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ABSTRACT

We study the structure of reverse shocks formed by the collision of supersonic, magnetized plasma flows driven by an inverse (or exploding)
wire array with a planar conducting obstacle. We observe that the structure of these reverse shocks varies dramatically with wire material,
despite the similar upstream flow velocities and mass densities. For aluminum wire arrays, the shock is sharp and well-defined, consistent
with magneto-hydrodynamic theory. In contrast, we do not observe a well-defined shock using tungsten wires, and instead we see a broad
region dominated by density fluctuations on a wide range of spatial scales. We diagnose these two very different interactions using interfer-
ometry, Thomson scattering, shadowgraphy, and a newly developed imaging refractometer that is sensitive to small deflections of the probing
laser corresponding to small-scale density perturbations. We conclude that the differences in shock structure are most likely due to radiative
cooling instabilities, which create small-scale density perturbations elongated along magnetic field lines in the tungsten plasma. These insta-
bilities grow more slowly and are smoothed by thermal conduction in the aluminum plasma.

VC 2023 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/10.1063/5.0160809

I. INTRODUCTION

Shocks are well-studied and wide-spread phenomena in astrophys-
ical and laboratory plasmas, in which the standard hydrodynamic
results are further modified by the presence of magnetic fields, radiative
cooling and transport, and kinetic effects, which can all affect the struc-
ture and stability of the shock. In recent years, the fundamental physical
processes of magnetized shocks in plasmas have been studied in the lab-
oratory using a range of experimental platforms, including magnetized
collisionless shocks driven by lasers,1 unmagnetized laser-driven plasma
flows interacting with magnetized obstacles,2 supercritical perpendicular

shocks in a theta-pinch configuration,3 and in a wide range of pulsed-
power-driven wire-array configurations.4,5

Inverse (or exploding) wire arrays6 driven by pulsed-power gen-
erators make good platforms for studying magnetized shock physics as
they produce long-lasting, radially diverging, supersonic and often
super-Alfv�enic magnetized plasma flows. The mass density and veloc-
ity of the plasma flows from wire arrays are only weakly dependent on
the wire material,7 which means that changing the wire material (and,
hence, the ion mass and plasma ionization state) can give very differ-
ent plasma resistivity, ion-skin depth,8 ion–ion mean free path,9 and
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radiative cooling rate.10 This in turn makes it possible to study shocks
in very different plasma regimes simply by changing the wire material,
and, in particular, we can achieve significantly different radiative cool-
ing functions by using either mid or high-Z elements for the wires,
such as aluminum or tungsten.

Thermal instabilities with radiative cooling have long been con-
sidered important in astrophysical systems,11,12 and in astrophysical
shocks, these instabilities may lead to oscillating shock fronts,13 rele-
vant to highly magnetized, low-b accretion flows onto young stellar
objects,14,15 which are effectively one dimensional due to the confining
magnetic field. However, analysis and simulations of these shock oscil-
lations in two or three dimensions suggest that the shock will fragment
into a large number of oscillating regions rather than oscillating as a
quasi-one-dimensional system.14–16 Further work has looked into the
role of the strength17 and the orientation of the magnetic field with
respect to the accretion flow,18 which can further change the stability
of the system to shock oscillations. These analytical results and numer-
ical simulations make the role of radiative cooling instabilities in mag-
netized shocks an interesting direction for further investigation, and
there has been some work on studying these cooling instabilities in
pulsed-power-driven plasma flows.19

This paper builds on previous work, which used exploding alumi-
num wire arrays to study reverse shocks formed using planar
obstacles,20 shocks formed around cylindrical obstacles aligned parallel
and perpendicular to the advected magnetic field,21 shocks forming
around magnetized obstacles,5 sub-critical shocks around large, field-
aligned obstacles,22 and bow-shocks forming around small, pointed
obstacles.23 The principal novelty of this work is twofold: we study
reverse shocks formed with planar obstacles as in Ref. 20, but we con-
sider tungsten plasmas as well as aluminum plasmas, and we use a
recently developed imaging refractometer diagnostic24 to make
detailed measurements of the density perturbations upstream and
downstream of the interaction region.

The paper is organized as follows: In Sec. II, we discuss our
experimental setup, consisting of an exploding wire array and an
obstacle, as well as the diagnostics used to measure the plasma

parameters in these experiments—interferometry, Thomson scat-
tering (TS), shadowgraphy, and the imaging refractometer, and we
include some experimental data to demonstrate the utility of the
imaging refractometer. In Sec. III, we present experimental results,
starting with the conducting grid, which produces a network of
interacting shocks with a periodic structure, and then results from
the collision of aluminum and tungsten plasma flows with a planar
conducting wall, in which we observe very different behavior
depending on the wire material. We discuss these results in Sec.
IV, and we consider several different mechanisms for the observed
density perturbations. We conclude and present the outlook for
future work in Sec. V.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS
A. An exploding wire array with an obstacle

The experiments presented in this paper were carried out using
MAGPIE, a versatile 1.4 MA, 240ns rise time, high-impedance
pulsed-power generator.25 Previous studies have successfully demon-
strated the capability of pulsed-power-driven inverse (or exploding)
wire arrays to produce long-lasting plasma flows (�500 ns) that advect
a fraction of the driving magnetic field.5 The experimental platform
used in this study is illustrated in Fig. 1. The exploding wire array con-
sisted of 20 thin metallic wires connected in parallel between two elec-
trodes, forming a cylindrical arrangement around a central cathode.
The array was 20mm in diameter and 22mm in height, and an obsta-
cle was placed 10mm away from the wires. In order to reduce the
divergence of the flow in the region of interest, the nine wires facing
the obstacle were spaced by 11:25�, with other wires spaced by
22:5�.21

The absence of current return structures surrounding the
array makes this platform easily accessible from both side-on and
end-on (or axial) views for a suite of spatially and temporally
resolved diagnostics, such as laser-probing interferometry,26 opti-
cal Thomson scattering (TS),27 and the new imaging refractome-
ter,24 as shown in Fig. 1.

FIG. 1. (a) Illustration of the exploding wire array experiment with planar obstacles. Obstacles are placed at a fixed distance from the plasma source, on the yz-plane perpen-
dicular to the flow direction. (b) and (c) are the diagnostic projected views, respectively, from the end-on and side-on. (d) Top-view schematic of the side-on diagnostic imaging
system. After the first collecting lens, the laser probe is split between the shadowgraphy and refractometer lines using a beam splitter. (e) and (f) are ray diagrams of the shad-
owgraphy and refractometer imaging systems.
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B. Diagnostics

Measurements of line-integrated electron density were made
using a Mach–Zehnder imaging interferometer, similar to Ref. 26.
Interferograms of the xy-plane were taken by probing along the end-
on direction [Fig. 1(b)] using a 532nm laser (Nd:YAG, 100 mJ, 500
ps) and were processed following the technique described in Refs. 28
and 29.

A spatially resolved optical Thomson scattering (TS) diagnostic27

was used to measure the flow velocity and to place an upper bound on
the plasma temperature. A laser beam (k ¼ 532nm, 5 ns FWHM, 3 J)
was focused through the plasma, and the scattered light was collected
from 14 equally spaced positions using a lens and a linear array of
optical fibers, with 150lm diameter collection volumes spaced by
0.3mm.

