
the diagnostic is given in Ref. 28.

The ion acoustic feature was diagnosed, so scattering profiles
(in general,) were sensitive to the projection of plasma velocity onto
the scattering vector (ks - V), the product of electron temperature
and average ionization (T, X Z), ion temperature (T;), and electron
density (n,).”’

The way scattering spectra respond to changes in 7, and T; is
broadly similar, so measurement of the ion-acoustic feature alone does
not provide an independent diagnosis of these two parameters. For the
fits presented here, 1, was constrained from interferometry data, cap-
tured 10 ns before the Thomson scattering data. This timescale is very
short compared to the characteristic timescales of the experiment (see,
for example, Fig. 7).

An important detail is that we also enforced temperature equili-
bration in our fits (i.e., stipulated that T, = T; = T and treated Z as
an independent fitting parameter. This was justified because the ion
electron temperature equilibration time was short compared to time-
scales associated with the hydrodynamics (z,; < 1 ns),so we do not
expect significant ion electron temperature separation.

A typical Thomson scattering spectrum for the plasma condi-
tions in this experiment is presented in Fig. 12. This shows that
Landau damping was sufficiently small to allow for the presence of
two clear ion acoustic peaks in our data. These two peaks are formed
by ion acoustic fluctuations with wave-vectors parallel and antiparallel
to ks. An important detail to note is that the response (i.e., resolution)
of the spectrometer was comparable to the apparent width of the ion
acoustic peaks. Thus, the calculated scattering spectra were convolved
with the response in order to correct for instrumental broadening.

The interferometry data that were used to constrain Thomson
fits are shown in Fig. 13. The positions of scattering volumes are
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FIG. 12. A typical spectrum of Thomson scattered light, taken from the volume at
X = 1.8mm. The spectrum is associated with ion-acoustic fluctuations and sits
well within the collective scattering regime (1/[ks/p] = o = 3.0).
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FIG. 13. Position of Thomson scattering volumes overlaid on measured electron
density data. Above: Volumes are overlaid on processed interferometry data.
Below: Volumes are overlaid on the raw interferogram that was used to obtain den-
sity profiles.

overlaid as pink circles in the figure. The size of these circles is also
equivalent to the size of scattering volumes. The figure shows both raw
interferometry data and a processed electron density map. Details of
the procedure that was used to extract the processed map from a raw
interferogram are provided in Ref. 29. For the two points that are near-
est to the target, the interferometry probe laser was totally absorbed
via inverse Bremsstrahlung, so an interferometry signal was not
observed. To obtain an indicative value of #, for these two points, a
linear fit to values of #, in the region 1 < X < 2mm was performed
and the result was extrapolated over the —1 < X < 1 mm interval. As
the ion acoustic spectrum has a relatively weak dependence on elec-
tron density, the error introduced by this extrapolation is likely to be
negligible.

Figure 14 shows spatial profiles in velocity, temperature, and
average degree of ionization, which were measured from Thomson
scattering, compared against the results from a Chimera R-MHD sim-
ulation. The Chimera results were taken from a position above the top
of the simulated target, in order to account for edge effects introduced
by the Z position of the Thomson probe in the experiment.

Looking first at the velocity profiles, in Fig. 14, note that both the
experimental and simulated profiles considered the velocity compo-
nent parallel to the scattering vector (ie, V-ks) and so may be
directly compared. Overall, the shape of the trend seen in both simula-
tion and experiment is broadly comparable; however, there is a sys-
tematic offset between the two datasets. The reason for this remains
under investigation. We have investigated the effect of dimensionality
by performing 3D simulations. The velocity profile observed in 3D is
unchanged from the 2D result shown here.

Another possibility is that the velocity profile seen in experiment
may be sensitive to aspects of the time-history or spectral character of
the radiation drive which were not captured in the reduced model of
the external radiation field used for the simulations presented here.
There is an ongoing effort to better capture the radiation drive using
spectra obtained by post-processing integrated Gorgon simulations of
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FIG. 14. Profiles of V -k, T, and Z from Thomson scattering compared with pro-
files from a Chimera simulation. Points plotted in gray represent Thomson volumes
in which probe heating significantly affected plasma conditions.

the Z-pinch with the atomic code SpK. The data shown in Fig. 4 are
preliminary results from these simulations.

Looking now at the temperature data, we see that there is good
agreement between simulation and experiment for the two outermost
Thomson scattering volumes in Fig. 14. For the remainder of the vol-
umes (which are colored gray in the plot), the trend seen in the data
diverges from the one seen in the simulation. We believe that this can
be attributed to the Thomson probe heating the plasma in the experi-
ment, thereby perturbing the measured temperature.

This picture is broadly consistent with the results seen in simula-
tion, a point which is demonstrated in Fig. 15. This plot shows simu-
lated plasma density (above, in blue) and an estimate of the timescale
associated with inverse Bremsstrahlung heating (below, in pink). The
horizontal solid line in the lower plot denotes the full width half maxi-
mum (FWHM) of the probe laser pulse (in nanoseconds), and the ver-
tical dashed lines indicate the positions of the Thomson scattering
volumes in the experiment.

