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Abstract—We present a new experimental platform for study-
ing radiative shocks using an “inverse liner z-pinch” configu-
ration. This platform was tested on the MAGPIE pulsed power
facility (~1 MA with a rise time of ~240 ns) at Imperial College
London in the UK. Current is discharged through a thin-walled
metal tube (a liner) embedded in a low density gas-fill and
returned through a central post. The resulting magnetic pressure
inside the liner launched a cylindrically symmetric, expanding
radiative shock into the gas-fill at ~10 km/s. This experimental
platform provides good diagnostic access, allowing multi-frame
optical self-emission imaging, laser interferometry and optical
emission spectrography to be fielded. Results from experiments
with an Argon gas-fill initially at 0.04 mg/cm® are presented,
demonstrating the successful production of cylindrically symmet-
ric, expanding shocks which exhibit radiative effects such as the
formation of a radiative precursor.

Index Terms—radiative shocks, pulsed power

I. INTRODUCTION

Radiative effects occur in high Mach number shocks when
the radiative flux from thermal emission of the hot post shock
material is non-negligible, resulting in significant changes to
the shock structure and the formation of a radiative shock [1]],
[2]. Understanding these phenomena is of great importance
to the High Energy Density Physics (HEDP) community due
to their presence in inertial confinement fusion implosions [3|]
and their abundance in astrophysical events [4].

Radiation emitted by the post-shock material results in
radiative cooling and thus an increase in post-shock compres-
sion (exceeding the maximum compression in a non-radiating
shock of x4 for an adiabatic index of 5/3) [1], [2], [3]. In
some cases this could lead to the onset of instabilities such
as the Vishniac thin-shell over-stability [6]—[8]]. In addition,
material ahead of the shock front is able to reabsorb this
radiation, resulting in photoionization and heating of the pre-
shock material. This manifests itself as a radiative precursor,
a layer of heated and ionized gas ahead of the shock front [2].

It is possible to produce radiative shocks in laboratory
experiments using lasers focused onto a pin embedded in a gas
[9], a cluster gas [[10]—[[12]] or a piston attached to a gas cell
[13]-[21]. Radiative shocks have also been produced on pulsed
power generators using imploding liners with an internal gas
fill [22]-[24]. In these experiments ~1 MA of current was
discharged through a gas filled liner (a thin-walled metal tube).
The liner did not move on the time scales of the experiment
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and instead multiple cylindrically converging radiative shocks
were observed launched into a low density gas that filled
the liner. These shocks exhibited radiative effects such as the
formation of a radiative precursor. However, the limited radius
of the liners (3 mm) prevented the shocks evolving unimpeded,
with the radiative precursor extending over a similar length
scale.

This paper introduces a new experimental platform for
studying radiative shocks which was demonstrated on the
MAGPIE pulsed power facility (~1 MA with a rise time
of in ~240 ns) [25] at Imperial College London in the
UK. This platform uses an “inverse liner z-pinch” setup to
produce cylindrically expanding radiative shocks which are
able to propagate unimpeded for several microseconds over a
distance of 50 mm. The experimental results presented here
show that the radiative shocks are reproducible and initially
uniformity, allowing this platform to be used for benchmarking
numerical radiative-hydrodynamic simulations, and studying
radiative instabilities.

II. EXPERIMENTAL SETUP

The experimental platform for the inverse liner z-pinch
setup is Fig [T A 3D diagram depicting how the shocks
are driven is shown in Fig [TJa. The ~1 MA current of the
MAGPIE generator [25] was discharged through a 20 mm
long stainless steel liner with an inner diameter of 11 mm
and wall thickness of 100 pym. Current was then returned
through a 5 mm diameter cylindrical electrode on the axis,
generating a toroidal magnetic field with a peak of ~40 T on
the inner surface of the liner. The resulting magnetic pressure
of ~400 MPa resulted in a cylindrically symmetric, radially
expanding shock, propagating at ~10 km/s, being launched in
to an Argon gas-fill initially at 0.04 mg/cm?. The liner did not
move on the time scale of the experiment and did not melt.
A 3D cutaway of a CAD model is shown in Fig [T}b, with
all dimensions in millimetres, and a photo of the liner in the
MAGPIE chamber is shown in Fig [T]c.