We also used a new diagnostic, the imaging refractometer, which
is described in detail in Ref. 24. The imaging system is shown in Fig.
1(d): the refractometer uses physical optics to simultaneously capture
a conventional shadowgraphy image of the plasma and a hybrid
image, which records the spatial position of the rays on the horizontal
axis and the line-integrated deflection angle distribution of the rays on
the vertical axis. To demonstrate the difference between the shadow-
graphy and the refractometer, we can consider a distribution function
for the rays for a beam propagating in the y-direction, f ðx; y; z; h;/Þ,
with h and / as the angle between y and x or z, respectively. The laser
probing beam incident on the plasma is collimated, so f ðx0; y ¼ 0;
z0; h ¼ 0;/ ¼ 0Þ. After the plasma at y¼ Ly, the rays have picked up
some deflection angle and have also moved in the xz plane due to these
deflections, resulting in f ðx; y ¼ Ly; z; h;/Þ. The shadowgraphy diag-
nostic measures the intensity distribution integrated over the two
angular coordinates, Iðx; z; y ¼ LyÞ ¼

Ð Ð
f ðx; y ¼ Ly; z; h;/Þdhd/,

whereas the imaging refractometer integrates over one spatial and one
angular component and measures Iðx;/; y ¼ LyÞ ¼

Ð Ð
f ðx; y

¼ Ly; z; h;/Þdhdz. As such, the output of the imaging refractometer
is not simply the Fourier transform of the shadowgraphy image—they
contain distinct and complementary sets of information about the rays
exiting the plasma.

The distribution of line-integrated deflection angles measured by
the imaging refractometer is directly related to line-integrated density
gradients within the plasma,30

/ ¼ 1
2

ðrne
ncr

dl: (1)

In these experiments, we achieved an angular resolution of ’ 0:1
mrad, and could measure angular deflections of 630 mrad (limited by
CCD size), giving a dynamic range of�103.24

C. An example of imaging refractometer data using a
grid

To better understand and experimentally validate the imaging
refractometer response under real plasma conditions, we placed a
high-transparency planar grid in the flow from an exploding wire
array to generate a network of interacting oblique shocks. The grid
consisted of 16 evenly spaced copper rods with a diameter,
D¼ 50lm, and a spacing, d0¼ 800lm, oriented parallel to the y axis
(which is the same orientation as the advected magnetic field). The
shocks that are generated thus have the same spatial periodicity as
the grid. The periodicity of the flows in this experiment is similar to
the sinusoidal density perturbation used in the ray-tracing simulations
shown in Ref. 24.

Figure 2(a) shows the side-on shadowgraphy image of the plasma
structure formed by the interaction of the plasma flow with the grid at
404 ns after current start. The plasma flow from the left side of the
image (x< 0mm) collides with the grid rods at x¼ 0mm. In the post-
grid region (x> 0mm), multiple oblique shocks emerge at
x¼ 0.5mm, expanding as the flow propagates to the right. The oblique
shocks are evenly spaced by d ¼ 0:8 mm in the z-direction, corre-
sponding to the grid wire spacing, and these shocks generate strong
density gradients, which deflect the probing laser beam. Further from
the obstacle grid, the strength of the shocks reduces due to the com-
bined effect of the decreasing overall plasma density imposed by the
current history and the radial divergence of the flows. The interaction

FIG. 2. (a) 1053 nm side-on laser shadowgraphy image of the post-grid plasma flows at 404 ns after current start. The location of the origin is set at the position of the 1D grid
and halfway up the wire array. Multiple interacting shocks are visible to the right of the grid. (b) Refractometer image of the highlighted field-of-view (FOV) region in the shadow-
graphy image, showing a broad envelope, which decreases in angular width with increasing distance from the grid, with intense modulations within the envelope. In this figure,
the image intensity has been adjusted to show the fine structure, but the raw image was not saturated. (c) The measured standard deviation of the refractometry image signal,
r/, at each discrete x position, with Dx ¼ 0:4 mm from a single experiment. (d) and (e) Examples of angular intensity distribution, respectively, at x¼ 4 mm and x¼ 6.7 mm.
D/ � 1:2 mrad.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 30, 092102 (2023); doi: 10.1063/5.0160809 30, 092102-3

VC Author(s) 2023

 22 Septem
ber 2023 10:48:54

pubs.aip.org/aip/php


of these shocks is visible in the shadowgraphy image at x¼ 0.5mm,
x¼ 1.8mm, and x¼ 4mm. Although it is not visible in the shadow-
graphy image, an additional intersection occurs at x¼ 6.7mm, as
highlighted by the projected lines in the figure. This interaction is visi-
ble in the refractometer image as a broadening of the deflection angle
distribution in Fig. 2(b), which we will discuss in more detail below.

Figure 2(b) shows the signal from the imaging refractometer,
which measures significant deflections of the probing laser beam. The
distribution of deflection angles is symmetric about /¼ 0 mrad, as
expected by the symmetry of the obstacle, and the most striking fea-
tures are the strong periodic modulations extended along the horizon-
tal (spatial) axis of the image, which will be discussed further below.
For now, we focus on the broad envelope of the deflection angle distri-
bution, which begins very broad (up to 30 mrad) close to the grid, but
decreases as the flows propagate further from the obstacle, consistent
with a weakening of the density gradients in the post-obstacle flow. At
x> 10mm, the signal on the detector is only slightly broader than the
response function of the diagnostic, measured from a background
image taken before the experiment.

As shown in Eq. (1), stronger density gradients produce larger
ray deflections, resulting in the broadening of the intensity distribution
around its central value. Without any assumptions on the type of dis-
tribution, the standard deviation of the signal intensity represents a
statistical description of angular deflections for a given spatial position,

r/ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

/2
i Ið/iÞ

r .X
i

Ið/iÞ; (2)

where Ið/iÞ is the intensity of the pixel corresponding to the deflection
angle /i. Higher-order moments of the deflection angle distribution
function, such as skewness and kurtosis, may also be used to analyze
the distribution of angular deflections and possibly relate them to the
spectrum of density fluctuations within a plasma. However, this paper
will focus solely on the standard deviation and further statistical analy-
sis will be explored in future papers.

Two examples of intensity distributions of angular deflections are
shown in Figs. 2(d) and 2(e), taken at x¼ 4 and x¼ 6.7mm, respec-
tively. In both cases, the intensity signal is much broader than the
characteristic diagnostic response (green profile, r/ � 0:12 mrad). By
extending the standard deviation analysis to angular deflection distri-
butions at each spatial position x, the overall standard deviation pro-
file, r/, can be reconstructed and is reported in Fig. 2(c).

The locations of the oblique shock interactions are visible in Fig.
2(c) as a sudden increase in r/ at x¼ 4 and x¼ 6.7mm, correspond-
ing to the locations seen in the shadowgraphy image. It is notable that
the peaks in r/ occur after the corresponding crossing points mea-
sured from the shadowgraphy image. This is due to the fact that the
locations of the shock intersections in the x axis vary along the z axis,
consistent with the axial expansion of the flows into the vacuum
regions above and below the arrays. Although the third shock crossing
is not visible in the shadowgraphy image, it can be clearly seen in
imaging refractometer data at x¼ 6.7mm, demonstrating the sensitiv-
ity of this diagnostic to very small deflection angles.

