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Astrophysical observations have demonstrated many examples of bow shocks, for example, the
head of protostellar jets or supernova remnants passing through the interstellar medium or between
discrete clumps in jets. For such systems where supersonic and super-Alfvénic flows and radiative
cooling are all important, carefully scaled laboratory experiments can add insight into the physical
processes involved. The early stage of a wire array z-pinch implosion consists of the steady ablation
of material from fine metallic wires. Ablated material is accelerated toward the array axis by the
J X B force. This flow is highly supersonic (M > 5) and becomes super-Alfvénic (M, >2). Radiative
cooling is significant in this flow and can be controlled by varying the material in the ablated
plasma. The introduction of wires as obstructions in this steady flow leads to the formation of bow
shocks, which can be used as a laboratory testbed for astrophysical bow shocks. The magnetic field
associated with this obstruction wire can be controlled by varying the current through it. Differences
in the shock for different cooling rates and different magnetic fields associated with the obstruction
will be discussed, along with comparisons of dimensionless parameters in the experiments to

astrophysical systems. © 2010 American Institute of Physics. [doi:10.1063/1.3335497]

I. INTRODUCTION

Supersonic and super-Alfvénic flows are ubiquitous in
astrophysics, from material ejected by supernovae to jets
produced by young stars and even the solar wind. Many
obstructions to these flows exist, for example, as a stellar jet
punches through the interstellar medium, or if a static object
is present in a wider flow such as the presence of the Earth in
the solar wind. Given an appropriate reference frame, these
situations are all equivalent to a static object being intro-
duced into a supersonic and/or super-Alfvénic flow.

Taking as an example the bow shock at the head of a
protostellar jet, the flow into this shock is supersonic (Mach
number M =vy,,,/c,~ 10) and super-Alfvénic (Alfvén Mach
number M ,=vq,./v,~4). Radiative cooling plays a signifi-
cant role in energy loss in the shock (characterized by a
cooling parameter y~ 1, which is the ratio of the character-
istic cooling time to the characteristic hydrodynamic time
scale of the system). The flows into the shock and the struc-
tures within the shock are thought to be highly collisional.
Depending on the distance from the source star, the plasma 3
(ratio of thermal pressure to magnetic pressure) is typically
B~20.

Laboratory experiments can be used to study this type of
system; however there are many challenges in introducing
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the correct physical processes. Typically on the length scale
of the obstruction the flow should be uniform. Radiative
cooling plays a critical role in the energy balance of many of
these shocks, so should similarly play an important role in
the laboratory experiments. Finally such bow shocks are of-
ten dominated by the magnetic field pressure due to either a
magnetic field associated with the obstruction or an embed-
ded field in the flow. These magnetic field effects can be
summarized by two dimensionless parameters, the plasma 3
which describes the importance of magnetic pressure on the
dynamics, and the magnetic Reynolds number (R,,), which
characterizes the importance of Ohmic dissipation.

In this paper we describe a laboratory testbed for the
study of radiatively cooled shocks and potentially for the
study of magnetically dominated shocks. Experiments utilize
the MAGPIE pulsed power generator (I MA, 250 ns). A
modification of the wire array z-pinchl is used in which cy-
lindrically convergent supersonic, super-Alfvénic flows inter-
act with a second concentric set of wires which act as ob-
structions to the flow. This configuration is referred to as a
nested wire array (Fig. 1) and is described in detail in Sec. IL
Data from the experiments are discussed in Sec. III, Sec. IV
discusses simulations of this system, and we conclude in Sec.
V by making comparisons of the experiments to specific as-
trophysical phenomena and by suggesting further modifica-
tions to the experiments.

© 2010 American Institute of Physics
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FIG. 1. (Color) (a) Hardware for the nested wire array. The inner wires are
suspended by a spider web of wires at the top and bottom of the assembly,
which allows for good diagnostic access upstream and downstream of the
shocks. (b) MHD simulations showing density distribution of ablation
streams from the outer wires. Inner wires are superimposed on the flow to
illustrate their relative location.