The MAGPIE transfer line delivering current to the liner is
kept under vacuum and so a uniform gas-fill around the liner
was provided by a separate gas-cell, shown in the 3D cutaway
in Fig [T]d. This gas cell provided a large volume with an
internal radius of 66.5 mm and height of 33 mm, allowing
shocks to evolve unimpeded for several microseconds. The
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Fig. 1. (a) 3D Diagram of the “inverse liner” experimental setup highlighting the current path in yellow, toroidal magnetic field in red and radially expanding
shock in blue. (b) 3D cutaway of a CAD model, dimensions in millimeters. (c) Photo of the liner in the MAGPIE experimental chamber. (d) 3D cutaway of
a CAD model of the experimental hardware and gas cell, dimensions in millimeters.

gas cell exterior was octagonally shaped allowing for eight
radially facing windows, each with a height of 35 mm and
width of 39 mm, providing side on diagnostic access to the
experiment.

The short distance between the liner and the axial electrode
(3 mm) required the interior of the liner to also be under
vacuum to prevent electrical breakdown, and so the liner
formed part of the gas seal. To create a gas tight seal between
the liner and the rest of the hardware, clamps and rubber O-
rings were used. However, these reduced the effective liner
length to ~11 mm and also drove large edge effects. Later
experiments instead used a coating of Araldite Instant [26] (a
two component epoxy adhesive which begins setting in 90 sec-
onds) around the joints between the liner and hardware, which
reduced the magnitude of these edge effects and increased the

effective liner length.

The diagnostic setup is depicted in Fig [2] All diagnostics
were imaged along the same line of sight, allowing for
direct comparisons. A Mach-Zehnder laser interferometer was
fielded to measure the electron density both ahead and behind
the shock. The second harmonic of an SBS compressed, pulsed
Nd-YAG laser (EKSPLA SL.321P) was used to produce a ~0.5
ps pulse with a wavelength of 532 nm which was then recorded
with a commercial Canon DSLR with an exposure greater than
the experiment duration. Optical self-emission from the plasma
was recorded with a high-speed, multiframe camera (Invisible
Vision U2V1224) on twelve images with exposures of 10 ns
and an interframe time of 40 ns. A low pass filter was inserted
in front of this camera to block the laser light and so this
diagnostic was sensitive to wavelengths > 600 nm. In addition,



Lens

Fibre (\ To spectrometer
bundle

f 532 nm
Mirror i
O interferometry
Lens DE MAGPIE vacuum chamber camera
a
€ ——
@ Recombination
Mirror E’ Gas cell beam splitter Optical
/ self-emission
multi-frame
Beam splitter Lens Lens Filter camera

/Mirror

/ Beam splitter

Probe laser

Fig. 2. Top down diagram showing the diagnostic setup. Laser interferometry,
self-emission multiframe and optical spectroscopy were all performed along
the same line of sight.

a bundle of fourteen optical fibres imaged the plasma self-
emission from ~250 pm diameter collection volumes spaced
580 pm apart, radially away from the liner surface. These
were imaged onto an ANDOR SR-500i-A spectrometer with
a 400 lines/mm grating and exposure of 8 ns, recording spectra
between between 435 — 490 nm.

III. EXPERIMENTAL RESULTS

A time sequence of current through the liner and timings of
diagnostics are shown for two similar experiments, with the
same Argon gas-fill initially at 0.04 mg/cm?, in Fig[3| Current
was determined with two Rogowski coils and increased current
was found to result in slightly increased shock velocities, with
~13 km/s measured for Fig [3]a with a peak current of ~1.2
MA and 10 km/s measured for Fig [3]b with a peak current of
~1.1 MA.

A. Optical self-emission

The evolution of the radiative shocks was studied with
the multiframe camera which recorded twelve images from
a single experiment. A selection of images from a typical
experiment (that shown in Fig [3la) are shown in Fig []a. The
liner can be seen as the dark region in the centre, labelled in
the top image. Although 20 mm long in total, this experiment
used the initial design with O-ring clamps which reduced the
effective liner length to ~11 mm. The shock can be seen as
bright emission to the left and right of the liner, labelled in
the second image, propagating radially outwards from the liner
surface.

Additional shocks were launched from the top and bottom
of the liner due to interaction with the surrounding hardware,
labeled as ‘edge shocks’ in the bottom image. All measure-
ments were therefore made along the mid height of the liner
where the primary radial shock remained uniform.