In this experiment, the density perturbations have the same peri-
odicity as the grid, and we observe periodic modulations in the deflec-
tion angle distribution, spaced by D/ � 1:2 mrad [Figs. 2(b), 2(d),
and 2(e)]. These modulations have a striking visual similarity to the
interference patterns caused by a periodic opaque structure or

diffraction gratings. In this experiment, however, there is no opaque
structure present, and so this analogy is somewhat misleading. Instead,
each shock acts as a refracting object, deflecting light rays at various
angles. The periodicity of the shocks combined with the varying path
differences caused by different refraction angles leads to constructive
and destructive interference, which is then captured by the imaging
refractometer camera. The angular periodicity of the interference pat-
tern can be related to the period of the shock system through31

D/n ¼
nk0
d
¼ 1:053lm

800 lm
� n � 1:3mrad ðn 2 ZÞ: (3)

By substituting the known shock period along z imposed by the grid,
d, and the laser wavelength, k0, we find a remarkable agreement
between this simple theory and the measured D/ � 1:2 mrad, which
demonstrates that these interference patterns in the imaging refrac-
tometer can be used to estimate the length scale of periodic density
modulations in the plasma. Having demonstrated the efficacy of the
imaging refractometer in this experiment with clearly defined density
modulations, we now turn this diagnostic toward experiments where
the density modulations arise from the plasma itself, rather than being
imposed by the obstacle.

III. RESULTS FROM MAGNETIZED FLOW
INTERACTIONS WITH PLANAR OBSTACLES

In this section, we discuss the collision of aluminum and tungsten
plasma flows with a planar conducting obstacle (copper plate 35
� 35mm, 500 lm thickness). For both experiments, we present an
analysis of refractometry images and corresponding shadowgraphy
images, along with quantitative measurements of angular deflections,
as we did for the case with the grid earlier. In the case of the tungsten
wire arrays, additional measurements using end-on interferometry
and optical Thomson scattering are also included.

A. Aluminum plasma flows with a planar conducting
obstacle

Figure 3 shows side-on data from the aluminum plasma experi-
ment at 391 ns after the start of the current pulse. In the shadowgraphy
image of Fig. 3(a), the plasma flow moves from left to right and col-
lides with the planar obstacle at x¼ 0mm. As in previous aluminum
experiments, we observed a stand-off shock at x ¼ �4mm due to the
pileup of the magnetic field, which is perpendicular to the flow direc-
tion, and a dense stagnated region near the obstacle surface,
x > �1mm.20

In the pre-shock region, �10mm < x < �6mm, the shadow-
graphy signal is strongly attenuated, which we attribute to the strong
inverse bremsstrahlung absorption of the probing beam, though we
expect the plasma density to be less than the critical density for this
probing wavelength (ncr ¼ 1021 cm�3). The plasma density drops
away from the array, allowing the beam to pass unattenuated to the
camera, and in the region �5mm < x < �4mm, the shadowgraphy
image shows a uniform intensity distribution corresponding to small
density perturbations. A curved bright region is very clear around
x¼�4mm, which corresponds to a strong jump in plasma density,
which we attribute to a stand-off shock caused by the pileup of mass
and magnetic field against the conducting planar obstacle. Next to
this bright region, there is a corresponding dark region, from
which the laser light has been refracted due to the density gradient.
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Further downstream, the intensity is relatively uniform, and close to
the obstacle (�1mm < x < �0:5mm), we observe large perturba-
tions to the laser intensity, with caustic structures consistent with large
density gradients. In the region x > �0:5mm, very close to the obsta-
cle, the laser beam is not captured by the camera due to a combination
of refraction and absorption effects in the stagnated plasma on the
obstacle surface.

The refractometry image in Fig. 3(b) was taken in the same
experiment at the same time as the shadowgraphy image, with the
field-of-view (FOV) region highlighted in Fig. 3(a). As in the shadow-
graphy image, we see the signal only for x > �7mm due to strong
absorption. Upstream of the stand-off shock, the refractometer signal
shows a narrow distribution of deflection angles, which becomes nar-
rower close to the shock. In addition, the intensity distribution is
clearly modulated along the vertical, angular axis, consistent with the
presence of periodic density modulations known to be present in wire
array ablation, which we will discuss later.

At the shock transition, the strong density gradient causes a loss
of signal due to shadowgraphy effects in the region �3:9mm < x
< �3:2mm. In the post-shock region, the total signal width is nar-
rower (�50% lower) with signs of elongated coherent structures
remaining from the upstream perturbation. Close to the obstacle, the
distribution of deflection angles becomes much broader, and the
intensity modulations appear less coherent. Past the stagnation inter-
face, at x > �1mm, the overall angular deflection signal reaches the
maximum width, while the intensity distribution is dominated by
small-scale intensity modulations.

Figures 3(d) and 3(e) show two examples of angular deflection
distributions in the pre-shock and post-shock regions. The width of
the deflection angle distribution more than doubles from 2r/

� 3mrad at x¼�6mm, upstream of the shock, to 2r/ � 7mrad at
x¼�1mm, downstream of the shock. In Fig. 3(c), we show the stan-
dard deviation of the angular deflection distributions r/ for each spa-
tial position, averaged over Dx ¼ 0:4mm from a single experiment. In

the plasma upstream, the laser angular deflection gradually decreases
away from the wire array, reaching the minimum of �0:8mrad at
x¼�5mm, before increasing again as it approaches the stand-off
shock. In the post-shock region, a gradual increase in angular deflec-
tions of the laser beam is observed from�0:8mrad up to�5mrad.

B. Tungsten plasma flows with a planar conducting
obstacle

We now present results from the same experiment, but using
tungsten wires. Although both aluminum and tungsten plasmas have
similar upstream mass density and flow velocity, side-on diagnostic
images revealed a dramatically different behavior. Figure 4(a) shows a
shadowgraphy image captured at 440ns after current start, where
again we have chosen the origin of the coordinate system such that the
wires are located at x¼�10mm, and the obstacle surface at
x¼ 0mm. The wires are clearly visible, in contrast to the shadow-
graphy image from the aluminum experiment shown in Fig. 3(a),
which we attribute to the lower electron density in the tungsten plasma
flows.

As in the aluminum experiments, we observe periodic intensity
modulations in the deflection angle distribution, extended along the
spatial direction up to x¼�6mm. In contrast to aluminum plasma,
there is no well-defined bright region corresponding to a stand-off
shock. Instead, at x > �6mm, the periodic intensity modulations are
less pronounced, and smaller perturbations start to dominate the
image. In the region between x¼�6mm and x¼�2mm, the inten-
sity distribution appears fragmented with intensity variations on a
wide range of spatial scales. Close to the obstacle (x > �2mm), there
is a rippled opaque region of stagnated plasma.

Figure 4(b) shows the refractometer image. Two distinct regions
can be identified, which are also visible in the shadowgraphy data:
Region A, from the wire array at x¼�10 to x¼�5.5mm, and
Region B from x¼�5.5mm to the obstacle surface at x¼ 0mm.
Similar to the aluminum case, Region A shows a decrease in width of

FIG. 3. (a) 1053 nm side-on shadowgraphy image of aluminum plasma flow colliding against a planar obstacle, taken at 391 ns after current start. The origin of the horizontal
axis is assumed to be at the obstacle position, which was placed at 10 mm from the exploding wire array. The stand-off shock is formed at x¼�4 mm. Visible caustics are
present at the beginning of the stagnation layer, at x¼�1 mm from the planar wall. (b) Refractogram of the FOV region highlighted in the shadowgraphy image. (c) The mea-
sured standard deviation of the refractometry image signal, r/, taking Dx ¼ 0:4 mm from a single experiment. Almost no signal is detected near the shock transition (masked
region). (d) and (e) Example of angular deflection distribution at x¼�6 and x¼�1 mm, respectively. Broader angular deflections are observed in the regions closer to the
obstacle. Peak displacements resulting from interference effects are spaced with D/ ¼ 0:65 mrad, visible both upstream of the stand-off shock and just upstream of the
obstacle.
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the distribution of deflection angles as the plasma flow expands out-
ward from the array, modulated by the interference effects from the
wire array ablation perturbations discussed as follows. In Region B, the
distribution of deflection angles broadens, reaching �7 mrad over a
broad region. Close to the obstacle, the distribution broadens even fur-
ther and appears fragmented with small-scale fluctuations in x and /.