Il. SETUP FOR PRODUCING SHOCKS
IN SUPER-ALFVENIC FLOWS WITH WIRE ARRAY
z-PINCHES

Wire array z-pinches consist of a number of fine metallic
wires positioned symmetrically around a common axis, typi-
cally in a cylindrical arrangement. A fast rising current leads
to ablation of these wires.” After initial resistive heating of
the wires occurs, a corona forms around the dense wire
cores. Plasma streams are accelerated from this corona to-
ward the array axis by the JX B force.” This steady flow of
ablated material toward the axis exists for a significant frac-
tion of the experiment (~200 ns for a 250 ns current pulse).
The flows are supersonic and after the initial acceleration
region, these are super-Alfvénic.3 Experimental data have
been used to determine that the velocity of ablated material
is relatively fixed in time, typically 15 cm/us. The density
of the flow increases with current through the wire array and
the mass ablation rate can be approximated as proportional to
the square of the current through the array.2 Depending on
the initial mass of the array and the magnitude of the current
drive, eventually the wires in the array can run out of mass.
The majority of the material is then accelerated to the array
axis, producing an x-ray burst as it stagnates.

In this paper we are concerned with the ablation flows
prior to the array implosion. It is relatively simple to position
an obstruction within the convergent flow from the outer
wires, such as placing a second set of wires concentric to the
first. This setup is in fact frequently used for applications of
wire arrays, such as a radiation source for inertial confine-
ment fusion® and as a K-shell radiation source.’

Experiments are performed on the MAGPIE pulsed
power generator,7 which provides a 1 MA current pulse with
a rise time of ~250 ns. The experimental setup for these
experiments is shown in Fig. 1. Two concentric (nested) ar-
rays were used. The outer array contained 32 Aluminum
wires, each with a 10 wm diameter, and the inner array con-
sisted of 16 Aluminum wires, each with a 15 wm diameter.
Experiments aim to have the option of interacting the flow
with a purely hydrodynamic obstruction. The inner array was
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longer than the outer to minimize the current through the
inner array (as discussed in Refs. 4 and 8), and hence control
the magnetic field associated with this obstruction. The level
of current through this inner array has previously been deter-
mined analytically and experimentally to be 2%-3% of the
total machine current, and it can be varied by adjusting the
length of the inner array or changing the material used to
connect it to the pulsed power driver.

With the addition of obstructions in the ablation flow of
the wire array, we expect the formation of shocks. The flow
upstream of the shock is characterized by typical parameters
observed in wire array experiments. An analytical rocket
model® provides a good description of the radial mass distri-
bution using the flow velocity measured on MAGPIE of
Ufow~ 1.5 X 107 cm/s. At the location of the inner wire ar-
ray, the mass density in the streams is estimated at p~3
X 107> g/cm?®, which for aluminum gives an ion density of
6.7 10'7 cm™. Given a typical temperature of 10 eV (Ref.
2) and using a Thomas-Fermi average atom model to re-
cover an average ionization of 5, the ion-ion mean free path
due to the thermal velocity in the flow is ~0.01 um.

If we first consider just the thermal pressure around an
inner wire, the downstream flow parameters can be approxi-
mated with the assumption of a planar strong shock using the
standard Rankine-Hugoniot jump conditions.” Assuming
v=5/3, the density jump across the shock is 4 with an
associated decrease in the flow velocity (this jump will
be reduced if the shock is oblique rather than planar). Given
the high Mach number of the upstream flow, the upper
limit to the downstream velocity is the local sound speed.
The fourfold density increase along with an increase in
the ion temperature to ~110 eV and of mean ion-
ization state to Z~ 12 (neglecting losses to radiation) gives
c,~9X10° cm/s.

The strong dependence of the ion-ion mean free path on

the velocity (v ) greatly reduces the mean free path as the

1on

flow becomes subsonic and values are <0.01 um. These
estimates suggest that the flow is collisional upstream of the
shock, and the subsequent decrease in the mean free path
indicates that the upstream conditions for any secondary
shocks would similarly be collisional. A quantitative ex-
ample of the flow parameters across the shock is taken from
simulations and described in Sec. IV.