To measure the shock velocity, a horizontal lineout was
taken at a height of 5 mm (shown in the third image of
Fig [la) averaged vertically over 200 pm. In each lineout
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Fig. 3. Current through the liner as a function of time for two identical
experiments. Timings of different diagnostics are indicated.

the shock front position was then identified as the rising
edge in the intensity profile. Measurements from both the left
and right side of Fig fla are plotted as a function of time
after current start in Fig [@b. Error bars have been set to
the minimum resolution of the multiframe camera at which
features may be resolved, measured to be ~630 pm (motion
blurring due to the velocity of the shock is expected to be
of the order of 100 pm). Positions from both the left and
right shock follow a near identical trajectory indicating that
current was discharged uniformly through the liner resulting
in cylindrically symmetric expanding shocks. These points
closely follow a linear trendline indicating that shock velocity
remains constant over the observed time, ~500 ns.

Measurements from fourteen separate experiments indicate
shocks propagated at a constant velocity between 7 — 13 km/s,
depending on the MAGPIE drive current. In addition, the
shock launch time was determined by extrapolating trend-
lines to the liner surface at 5.6 mm. This yielded a launch
time of 187 £ 24 ns after current start. These launch times
are comparable to those seen in previous converging shock
experiments [24] while velocities are slower by a factor of
2 (~10 km/s instead of ~20 km/s) primarily due to the
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Fig. 4. (a) Optical self-emission images from the shot shown in Fig Ela. The
liner is seen as the dark region in the centre while the shocks expand radially
and can be seen as regions of bright emission. (b) Shock front position plotted
as a function of time. A linear trend line, shown with a dashed line closely
fits the data allowing the velocity to be determined.
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Fig. 5. (a) Interferometry image from the experiment shown in Fig Elb taken
at 460 ns. (b) processed image showing a map of electron density integrated
along the probe beams path, n. L. (c) A lineout taken from the hashed position
marked in (b) has been Abel inverted showing electron density as a function
of radius.

increased mass-density of the gas-fill. However, in contrast to
the multiple shocks observed in converging shock experiments,
only a single shock (ignoring edge effects) is observed in the
experiments described in this paper. The larger liner diameter
(11 mm instead of 6 mm) resulted in less Ohmic heating which
was insufficient to melt the liner.

B. Laser interferometry

Laser interferometry records variations in refractive index of
the plasma as fringe shifts in an interferogram. An example
image (from the experiment shown in Fig [3|b) is shown in
Fig [3la, taken 460 ns after current start. To maximise spatial
resolution the laser interferometry used a higher magnification,
imaging a 12 x 10 mm field of view on one side of the
liner. Due to cylindrical symmetry of the system this was
representative of the entire radially expanding shock. The
surface of the liner is visible to the left (< 5.6 mm) and the
shock propagates to the right, with the shock front visible as
the steep shift in fringes at ~ 8 mm.

The shift of these fringes is proportional to the electron
density integrated along the path of the beam, n.L, and
thus these images can be used to produce 2-D maps of n.L
following the procedure described in [27]. The resulting map
is shown in Fig [3]b.



Edge effects are more prominent in these images and a large
‘edge shock’ can be seen at the base of the liner which interacts
with the primary shock, resulting in regions of enhanced
electron density. In addition, the primary shock bends towards
the edge of the liner, slightly deviating from the approximately
1-D cylindrical expansion.

A horizontal lineout of n.L was taken through the region
that most resembled a 1-D expansion, averaged between a
height of 6 mm and 8 mm (indicated by the hashed area in
Fig [5]b). This n.L profile was used to determine the electron
density as a function of radius using an Abel inversion. The
result is shown in Fig[5]c together with the initial atom density
of n; = 5.8 x 1017 cm™3 indicated with a dashed red line.

A peak electron density of 2.5 x 10'® cm~3 at a radial
position of 7.95 mm corresponds with the shock front position.
Dividing by the initial gas-fill atom density yields a peak
ionization of Z ~ 4 for the radiative precursor. Behind the
shock front the electron density rapidly decreases, suggesting
the shock is similar to a blast wave with an expanding thin
shell of dense material followed by hot, low density gas.

Without radiative effects, ionization ahead of the shock front
would be expected to be zero. Instead the interferometry shows
that electron density decays gradually over ~4 mm ahead of
the shock front, indicating the unshocked material is being
ionized and thus a precursor is formed. This is similar to
results from converging shock experiments [22]-[24].