Two angular deflection distributions taken from Region A and
Region B are shown in Figs. 4(d) and 4(e). At x¼�7mm, the laser is
mostly deflected by angles less than r/ � 1:7 mrad, modulated by
evenly spaced peaks separated by D/ � 0:85 mrad. In Region B at
x¼�1mm, the intensity profile is much wider, 2r/ � 7 mrad with
no obvious periodicity.

Figure 4(c) shows the measured standard deviation r/, which
decreases to a minimum of r/ � 1 mrad at x¼�5.5mm at the edge of
Region A. The transition between Regions A and B is marked by a sharp
increase in the width of the distribution of angular deflections, resulting
in a maximum of r/ � 3:5 mrad. For x > �4mm, the angular deflec-
tion signal remains almost constant at around 3 mrad. At all positions
in the refractometry image, the angular deflection is much wider than
the diagnostic response (green line), with r/;signal=r/;response � 200.

1. Electron density and Thomson scattering
measurements of the tungsten plasma

Further measurements were performed in the tungsten plasma
experiment using a combination of a spatially resolved Thomson scat-
tering diagnostic and end-on laser interferometry. Thomson scattering
and interferometry data for the aluminum experiment were presented
in Refs. 20 and 21. Figure 5 shows measurements of electron density
and raw Thomson Scattering spectra in exploding wire-array experi-
ments without and with the planar conducting obstacle (top and bot-
tom row, respectively). The data were collected from three different
experiments performed under similar conditions: without the obstacle,
the interferometry and Thomson scattering measurements were made

during the same experiment at 384 and 365ns after current start,
respectively, and with the obstacle, the interferometry and Thomson
scattering measurements were made during separate experiments at
348 and 324ns after current start, respectively. These times are all sim-
ilar—the system evolves on timescales of 100 ns due to the current rise
time of 240ns. The unprocessed interferograms are shown in Figs.
5(a) and 5(e). The interaction with the obstacle leads to a dense stagna-
tion layer at x¼�2mm, and interference fringes are lost in this region
as the probing beam is refracted out of the collection optics and lost.

Figures 5(b) and 5(f) show the processed line-integrated electron
density maps neL in the xy-plane (ne can be estimated by assuming
L¼ 22mm, the array height). As the plasma flow expands radially
into the vacuum, the electron density decreases, reaching ne � 5
� 1017 cm�3 at 10mm from the array. In the presence of the planar
obstacle, plasma stagnates at the obstacle surface, forming a dense
region that blocks the probing laser for x > �2 mm. Lineouts of the
electron density with and without the obstacle are shown in Fig. 6(d).

The end-on electron density maps show little evidence of the
small-scale density structures evident in the shadowgraphy and imag-
ing refractometer images in Fig. 4, which were seen in the plasma
from the side-on line of sight. The ability to resolve small-scale struc-
tures is limited partially by the spatial resolution of the electron density
maps caused by interpolating data between interference fringes.
However, these line-integrated electron density maps are also consis-
tent with density structures elongated in the y-direction along the
magnetic field, which are narrower in the z-direction and randomly
distributed, causing them to be washed out by the line integration.
This will be discussed further herein.

Thomson scattering measurements were taken at comparable
times to the interferometry data, allowing us to make detailed local
measurements of the plasma flow velocity. Figures 5(c) and 5(g) show
raw TS spectra with and without the planar conducting obstacle.
The spectrograms display the spectrum from each fiber on the vertical
axis, corresponding to a discrete spatial position in the plasma.

FIG. 4. (a) 1053 nm side-on shadowgraphy image of tungsten plasma flow colliding against a planar obstacle at 440 ns after current start. The origin of the horizontal axis is at
the obstacle position, which was placed at 10mm from the exploding wire array. The initial perturbations imposed by the wire ablation phase are visible in the upstream flow
until x¼�6 mm, while small-scale structures dominate the plasma flow up to the stagnation layer. (b) Refractometry image of the FOV region highlighted in the shadowgraphy
image, which shows two distinct regions: Region A (corresponding to the flow from the wire array) and Region B (corresponding to the interaction of that flow with the planar
obstacle). (c) The standard deviation of the refractometry image signal, r/, taking Dx ¼ 0:4 mm from a single experiment. (d) and (e) Example of angular deflection intensity
profiles at x¼�7 and x¼�1 mm from the obstacle, respectively. After the transition from Region A to Region B, density gradients increase together with the angular broad-
ening, r/. Peak displacements resulting from interference effects are equally spaced with D/ � 0:85 mrad, visible in the upstream flow.
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The horizontal axis shows the spectrum for each fiber, spanning the
ion feature of the Thomson scattering spectrum. These measurements
were taken using the geometry illustrated in Fig. 5(d), with the laser
probing beam directed anti-parallel to the flow direction and the scat-
tered light observed from one direction at 90� to the probing laser.
This gives a resultant scattering vector at 45� to the flow direction, and
so the resultant Doppler shift in the spectrum will contain a compo-
nent related to the radial flow velocity. An example of a TS spectrum
collected from fiber 9 is shown in Fig. 5(h), which shows significant
Doppler broadening and a Doppler shift compared to the response
function of the spectrometer, which was measured using the reflection
of the probe beam from a metallic obstacle.

Results of the TS analysis are summarized in Fig. 6 together with
a side-on shadowgraphy image at a comparable time to TS data for the
obstacle case. At 350ns after current start, the perturbed region in Fig.
6(a) extends between �4mm < x < 0mm, while the upstream
remains dominated by the periodic density modulation discussed
above. Figure 6(b) shows the spatially resolved measurements of flow
velocity, Vx, with and without the planar conducting obstacle, calcu-
lated by measuring the Doppler shift and projecting the scattering vec-
tor onto Vx, assuming negligible Vy. We also calculate the broadening
of the TS signal, rk, by taking the standard deviation of the spectrum.

Each data point corresponds to one of the 14 TS collective volumes as
indicated in Figs. 5(b) and 6(a).

In the absence of an obstacle [Fig. 6(b)], we observe that the flow
velocity shows a roughly linear increase with distance from the wire
array, starting from the 20 km/s near the wire array at x¼�8mm and
reaching a maximum velocity of 60 km/s at x¼�1mm. This accelera-
tion has been seen in 3DMHD simulations of exploding wire arrays.32

When the obstacle is present, the flow velocity matches that without
the obstacle for x < �4 mm, reaching 40 km/s. Beyond this point, the
velocity profiles for the experiments with and without the obstacle
begin to differ, with the flow gradually decelerating for the case with
the obstacle.