In addition to being supersonic, the flow from the outer
array is also super-Alfvénic. Previous simulation work has
estimated Alfvén Mach numbers ~2-3 midway between the
wires and the axis in a single wire array (equivalent to the
inner array location in a nested wire array).10 These simula-
tions also indicate a magnetic Reynolds number ~10,"
hence diffusion is relatively unimportant. Assuming just the
flow from the outer wire array, the magnetic field pressure at
the inner array location is small compared to the ram pres-
sure in the flow. The addition of a current through the inner
array will perturb the magnetic field profile, giving an addi-
tional local magnetic field around each inner wire. To esti-
mate where the shock may occur in this case, we can
calculate the location at which the ram pressure of the flow
and the magnetic pressure due to the inner array current
are balanced. Using the density and velocity values given
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previously, the ram pressure (pvfz]ow) equals the magnetic
pressure when the local field is B~40 T. Given that the
current in each inner wire is 1.2 kA this balance occurs at a
radius of 6 wm, which is comparable to the inner wire ra-
dius. It is therefore feasible that the shock structure is domi-
nated by the magnetic field due to the inner wire current.

A similar setup previously fielded in Refs. 4 and 8 was
modified for this work such that the inner wires are sus-
pended by a spider-web-like mesh of thicker wires. This al-
lows access to the precursor streams both before and after
they pass the inner wires for diagnostics positioned end-on to
the array (looking down the axis of symmetry of the wire
array). The primary diagnostic for these experiments was a
time-resolved pinhole camera system looking down the axis
(end-on to the array) recording images in the extreme-UV
(XUV) [hv>20 eV (Ref. 11)]. This instrument provides
four frames, each with temporal resolution of 2 ns and spatial
resolution of 180 wm.

lll. EXPERIMENTAL DATA

We start by considering the formation of shocks in this
setup when there is a small magnetic field associated with
the inner array (the standard current division for nested wire
array z-pinches). Figure 2 shows an end-on XUV image of
one-quarter of the array.

In the image the plasma flow from the outer array is
traveling from the top left to bottom right (purple arrows).
Inner wires (one indicated in blue) are backlit by the flow,
hence are lighter than the emitting (dark) flow around them.
As the flows pass the inner wire multiple bow shocks are
formed. These appear as an arc around each inner wire
which, further from the wire, become straight shocks which
are oblique to the flow (red lines). Where these bow shocks
meet secondary shocks are formed. These secondary shocks
are likely the collision of material that was redirected in the
primary shocks. The view in Fig. 2(a) is complicated by the
fact that the diagnostic is not viewing directly along the inner
wire and surface of the shock, and instead there are some
perspective effects [see Fig. 2(b)].

For the discussion here we will assume that the inward
plasma flow upstream of the shock is uniform. Figure 2
shows that there is some variation in emission, and hence in
either density or temperature. While these are likely to influ-
ence the details of the shock, the global structures are un-
likely to be significantly affected. This is demonstrated ex-
perimentally in the figure by the shocks being symmetric
around each inner wire, despite the discrete flows into the
shock not being azimuthally uniform.

The imaging system used to diagnose the array takes
multiple images of the array (at different azimuthal locations
and times), hence we can determine whether this shock angle
changes in time. Figure 3 shows the shock in the experiment
shown in Fig. 2 at three additional times (these are at differ-
ent azimuthal locations). Significantly, there is very little
variation in the shock angle with time in these images. This
fixed structure and angle in time are expected given the slow
variation in the mass ablation rate (with characteristic time of
~200 ns) in comparison with the characteristic time scale
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FIG. 2. (Color) XUV imaging of the system looking down the axis 232 ns
after the start of current. This image shows one quadrant of the system. In
this and later figures, dark represents emission and light represents nonemit-
ting regions. The flow from the outer arrays is convergent toward the axis,
which is at the bottom right of the image. The data show the formation of
shocks (dark curved structures) around each of the inner wires (lighter
stripes which are due to perspective appear to be diverging from the center
of the image; the wires are backlit by the shocks). (b) shows an illustration
of the perspective effects of this diagnostic.