C. Optical spectroscopy

To obtain an independent estimate of the level of ion-
ization in both the precursor and shocked material, optical
spectroscopy was fielded on the experiment shown in Fig [3a.
Self-emission spectra between 435 — 490 nm were recorded
from fourteen points spaced radially outwards from the liner
surface, three of which are shown in Fig [la. Spectra from
the post-shock region (fibre 1), the approximate shock front
position (fibre 5) and the precursor (fibre 9) are shown in Fig
[6lb. For clarity of presentation the spectrum from the precursor
region has been multiplied by a factor of 5.

The spectra bear remarkable similarities and the same lines
are present in all spectra. However, spectra from the precursor
region is significantly dimmer than that from the shock front.
Persistent lines of Ar-II are present in these spectra, such as
the 3s23p*4p to 3s23p*4s transitions at 461.0 nm and 480.6
nm. However, the lack of significant Ar-III contribution, such
as the 3523p>4p to 3523p33d transitions at 456.5 nm and 468.8
nm suggest the plasma is only singly ionized in both the post-
shock and precursor regions.

To improve on this estimate, the atomic physics code
PrismSPECT [28]] was used to simulate the expected spectrum
at various points in the radiative precursor. Simulations were
run for an Argon plasma at 0.04 mg/cm?, at a variety of
temperatures, with Detailed Configuration Accounting (DCA),
the Low Temperature Spectroscopy atomic model and zero
width. As an initial estimate the plasma was assumed to be
in steady state, which may not be accurate for the precur-
sor region. By visually comparing the presence of lines in
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Fig. 6. (a) Focal points of several fibres superimposed on a self-emission
image taken at approximately the same time. (b) Spectrum recorded from
the experiment shown in Fig[3a taken at 410 ns. (c) PrismSPECT simulated
spectrum for an Argon plasma at 0.04 mg/cm~2 and 2.5 eV.

the calculated spectrum to that obtained in experiments the
temperature was estimated to be 1.5 — 2.5 eV (the simulated
spectrum for a plasma at 2.5 eV is shown in Fig [6lc) with
an average ionization of Z = 0.5 — 1.2 at all points in the
radiative precursor and post-shock region, similar to results
from converging shock experiments [23]].

IV. DISCUSSION
A. Temperature across the shock
The post-shock ion temperature, 7; may be estimated to be
121, (5]
vy—1 Am, w2
k3(7+1)22+1 s

where -y is the adiabatic index (assumed to be v = 5/3 for
a monatomic gas such as Argon), kp is Boltzmann’s constant,

(D

i =



A is the relative atomic mass (39.9 for Argon), m, is the
proton mass, Z is the average ionization and u; is the shock
velocity (found to be ~10* m/s). Assuming that the post-shock
ionization is not dissimilar to the peak ionization observed in
the precursor (found to be Z ~ 4 in Fig[/) yields a temperature
of 1.6 eV, agreeing with optical spectroscopy estimates of
1.5 —2.5eV.

B. Formation of the radiative precursor

The precursor observed in these experiments is expected to
have formed due to reabsorption of radiation emitted by the
shock front. However, precursors ahead of the shock may also
form due to particles reflected by the shock front depositing
their energy ahead of the shock or due to thermal conduction
(2]

To determine if electron or ion acceleration plays a role, the
electron and ion mean free path were calculated using [29]:

_ 18 [Te(KEV)]Q

Ae(em) =2 x 10 Zne(em=3) ()
: 2

Ai(em) = 2 x 1018 [Ti(KeV)] 3)

Z3ne(ecm=3)

where T'e and T; are the electron and ion temperature
respectively and n. is the electron density. Temperature and
ionization estimates were taken from optical spectroscopy,
assuming 1; =T, ~ 2 eV and Z ~ 0.9. The electron density
was calculated by multiplying the gas-fill initial atom density
by the ionization, yielding n, = 4.6 x 10" cm~3. This yielded
a mean free path of A, ~ 190 nm and \; ~ 240 nm for the
electron and ions respectively, both of which are significantly
smaller than the observed precursor. However, to fully discount
this mechanism the mean free path was recalculated for ions
travelling at the shock velocity, with a kinetic energy of ~ 21
eV. This yielded a larger ion mean free path of ~26 pm, but
still significantly smaller than the observed precursors scale
and below the resolution of the laser interferometry diagnostic.
Thus this mechanism may be ignored in this system.