Figure 6(c) shows the measured width of the Thomson scat-
tering spectra as one intensity-weighted standard deviation of the
spectrum distribution. When the obstacle is not present, the scat-
tered signals are only 40% wider than the diagnostic resolution,
which is approximately 0.3 Å, and the width of the spectrum
remains nearly constant for all the spatial positions measured. In
the presence of the obstacle, the broadening is similar for the first
few spatial positions with x < �6 mm. However, we observe a
measurable increase in rk � 0.5 Å ahead of the perturbed region,
at x¼�5mm. The spectra become narrower again before

FIG. 5. (a) Laser interferogram taken at 384 ns after current start, (b) processed end-on electron density map of the tungsten plasma flow and (c) Thomson scattering spectro-
gram, without any obstacle, in the same experiment, at 365 ns after current start. (d) Schematic illustration of Thomson scattering geometry. (e) Laser interferogram taken at
348 ns after current start, (f) processed end-on electron density map, (g) Thomson scattering spectrogram of the ion feature in the tungsten plasma flow interacting with a pla-
nar obstacle, in a different experiment with identical conditions, taken 324 ns after current start. (h) Example of Thomson scattering spectrum from fiber 9 of the spectrogram
(x¼�5.3 mm) in the presence of the obstacle. The shaded region represents the standard deviation of the signal, and the solid line is the average over one fiber in the vertical
direction of the spectrogram, to boost the signal-to-noise ratio against self-emission and shot noise. The response of the spectrometer to the unshifted laser probe is plotted for
comparison.
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becoming much broader close to the obstacle, x > �2mm, in the
region that cannot be probed using the interferometer and in
which we observed significant density perturbations using the
side-on shadowgraphy and imaging refractometer.

The spectra measured are only slightly broader than the response
function of the spectrometer, which makes it challenging to infer a
plasma temperature from the Doppler broadening, as is usually done
with Thomson scattering spectra. This is an issue for high atomic
mass plasmas such as tungsten, as the broadening due to the splitting
of the ion acoustic waves is proportional to Cs �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ZTe=mi

p
. In the

experiment with the obstacle, we only see evidence of distinct ion
acoustic peaks in fibers 9 and 10 [Fig. 5(g)]. We estimate that �ZTe

� 140 eV [Ref. 33 Eq. (5.4.4)] is necessary to produce these peaks,
which represents a significant increase in the electron energy in these
regions compared to �ZTe < 60 eV in the upstream region (fibers
14–11) of this experiment, and in the experiment without an obstacle
[Fig. 5(c)]. For the regions without distinct ion acoustic peaks, either
the plasma is too cold for the peaks to be well separated, or the density
perturbations observed with the imaging refractometer give rise to asso-
ciated velocity fluctuations within the scattering volume, which broaden
the TS spectra and obscure the peaks. The spectral broadening is partic-
ularly apparent for fiber 1 in Fig. 5(g), which collects light from the
volume closest to the obstacle—here, rk corresponds to around 700 eV
of thermal motion, though the partition between electrons and ions is
unclear. In this region, we also observe a Doppler shift in the opposite
direction to the other fibers, suggesting flow away from the obstacle.

Figure 6(d) shows electron density profiles taken along the TS
probing beam at y¼ 0mm from the end-on interferometry data. The
upstream densities for x < �6mm in the experiments with and with-
out the planar obstacle are very similar (the time difference is 36 ns),
and the density decreases with distance from the array due to divergence
and time-of-flight effects. Notably, the electron density in the presence
of the obstacle appears to flatten in the region �6mm < x < �4mm,
where the flow acceleration phase ends and the TS spectra initially
become broad, even though there are no associated intensity fluctua-
tions in the shadowgraphy image [Fig. 6(a)]. The density profile in the
deceleration region, x > �4mm, increases inversely with the flow
velocity, consistent with incompressible, sub-sonic flows.

IV. DISCUSSION

In this section, we compare and contrast the experiments carried
out with aluminum and tungsten wire arrays, and try to explain the
radically different structures we observed. In both experiments, the
supersonic plasma flow is perturbed by the presence of the planar con-
ductive obstacle, forming a deceleration region that extends up to
x¼�4mm into the upstream flow. In the aluminum experiment, this
transition is characterized by a quasi-one-dimensional shock mediated
by the pileup of the magnetic field at the obstacle surface. In the tung-
sten experiment, there is no well-defined shock, and density perturba-
tions dominate the deceleration region ahead of the obstacle. Despite
these striking differences, end-on interferograms show an increase in
plasma density associated with the decrease in velocity in the region, x
> �4mm, suggesting that a shock may still form in tungsten plasma.
The presence of large density perturbations obscures the typical quasi-
one-dimensional shock profile, leading to a complex, three-
dimensional shock structure, similar to that hypothesized to exist in
astrophysical accretion flows.14–16

The plasma parameters for the experiments with aluminum and
tungsten wires are summarized in Table I, which serve as the basis for
the discussion that follows. These parameters were taken just upstream
of the interaction region, at x¼�5mm.

FIG. 6. (a) Side-on shadowgraphy image of the tungsten plasma flow taken at 354 ns
after current start using a 532 nm laser, with the location of the 14 TS collection vol-
umes overlaid. (b) Velocity measurements of the plasma with and without the planar
obstacle. The uncertainty in the velocity measurement is negligible (62 km/s) resulting
in error bars smaller than the size of the markers. (c) Broadening profile of the TS
spectra. rk was calculated as one intensity-weighted standard deviation of the spec-
trum distribution. The error bars on the first two measurements are representative of
the other data points and are estimated based on the uncertainties of the Thomson
scattering spectra [Fig. 5(h)]. (d) neL profiles taken at y¼ 0mm from the end-on inter-
ferometry data in Fig. 5, at 348 ns after current start with the obstacle (blue line) and
36 ns later (384 ns after current start) without the obstacle (orange line).
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A. Modulation of the electron density in the plasma
flows

In the experiments with a planar obstacle, there is no grid to
impose an axially periodic density perturbation. However, we still
observe similar periodic structures in the distribution of deflection
angles, suggesting that there is also a periodic density perturbation in
the outflow from the wires. We attribute this to a quasiperiodic modu-
lation of the ablation from wires in a wire array, arising from shear-
flow-stabilized m¼ 0 instability, which has been extensively discussed
in the literature of imploding and exploding wire arrays.6,36,37 The
wavelength of these perturbations is strongly dependent on the size of
the wire cores, which for low-Z elements, such as Al, is observed to be
larger than for high-Z materials, like W.

In a similar manner to the case with the grid, we can use the esti-
mated angular periodicity, D/ � 0:65 mrad, of these modulations [as
illustrated in Fig. 2(d)] to calculate a modulation wavelength for the
aluminum experiments as �1:6 mm. We note again that these modu-
lations are invisible in the shadowgraphy diagnostic at this time after
current start, but the sensitivity of the imaging refractometer reveals
these small density perturbations. In the experiments using tungsten
wires, we observed the periodic modulation in the distribution of
deflection angles as D/ � 0:85 mrad. This angular periodicity corre-
sponds to a shorter wavelength (�1:2 mm) than we observed above
for aluminum plasmas, likely due to the smaller wire core size
observed for tungsten wire arrays. For both Al and W plasmas, the

wavelength we measure using the imaging refractometer is longer than
the “natural mode” reported in the literature (�0:5 mm for Al, �0:25
mm for W, from Ref. 36 at earlier times in the ablation process), but it
is very close to the wavelength at which the global implosion instability
develops at the end of the ablation phase.36