for the flow to cross the shock (~1 ns). Hence on the char-

acteristic time scale of the shock the system is quasistatic.
In Fig. 2 the half opening angle of the shock (the angle

of the shock to the original flow trajectory) is measured to be

(b) 172ns

(a) 142ns

FIG. 3. Small segments of the array at three different times (due to the
diagnostic setup these are at different azimuthal locations). The shock shape
appears static in time. The image intensities have been adjusted to demon-
strate the shock features at each time.

(c) 202ns
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FIG. 4. (Color online) An XUV image equivalent to Fig. 2, except the inner
array is isolated from the pulsed power drive voltage, and hence has less
field associated with it than the previous case. As in Fig. 2, the incoming
flow is Al

~40°. The structure of the shock, and more specifically the
opening angle and shape, are likely to be impacted by the
size of the obstruction. Previous radiography of the inner
wires in a similar experimental setup on MAGPIE has shown
that the physical size of the dense wire cores is ~20 um.
This is larger than the initial inner wire diameter, but notably
is smaller than the scale length of the shock (e.g., the shock
thickness in Fig. 2 ~100-200 wm), hence the shock is
likely to be attached to the obstruction,'> and will not be a
strong function of the obstruction size. Additionally, the ex-
perimental setup used in Fig. 2 allows some of the machine
current to pass through the inner wires. It is likely that the
magnetic field pressure created by this current has an effect
on the shock geometry.

The system used in Fig. 2 can be adapted to reduce the
current associated with the inner wires. With the electrode
setup shown in Fig. 1 a few percent of the machine current
passes through the inner array.4 By replacing the conducting
connection to the inner wires with an insulated (plastic) sup-
port, we can eliminate all current associated with this inner
array. In this case the wires act as a purely hydrodynamic
obstruction to the magnetohydrodynamic (MHD) flow from
the outer wires. By reducing the current through the inner
array, the field upstream of the obstruction is modified, hence
the magnetic pressure and Alfvén velocity will each be re-
duced (in turn, increasing both the plasma B and the Alfvén
Mach number in the flow).

Figure 4 shows the data for this case. Comparing Figs. 2
and 4 we see that with less current (and hence field) associ-
ated with the inner array the shock half opening angles are
reduced from 40° to 20°. Although no direct measures of the
plasma parameters before and after the shock are available at
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FIG. 5. (Color online) End on image of a tungsten wire array, showing
dramatically smaller shock opening angle [this image is at 184 ns after the
start of current, at a similar time to Fig. 3(b)]. The electrode configuration is
similar to Fig. 2, allowing some current through the inner wire array.

present, it is assumed the change is due to the variation in the
Alfvén Mach number and the plasma f.

While the earlier estimates showed that the shock profile
may be determined here by the B-field associated with the
inner wires, the proximity of the shock to the wire position
and the limited resolution of the imaging system means that
it is not possible to conclusively rule out the effect of the size
of the obstruction, which may be slightly larger when current
flows in the inner array. Rather than reducing the current as
we have done in Fig. 4, it is simple to modify the experiment
to increase the current level in the inner wire to increase the
local field strength to more closely examine this. For ex-
ample, reducing the inner wire array to a single wire would
increase the current, and hence B-field, by a factor of 16. The
balance of the flow ram pressure and the magnetic pressure
at this single obstruction occurs at a radius of ~130 wm. By
radially offsetting the imaging system and increasing the
magnification, an ideal line of sight and resolution can be
obtained, which could resolve the shock position. Such a
modification could form the basis of future studies.

In addition to the effects of the magnetic field, we can
test the effects of radiative cooling on the system. For a fixed
upstream flow velocity and obstruction configuration, an in-
crease in the rate of radiative cooling will reduce the post-
shock temperature, hence leading to a narrower shock open-
ing angle.