To determine if thermal conduction was responsible for
the formation of the precursor, the thermal diffusion was
approximated as a Marshak wave [2] where the conductivity,
kip, is given by:

[Te(eV)]P?
(N Z(Z 5 1)ns{em—5) PP

where In(A) is the Coulomb logarithm (assumed to be
~4 for these plasma conditions), C,, is the heat capacity at
constant pressure (~5.2 x 105 erg/g/K for Argon [30]) and
p is the density (in g/cm®) of the unshocked medium. Using
the previous estimates for temperature and ionization, T, ~ 2
eV and Z ~ 0.9, yields a conductivity of ky, ~ 5.9 x 10°
g.cm/s3K. The position of the thermal wave front, xg, in a
Marshak wave as a function of time, ¢, is given by [2]:
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Fig. 7. Ionization in the precursor, determined by dividing the electron density
shown in Fig 5] by the gas-fill initial atom density. The range of ionizations
estimated from optical spectroscopy is highlighted in red and shows poor
agreement with estimates from interferometry.

where n is a dimensionless number, ~4 in high density
materials [2]], and C'y is the heat capacity at constant volume.
Using the electron thermal conductivity previously calculated
and assuming the process is approximately adiabatic (so that
Cy = Cp/v) indicates the Marshak wave has propagated
~0.3 mm after ~200 ns (the time between the shock being
launched and the interferometry image). This is insufficient to
account for the large precursor observed ahead of the shock
front. However, this should be resolvable by the interferom-
etry diagnostic and may partially contribute to the precursor
directly ahead of the shock front. However, this model does
not take into account the motion of the shock front itself and
thus is likely to be a significant overestimate.

C. LTE in the radiative precursor

Estimates of ionization throughout the precursor from in-
terferometry were found by dividing the electron density by
the initial gas-fill atom density, yielding the plot shown in Fig
[l This shows a gradually decreasing ionization while optical
spectroscopy shows a similar spectrum at all regions in the
precursor, suggesting a constant temperature and ionization.
For example, optical spectroscopy taken ~3 mm ahead of the
shock front, shown in the green curve in Fig a, estimates
an ionization of Z = 0.5 — 1.2 while laser interferometry
estimates an electron density of ~n, = 1 x 107'7 corre-
sponding with an average ionization of Z ~ 0.2. These
observations match those in [23]] in which it was suggested
that the precursor is not in LTE and photo-ionization results in
a small fraction of ions dominating the emission spectrum. To
verify this, the ion collision times were estimated for different
regions in the precursor using [29]:

1012 \/Z[Ti(KeV)]Z/?’

P = 4 x
T Z3ne(em—3)

(6)

This yielded collision times of 7;(r = 9 mm) = 10 nm,
7i(r = 10 mm) = 680 nm and 7;(r = 11 mm) = 11 pm.
A shock with a velocity of ~10 km/s will propagate 1 mm



in 100 ns. Therefore the region at » = 9 mm (~1 mm ahead
of the shock front) has sufficient time for many ion collisions
and thus is expected to be approximate LTE state, while more
distant regions have insufficient time to thermalize and thus are
likely to be in non-LTE. This confirms conclusions suggested
in [23].

V. CONCLUSION

A novel platform for studying radiative shocks has been
demonstrated on the MAGPIE pulsed power facility (~1
MA in 240 ns) at Imperial College London in the UK.
This platform is capable of producing cylindrically expanding
radiative shocks which propagate at a constant velocity of ~10
km/s for over 500 ns in an Argon gas-fill initially at 0.04
mg/cm?®. The formation of a radiative precursor is observed,
extending ~3 mm ahead of the shock front. Interferometry
and optical spectroscopy were found to disagree on ioniza-
tion in the radiative precursor region. This suggests that the
radiative precursor is not in LTE and photo-ionization results
in a small fraction of ionized ions dominating the emission
spectrum. These experiments have been expanded to include
a range of other gas-fills, allowing these radiative shocks to be
characterised for a range of elements, to be detailed in future
publications.

The uniformity and reproducibility of the radiative shocks
produced with this platform makes it suitable for the study of
perturbed radiative shocks and radiative instabilities. Control-
lable perturbations may be seeded in to the shock by carving
grooves on the surface of the liner. The spacing and depth
of these grooves allows the wavelength and amplitude of
perturbations in the radiative shock to be controlled. This has
been experimentally verified. By seeding perturbations of a
specific wavelength it is hoped that this setup could be used
to study radiative plasma instabilities such as the Vishniac
instability [6]]. This will be the subject of future publications.
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