B. Spatial scale of the density perturbations
in tungsten flows

We now turn our attention to the small-scale density perturba-
tions observed in side-on shadowgraphy and the imaging refractome-
ter in the experiments with tungsten plasma flows, as shown in Fig. 4.
The deflection angle D/ of a ray from an electron density gradient is
given by

D/ ¼ 1
2
rne
ncr

dy; (4)

where dy is the length scale along the probing direction, and
rne ¼ Dne=dz, and the ncr are the electron density gradient and the
critical electron density, respectively. We note that Eq. (4) is simply
the discrete version of Eq. (1).30 We can rewrite the electron density
change Dne as a fraction e ¼ Dne=ne � 1 of the total electron density,
giving

D/ � e
nedy
2ncrdz

: (5)

This is the deflection from a single density gradient present along
the probing path. Based on our experimental data, we assume that a
ray will encounter many density gradients as it traverses the plasma,
which motivates the use of a random walk model. Assuming random
scattering, the total angular broadening of the laser beam along the y-
direction is the result of the accumulation of small deflection angles
D/ caused by the presence of small perturbations with spatial scales
dz along the entire plasma length, Ly,

r2
/ ¼ NstepsD/2 ¼

Ly
dy
� D/2: (6)

If we substitute (5) into the random walk relation (6), we can esti-
mate the angular broadening r/ due to perturbations of amplitude
e � 1,

r2
/ ¼

Ly
dy

n2edy
2e2

4n2crdz
2
: (7)

If we now assume that on small scales the density perturbations
are isotropic with dy ¼ dz,38 the spatial scale of density perturbations
required to produce a given angular broadening is

dy ¼ Ly
n2e

4n2crr
2
/

e2: (8)

In our experiments with tungsten, we measured angular spread
r/ � 3:5 mrad using an infrared laser probe (1053nm,
ncr � 1021cm�3), and assuming an average electron density ne � 1
� 1018cm�3 and a total length Ly¼ 10mm, Eq. (8) gives a spatial
scale of approximately dy � 200 lm for the largest possible perturba-
tion (e ¼ 1). Any smaller perturbations, e < 1, would have required
structures with spatial scales smaller by a factor of e2 to produce the

TABLE I. Typical plasma flow parameters for aluminum and tungsten inverse wire
arrays, from around 350 ns after current start and x¼ 5 mm downstream of the wire
arrays (and hence 5mm upstream of the obstacle). For aluminum arrays, data are
taken from Ref. 22 for V [Fig. 3(c)], and Ref. 21 for ne (Fig. 4), Te and Ti [Fig. 6(c)], B
[Fig. 2(b)], and �Z using the atomic code SpK.34 For tungsten arrays, the data are
taken from this paper: V is from Fig. 6(b), ne is taken from Fig. 6(d), Te and Ti are
inferred from the minimal broadening in Fig. 6(c), B from Faraday rotation data (not
shown), and �Z is computed using FLYCHK code,35 assuming Te¼ 10 eV. kii is calcu-
lated using the thermal velocity of the ions. To calculate Re and ReM, we use
L¼ 5 mm as a representative length scale for the pileup of the magnetic field or the
slowing of the bulk flow.

Quantity Symbol Al W

Flow velocity (km/s) V 50 40
Electron density (�1018 cm�3) ne 4 0.9
Ion temperature (eV) Ti 12 <10
Electron temperature (eV) Te 12 <10
Magnetic field (T) B 6 4
Average ionization �Z 3.5 <6
Mass density (lg/cm3) q 51 45
Ion–ion mean free path (lm) kii 4 5
Ion sound speed (km/s) cs 14 6
Alfv�en speed (km/s) VA 24 17
Sonic Mach number MS 3.6 6.6
Alfv�en Mach number MA 2.1 2.4
Reynolds number Re 1� 106 3� 106

Magnetic Reynolds number ReM 9 3
Dynamic beta bdyn 9 11
Thermal beta bth 0.7 0.3
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same total deflection r/; dy � 200 � e2ðlmÞ. For example, for
e ¼ 0:1, the spatial scale of perturbations would be dy � 2 lm. We
note that even the largest scale, dy � 200 lm, is much smaller
than the global length scale on which the velocity and density change
(Fig. 6) and is on the order of the Thomson scattering volume size and
of the intensity variations seen in the shadowgraphy images [Figs. 4(a)
and 6(a)].

C. Structure of the density perturbations observed
in tungsten flows

We observe the density perturbations very clearly in the side-on
shadowgraphy [Figs. 4(a) and 6(a)] and imaging refractometer [Fig.
4(b)], but the plasma appears very uniform when probed end-on using
interferometry [Figs. 5(e) and 5(f)]. Although interferometry has a
lower spatial resolution due to the interference fringes, we still
observed the density perturbations when using side-on interferometry
(not shown), which suggests that the spatial resolution alone is not
responsible for this discrepancy. This anisotropy in the observed den-
sity fluctuations suggests that they are elongated along the y-direction
and randomly distributed in the xz-plane such that the line integration
in the side-on y-direction reveals their presence, but in the end-on z-
direction, they are washed out.

The presence of density perturbations elongated along the mag-
netic field lines raises the question of what role the magnetic field may
play in the pressure balance necessary to support these small-scale
density perturbations. We can calculate the resistive length scale using
the inferred plasma parameters and the Spitzer–Braginskii resistivity
as Lg � 1.3mm. This implies that magnetic diffusion dominates over
advection at length scales smaller than Lg, and so the magnetic field is
homogeneous on scales below Lg. As we inferred the existence of den-
sity perturbations at least an order-of-magnitude smaller than this
using the imaging refractometer, we conclude that the magnetic field
is smooth and, therefore, not involved in these density perturbations.
We note that the magnetic field can still pileup against the conducting
obstacle on larger length scales, and so the magnetic pressure may be
responsible for decelerating the plasma flow at x > �4mm as seen in
Fig. 6(b).

D. Cause of the density perturbations

1. Electro-thermal instability (ETI)

The first instability we consider is the electro-thermal instability
(ETI), which relies on a change in resistivity, g, with temperature. This
instability has been observed in gas-puff z-pinches39 and has been
invoked to explain perturbations on imploding metal liners.40,41 In
these systems, the ETI grows much faster than the magnetized
Rayleigh–Taylor instability, and so may be present before there has
been a significant acceleration of the bulk plasma or metal.

In a plasma where the Spitzer–Braginskii resistivity g / T�3=2e
decreases with temperature, this instability takes the form of filaments
in the direction of the current: the local Ohmic heating causes an
increase in temperature, a drop in resistivity, and, hence, a more
attractive pass for current flow, which in turn leads to increased heat-
ing and further concentration of the current. In a metal where g
increases with T, the opposite is true: the localized Ohmic heating
raises the resistivity, and the current diverts around the hotter regions,

leading to perturbations perpendicular to the current flow direction in
the form of striations.39

There are two reasons why the ETI is unlikely to be responsible
for the density perturbations we observe. First, the length scale for
magnetic field perturbations (and hence the associated current density
perturbations) is constrained to be larger than the magnetic diffusive
length scale Lg � 1:3 mm, as discussed earlier. As current perturba-
tions cannot be on length scales much smaller than this, the ETI is
also ineffective at these small length scales, and so it cannot create
anti-correlated density perturbations on small length scales.