The estimate for the timescale associated with heating is given by

1

Tev = 3 (2)
KeyVp

where K., is the inverse Bremsstrahlung absorption coefficient (calcu-
lated using the expression given in Ref. 30, with simulated plasma
parameters) and v, is the phase speed of the probing laser light.

The quantity 7., represents an approximation to the timescale
over which plasma temperature might increase by an e-folding. This
model neglects the fact that the heat deposited by the probe will be
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FIG. 15. Above: Profile of electron density from a Chimera simulation. Below:
Profile of the timescale associated with inverse Bremsstrahlung heating calculated
from simulated plasma parameters. The horizontal line (in the lower plot) corre-
sponds to the temporal width of the probing laser pulse. The vertical dashed lines
(in both plots) indicate the positions of the Thomson scattering volumes.

transported to its surroundings; that the laser light will be depleted by
absorption; and that as the plasma is heated it becomes less absorba-
tive, so in reality it is likely an overestimate. That said, the picture this
very coarse treatment paints is in broad agreement with the one seen
in our experimental data: The heating timescales for the first two
Thomson volumes are comparable to, or greater than, the FWHM of
the probe laser pulse, so we do not expect them to be significantly
heated before the laser turns off. By contrast, the remainder of the
Thomson volumes are expected to be heated on a timescale much
shorter than the interval for which the probe is switched on. Returning
to Fig. 14, we see that this is consistent with the difference seen
between the simulation and the Thomson scattering data.

In spite of the fact that the Thomson probe appears to be per-
turbing plasma conditions, we still believe that the velocity profile
obtained by the diagnostic is representative of the unperturbed plasma.
Our evidence for this is largely empirical: Experiments have been per-
formed on the COBRA pulsed power generator (Cornell Laboratory of
Plasma Studies) with comparable plasma conditions and a temporally
streaked Thomson scattering diagnostic. In these experiments, a signif-
icant perturbation to the measured velocity was not observed, even
when probe heating was quite dramatic.”'

Returning to Fig. 14, note that the average degree of ionization in
the Thomson scattering data is significantly higher than the result seen
in the simulation, even for the volumes in which measured tempera-
tures are consistent with the simulation. We emphasize that the uncer-
tainty in the experimental data is too large to have confidence in this
result—it is possible that the threshold for heating disrupting the mea-
sured charge state is more stringent than the threshold for the mea-
surement of plasma temperature. That said, if these initial results are
confirmed by further systematic measurements, then this would be an
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interesting result. One possibility is that the presence of the external
radiation field (produced by the wire array Z-pinch) might be affecting
the charge state distribution in the ablated silicon plasma.

To investigate this possibility, we have performed a series of sim-
ulations with the 1D Lagrangian hydrodynamics code Helios-CR.*
This code does not treat MHD effects, but includes a sophisticated
inline non-equilibrium atomic kinetics and radiation transport capa-
bility. The model that the code uses couples the x-ray flux to the
atomic kinetics of the plasma with radiation-dependent photoioniza-
tion and photoexcitation rates. Our preliminary findings from these
simulations suggest that the driving radiation field indeed plays a role
in determining the charge states present in the ablated plasma flows.
When this work reaches a greater degree of maturity, we intend to
report on these findings in a follow-up publication.

To summarize the discussion in this section, we reported on
Thomson scattering results in ablated silicon plasmas. We found
that the trend seen in plasma velocity measurements was broadly
consistent with results from R-MHD simulations. Experimental
measurements of temperature were either consistent with the
results from simulations or were compromised by Thomson probe
heating. Preliminary results indicate that the average charge state
seen in experiment was higher than might be expected from
Chimera simulations; however, this finding carries a very high
degree of uncertainty.

VI. DIAGNOSIS OF THE INVERSE BREMSSTRAHLUNG
ABSORPTION COEFFICIENT

Motivated by a desire to verify simulated the temperature profiles
with an independent diagnostic, we performed experiments in which
the optical absorption via inverse Bremsstrahlung was diagnosed
experimentally. The functional form of the inverse Bremsstrahlung
absorption coefficient is

—7 > _3]\2
ko lem™!] = 3.1 X 1077Z(n[em™3])*In A )

N N

®p

where In A is the Colomb logarithm, o is the angular frequency of the
probing laser, and w, is the electron plasma frequency.”’ For the work
presented here, we assumed the form of In A given in Ref. 33.

Looking at Eq. (3), it can be seen that the primary dependencies
in %, are n, and T,, as In A only depends weakly on plasma parame-
ters. Note that, for these conditions, wp L and so the variation
introduced by the @/w, term is negligible. The results presented
above demonstrate that n, is well matched between experiment and
simulation so a comparison between the value of k., measured in
experiment and the value calculated from simulated plasma parame-
ters can be used to verify the plasma temperature profile obtained in
the simulations.