Second, in our shadowgraphy data [Fig. 4(a)], we observe struc-
tures that are predominantly striations with k k z, parallel to the direc-
tion of current flow, rather than filaments with k k x perpendicular to
the direction of the current flow. For these perturbations to be caused
by the ETI would require dg=dTe > 0, as in a metal, rather than the
plasma we have. To investigate whether the ionization state �ZðTeÞ
could lead to dg=dTe > 0, we calculated gðTeÞ using ionization tables
from FLYCHK35 and found no such region. As such, we conclude that
the slope of the resistivity with temperature does not enable ETI stria-
tions to form in this plasma. Along with the permitted length scales
due to magnetic diffusion, this rules out the ETI as an explanation for
our observations.

2. Kinetic effects

One source of instability in plasma is kinetic effects where the
plasma has free energy associated with a non-Maxwellian distribution,
and the instability forms as the plasma relaxes to a Maxwellian. In a
similar experiment to ours using aluminum wire arrays and a planar
conducting obstacle, Ref. 20 saw evidence for the reflected ions in the
Thomson scattering spectra at before 180ns after current start, as the
shock forms, and the reflected ions had velocities comparable to
the bulk plasma flow (100 km/s), but in the opposite direction. These
reflected ions could, in principle, trigger an instability such as the two-
stream instability, which could give rise to density perturbations, and
this effect may be more pronounced in tungsten plasmas where the
heavier ion mass gives rise to a longer ion–ion mean free path.
Evidence for interpenetration of counterstreaming flows has been seen
in experiments with imploding tungsten wire arrays.9

However, Ref. 20 looked at early times than in our current
experiments, when the density was much lower and hence the ion–ion
mean free path was much longer. Ref. 20 saw no evidence for reflected
ions at later times when the density is higher, such as at around 350ns
after current start when our observations are made, and we see no evi-
dence for reflected ions in the Thomson scattering data obtained with
tungsten wire arrays. This is consistent with the very short mean free
paths that we calculate from our experimental parameters, as shown
in Table I, in contrast to imploding wire array experiments where
counterstreaming flows give a larger relative velocity and hence a lon-
ger ion–ion mean free path. Given the lack of evidence for reflected
ions and the short mean free paths, we do not expect kinetic effects to
play a significant role in the formation of the observed density
perturbations.

3. Radiative cooling

Radiative cooling instabilities are well known in the astrophysical
literature, following the analysis of Field.11 Localized cooling leads to a
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drop in the plasma temperature, and hence a corresponding drop in
the plasma thermal pressure. This leads to compression of the cooler
volume, increasing the density and therefore the cooling rate. This is a
runaway process, but it is stabilized at small length scales by thermal
conduction, and at large length scales by hydrodynamic motion. This
instability has been attributed to the density perturbations seen in
pulsed-power-driven colliding jet experiments.19

We consider this instability for both aluminum and tungsten
wire arrays using the parameters shown in Table II. The cooling func-
tion is taken from tabulated values calculated using FLYCHK,35,42

which are relatively sparse in density and temperature (every decade
in cm�3 for density, every 3–5 eV in the relevant temperature range),
and for any atomic code, there are significant uncertainties in the cool-
ing function for high Z elements such as tungsten due to the vast num-
ber of electron energy levels involved. Therefore, we present the
following analysis as indicative only, and we would require validated,
high-resolution cooling functions to make a quantitative comparison
between experiments and theory.

From the cooling function, we can calculate the radiated power
density, Prad ¼ nineKðni;TÞ. The cooling time is defined as the ratio
of the thermal energy density to the radiated power density,
scool ¼ Uth=Prad . This timescale fundamentally sets the growth rate of
the instability, and we see that it is much longer for Al (110ns) than
for W (8ns). This suggests that cooling instabilities will grow much
more rapidly for the tungsten case, consistent with the presence of
small-scale density perturbations in experiments with tungsten wire
arrays.

Formal analysis of the radiative cooling instability in Ref. 11
yields a cubic equation whose three roots are modes of the instability.
The stability of these modes depends on the derivatives of the radiative
power density with respect to density and temperature. In the limit
where the cooling time is much longer than the hydrodynamic time
(shydro=scool 	 1 with shydro ¼ L=Cs), the cubic equation reduces to a
single solution, the stability of which depends on the derivative of the
radiated power density with respect to temperature, and the thermal
diffusivity. This limit is valid at length scales below the isobaric length,
kiso � Csscool , which represents the largest size that a pressure perturba-
tion can grow to by radiative cooling. For Al, we find kiso ¼ 1400 lm,

and for W, it is much shorter, kiso ¼ 50 lm. At small scales, thermal
conduction can balance radiative loss, stabilizing the mode. The length
scale at which this occurs is known as the Field’s length, kField
� ðvscoolÞ1=2.11,44

To calculate the Field’s length, we need the thermal diffusivity.
We begin by recognizing that the presence of the magnetic field in our
experiment reduces electron heat transport perpendicular to the mag-
netic field, giving rise to an anisotropic thermal conductivity. In this
experiment, the ions are unmagnetized, and so the ion heat transport
is smaller than the electron heat transport by a factor of
ðme=miÞ1=2 � 10�3; hence, we ignore the ion heat transport in the fol-
lowing analysis. For the representative parameters given in Table I, we
calculate the Hall parameter xcese as �1, where xce ¼ eB=me and se
is the electron–ion collision time given by, for example, Eq. (2.5e) in
Ref. 45. Despite this modest Hall parameter, we find the dimensionless
perpendicular electron thermal heat conduction is smaller by a factor
of 3 compared to the parallel value, using the tabulated values from
Ref. 43. We calculate the thermal conductivity, j ¼ jckBneTese=me

[Ref. 45, Eq. (2.12)] and the thermal diffusivity, v ¼ j=ne, for both the
parallel (k) and perpendicular (?) directions. This gives similar values
of vk and v? for Al and W, with vk > v?, as expected due to the mag-
netic field.

Finally, we can calculate the Field’s length, the length scale of the
smallest perturbation for a radiative cooling instability. For Al, this is
800lm along the magnetic field and 360lm perpendicular to the
field. For W, we have an issue: the Field’s length is derived assuming
that the isobaric length, kiso, is large. However, we have calculated
kiso ¼ 50lm, smaller than the estimated parallel Field’s length kField;k
¼ 220 lm. Resolving this contradiction would require us to consider
the solutions to the cubic equation without taking the limit of x	 kcs
and to find the smallest length scale for which an unstable mode
exists—this would be the new, generalized Field’s length. However, for
the uncertainties in the plasma parameters for our experimental data,
and given the limitations in the currently available cooling curves, we
instead state that we expect density perturbations on the order of
100lm, elongated by a factor of two along the magnetic field lines due
to the suppression of the thermal conductivity from partially magne-
tized electrons.

The calculated perpendicular length scale (dx, dz) of these per-
turbations is in agreement with the length scales measured using
our side-on shadowgraphy and imaging refractometer diagnostics,
where we observed intensity fluctuations and deflection angle dis-
tributions consistent with density fluctuations with length scales
<200 lm. In our end-on interferometry, the parallel length scale,
dy, is on the order of or smaller than the fringe spacing, and so it is
difficult to resolve. However, careful examination of the raw inter-
ferograms shows some structure in the post-shock stagnation
region, which we highlight in Fig. 7. This shows a section of an
interferogram taken using a 532 nm laser at 391 ns after current
start, in a region close to the obstacle and centered on one of the
ablation streams. The brightness of the interference fringes is mod-
ulated on small scales, and we attribute this to shadowgraphy
effects from the density gradients caused by the radiative cooling
instability. To guide the eye, several of these intensity modulations
have been highlighted in the further zoomed-in image, and it can
be seen that these regions have a width of �100 lm, and a length
of �500 lm.

TABLE II. Parameters for estimating the relevant time and length scales of the cool-
ing instabilities in the plasma. The relevant plasma parameters are taken from Table
I. The cooling functions are taken from FLYCHK,35,42 using ne ¼ 1018 cm�3 and
Te¼ 10 eV for both Al and W. The dimensionless thermal conductivities (jc

k;j
c
?) are

obtained using the tabulated coefficients in Ref. 43.

Quantity, symbol (units) Al W

Cooling function, K (10�22 erg cm3/s) 9.8 210
Radiated power density, Prad (10

12 erg/cm3 s) 280 3400
Thermal energy density, Uth (10

6 erg/cm3) 31 28
Cooling time, scool (ns) 110 8
Electron magnetization, xcese 0.7 0.3
Dimensionless thermal conductivity, jc

k½jc
?
 6.1 [1.2] 8.2 [2.8]

Thermal diffusivity, vk½v?
 (103cm2/s) 75 [15] 67 [22]
Field’s length, kField;k½kField;?
 (lm) 910 [410] 230 [140]
Isobaric length, kiso (lm) 1400 50
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Simulating these experiments requires validated, high-resolution
cooling curves, which have regions in which the radiative cooling func-
tion decreases with temperature,44 and so this cooling instability will
not appear in simulations using simple free-free (bremsstrahlung and
recombination) radiation models. The lack of accurate cooling curves
for high-Z elements, such as tungsten, limits our ability to simulate
this experimental setup at this time. This also prevents us from calcu-
lating the threshold and growth rate for the thermal cooling instability,
as it depends sensitively on d logK=d logT19,44 and is therefore diffi-
cult to evaluate for the sparsely evaluated and unvalidated cooling
functions we have access to for tungsten.

V. CONCLUSIONS

In this paper, we have studied the presence of small-scale struc-
tures in the post-shock region of magnetized supersonic plasma flows
interacting with planar obstacles using a range of diagnostics including
the newly developed imaging refractometer. We tested this imaging
refractometer using an aluminum wire array and a periodic planar
grid obstacle, and we observed the formation of a series of periodic,
interacting oblique bow-shocks in the plasma flow downstream of the
grid. These bow shocks provided the periodic density gradients, similar
to the test problem reported in Ref. 24, which led to a broad distribu-
tion of deflection angles modulated by interference effects.

We then turned our attention to the interaction of plasma flows
with a planar conducting obstacle for aluminum and tungsten wire
arrays. For both aluminum and tungsten arrays, we observed periodic
modulations in the plasma flow using shadowgraphy and the imaging
refractometer, and the periodicity inferred from the later diagnostic is
in agreement with the literature on this shear-flow-stabilized m¼ 0
instability in wire-array z-pinches.6,36,37

For the aluminum wires, the plasma flow interacted with the pla-
nar obstacle to form a reverse shock, consistent with earlier work.20 In
the post-shock region, we saw a reduction in the deflection angles in
the imaging refractometer, corresponding to a smoother post-shock
plasma. In contrast, with tungsten wire arrays, we did not see a quasi-
one-dimensional shock, and instead we observed a steady increase in
the deflection angles as the plasma approached the obstacle, along
with the presence of small-scale density perturbations. These perturba-
tions were confirmed by shadowgraphy, and analysis of the deflection
angles suggests a density perturbation length scale on the order of
100lm. It is important to highlight that the absence of any sharp dis-
continuities in the tungsten experiment does not necessarily mean that
a shock is not formed. The three-dimensional nature of the system
and the presence of density structures ahead of the obstacle may
obscure the typical quasi-one-dimensional shock profile, leading to a
more complex shock structure, and this phenomenon is discussed
extensively in the astrophysical literature.14–16 Thomson scattering
measurements show that the plasma begins to decelerate in the same
region where the density perturbations increase, and the Thomson
scattering spectrum shows significant broadening in this region, con-
sistent with velocity fluctuations on length scales smaller than the
Thomson scattering collection volume, 200lm. Associated with this
decrease in velocity, end-on interferograms show an increase in
plasma density, which are both key signatures of a shock. In addition,
a close look at the end-on interferograms reveals the presence of shad-
owgraphy effects consistent with density structures elongated along
the direction of the magnetic field in the plasma.

To explain the formation of these density perturbations, we con-
sidered three mechanisms. First, we looked at the electro-thermal
instability that can create density perturbations with structures whose
orientation with respect to the current direction depends on whether
the resistivity of the material increases (metals) or decreases (plasmas)
with temperature. However, the long magnetic diffusion length scale
and the structure of the observed instability rule out the development
of the small-scale current perturbations necessary for this instability to
grow. Second, we looked at kinetic effects, in which reflected ions
could give rise to a two-stream instability. We rejected this mechanism
due to the short mean-free-paths of the ions in these relatively cold
and dense plasmas, as well as the absence of any signatures of reflected
ions in our Thomson scattering data.

Third, we looked at radiative cooling instabilities. These occur
due to a feedback loop, which causes localized increased cooling as the
local density increases to compensate for a loss of temperature. These
cooling instabilities have length scales between the propagation of
sound waves during a cooling time (the isobaric length, kiso) and the
length at which thermal conduction smooths out temperature pertur-
bations (Field’s length, kField), and they grow on a timescale on the
order of the cooling time. For aluminum, this timescale is long (above
100 ns) compared to other timescales in the system, suggesting only
minimal growth of cooling instabilities for this wire material. In con-
trast, the cooling time for tungsten is short (around 8ns) compared to
the other timescales, so the radiative cooling instability can grow
significantly.

Due to the magnetic field advected by the plasma flows, which
piles up at the conducting obstacle, we calculate that the electrons will
be partially magnetized, and so thermal conduction will be reduced
perpendicular to the magnetic field. This leads to a longer kField parallel

FIG. 7. A section of a raw end-on interferogram taken at 391 ns after current start
in an experiment with tungsten wires. The section shows a region close to the wall
in which the brightness of the interference fringes is strongly modulated, suggesting
shadowgraphy effects related to localized structures with large electron density gra-
dients. The zoomed-in region shown on the right is overlaid with blue lines to high-
light some of these structures, which are elongated in the y-direction (along the
magnetic field).
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to the magnetic field than perpendicular to it, which is supported by
the shadowgraphy effects seen in the end-on interferometry images.
Due to a lack of high-resolution and validated cooling curves for high-
Z elements such as tungsten, it is not possible to precisely simulate this
experiment or to calculate the predicted instability thresholds or
growth rates. As such, we cannot definitively say that we observe radi-
ative cooling instability in the experiments with tungsten, but the data
we have is consistent with this hypothesis. The other two mechanisms
we considered (ETI and kinetic effects) cannot be responsible for the
density perturbations we observe at 350 ns after current start, but
either could potentially seed perturbations at early times, which are
then grown by the radiative cooling instability.

The spatially, temporally, and angularly resolved measurements
made using multiple, simultaneous diagnostics in a reproducible
experiment make these data ideal for comparison to simulations and
theory, especially if suitably validated cooling curves are available. It
also represents the first real test of the new imaging refractometer,
which has been used to estimate the length scale of the perturbations.
In future, we hope to develop a more complete theoretical model of
the imaging refractometer that would allow us to relate higher-order
moments of the distribution of deflection angles (such as the kurtosis)
to the spectrum of density fluctuations within the plasma.
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