In order to measure k,,, we obtained two laser shadowgrams of
the setup. One shadowgram was a background, obtained before the
experiment was performed, and so no plasma was present in this
image. A second shadowgram was obtained during the shot, and so an
outflowing silicon plasma was present. In the following discussion, we
denote the intensity profile in the background image Iy(x, y) and the
profile in the shot image I(x, ). To perform this measurement, it was
necessary to use a sufficiently stable laser beam—the result we report
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FIG. 16. A shadowgraphy image of a silicon absorption experiment. Arrows indicate
caustics, caused by strong shadowgraphy effects.

was obtained using the Cerberus laser facility, which is sufficiently sta-
ble. The use of this facility to make imaging Faraday rotation measure-
ments, a diagnostic technique which bears some similarity to the one
we describe here, is presented in Ref. 34.

The image in Fig. 16 is normalized shadowgraphy data, obtained
by calculating I(x, y)/Io(x,y). In the regions of the image indicated
with white arrows, strong shadowgraphy effects are present, and the
image carries information about density gradients. In the region of
ablated plasma bounded by the two arrows, density gradients are rela-
tively weak, so the reduction in intensity seen in the data may be attrib-
uted to laser absorption rather than shadowgraphy. It is apparent that
the value of k., can be obtained within this region using the equation

_ ~In(I(x,y)/To(x,y))

ev — ’
LY

(4)

where L, is the extent of the object in the y direction (measured using
orthogonal laser probing).

Figure 17 shows the profile of k., measured in an experiment
compared against the one calculated with equation 3, using simulated
plasma parameters. The regions where experimental data are affected
strongly by shadowgraphy are grayed out in the graph.
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FIG. 17. Comparison between the profile of measured inverse Bremsstrahlung
absorption coefficient and the profile predicted from a simulation.
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In the first instance, it is apparent that the general shape of the
two curves are in broad agreement—this suggests that the temperature
profile obtained in the simulation is representative of the physical sys-
tem: A good sign. That said, there is a slight systematic offset between
the two curves. One possible reason for this is an error in the value of
L, assumed in the analysis. Another possibility is that some aspect of
the simulated plasma parameters (for example, the degree of ioniza-
tion) may fail to reproduce the conditions of the experiment. A final
(more interesting) possibility is that the discrepancy can be attributed
to an error in the determination of the Coulomb logarithm. This is not
unexpected as the data we present is in a regime where In A is
approaching two. It has been reported that the theory is prone to error
in this regime.” In the future, if we are able to find a reliable method to
diagnose temperature and the charge state distribution, then a compel-
ling use for the platform we describe is the direct measurement of
inverse Bremsstrahlung absorption coefficient at different optical
wavelengths.

VIl. CONCLUSIONS

In this paper, we presented some initial results from a novel
experimental platform, which used the radiation pulse from a 1.4 MA
wire-array Z-pinch to drive ablation from a solid silicon target. The
plasma produced by the radiative ablation process expanded into an
ambient magnetic field, supported by the current flowing through the
Z-pinch.

Experiments were diagnosed with laser interferometry, optical
fast frame imaging, Thomson scattering, and laser shadowgraphy.
Simulations of the experiment were performed using the radiative
magnetohydrodynamics code Chimera® and the radiative hydrody-
namics code Helios-CR.”

Initial experimental results indicate that the plasma flows pro-
duced in experiments have a simple (quasi-1D) morphology, and that
the experimental dynamics are sensitive to the time history of the driv-
ing radiation pulse. Results from Chimera simulations suggest that
electron density profiles are modified by the presence of an external,
ambient magnetic field. Thompson scattering data suggest that the
degree of ionization in the ablated plasma flows may be modified by
the presence of an external radiation field from the Z-pinch, and this
possibility is supported by Helios-CR simulations. The laser shadow-
graphy data were used to directly measure the inverse Bremsstrahlung
absorption coefficient (x,,), and this was compared to values of &,
calculated from Chimera simulations. It was found that the measured
value of the absorption coefficient was consistently higher than the
value predicted from simulations.

A key detail to take away from the work we have presented is
that the radiative ablation platform produced plasma flows with a sim-
ple morphology and well defined boundary/initial conditions. This
enabled individual physical processes to be isolated and studied
separately—unusual in high energy density physics, where many of
the physical processes detailed here are typically only accessible in
more complex, integrated experimental schemes.

In the near future, we hope to study the penetration of magnetic
flux into ablated plasma flows, using diagnostics, such as Faraday rota-
tion”* and Thomson scattering.”” We also intend to diagnose the
charge state distribution of plasma flows directly by using silicon K-
shell absorption spectroscopy. Additionally, if absorption spectroscopy
proves to be a viable technique to diagnose the temperature and charge
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state distribution of the ablated plasma, then we intend to use the laser
absorption technique, described in Sec. V1, to make a robust compari-
son with theories for inverse Bremsstrahlung absorption.
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