For the densities and temperatures of the plasma flows in
these experiments, the rate of radiative cooling increases
with atomic number,'® hence we can vary this cooling time
scale by varying the material of the wire array (in a similar
manner to Ref. 14).

Figure 5 shows the bow shocks formed when a tungsten
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flow meets an obstruction. The data indicate that the shock
half opening angle has been significantly reduced from ~40°
for the shock in Al flow in Fig. 2 to ~15° for the shock in the
W flow in Fig. 5. Further understanding of this system can be
gained and more direct connection to astrophysical systems
can be made, by comparisons of these experimental data to
simulations.

IV. COMPARISONS TO SIMULATIONS

The GORGON MHD code'® has been used to simulate
these experiments. This is a three-dimensional (3D) resistive
MHD code, utilizing an optically thin simple recombination
radiation loss model.'” This code has previously been used to
model both wire array z—pinches3’15 and protostellar jets.16 To
achieve the resolution required to study the shocks found in
the experiment in detail, we will discuss two-dimensional
(2D) simulations in a plane perpendicular to the array wires.
We note that many of the 3D effects that occur in wire array
z-pinches normally manifest themselves after wire breakage,
which is later than the times of interest in this discussion. It
is not possible to model the longer inner array used in the
experiments in 2D. The experimental purpose of this longer
inner array is to minimize the current through the inner array
in experiments with relatively low wire numbers in the outer
array. In these simulations of the MAGPIE experiments we
instead use unphysically high outer wire numbers to induc-
tively screen the inner array, hence recreating the 2%—-3% of
current determined for this setup on MAGPIE.

Figure 6 shows the results of an MHD simulation for an
Al nested array on MAGPIE at 200 ns. Figure 6(a) shows the
density profile within the array. The presence of inner wires
leads to the formation of bow shocks around each of the
inner wires. The simulated emission [Fig. 6(b)] shows a
broadly similar structure to the experimental emission [Fig.
6(d)]. The experimental shock angles are a factor of ~2
larger than is found in the simulation. This discrepancy illus-
trates the need for this type of experimental result in order to
benchmark simulations, both for modeling laboratory experi-
ments and astrophysical modeling. Further work is needed,
however the general characteristics are reproduced and we
are still able to interrogate the present simulation about some
of the important physical processes.

The magnetic field structure within the array is shown in
Fig. 6(c). As expected, due to the inductive current division
between the inner and outer wires, minimal current flows in
the inner array, hence there is only a small perturbation to the
field in the vicinity of the inner wires. The magnetic field
plot does indicate that there is some perturbation of the field
after the flows have passed the inner array. From the plasma
parameters given by these calculations, we find that the mag-
netic Reynolds number R,,~ 8. This value indicates that a
relatively small proportion of the field is advected with the
flow; however the experiments are unlikely to be in the
R, >1 regime typical of many astrophysical systems. This
and many of the other MHD quantities derived from the
simulation are summarized in Table 1.

Figure 7 shows various lineouts of the calculation re-
sults, taken between two inner wires [at the location indi-
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FIG. 6. (Color) The results of MHD simulations of the nested wire array
system at 200 ns showing (a) density (kg/m?), (b) simulated emission (dark
regions on the image correspond to high emission), and (c) magnetic field
strength (7). Also shown (d) is self-emission from the experiment for
comparison. The red line on (a) denotes the location of the lineout used in
Fig. 7

cated in red on Fig. 6(a)]. The lineout of density [Fig. 7(a)]
shows the density jump through the shock, and is matched by
a drop in flow velocity [Fig. 7(b)]. The density increases by
a factor of ~4, indicating that this is a strong shock. This is
expected given the high Mach number and Alfvén Mach
number [Fig. 7(c)].

It is notable that the local Mach number postshock is
>1. This is possible as the shock is oblique rather than pla-
nar, hence the nonperpendicular component of the velocity is
not impacted by the shock jump conditions. If the shock was
planar, the importance of radiative cooling in this system
suggests that the density jump would be >4°

If we calculate the plasma S (ratio of plasma pressure to
magnetic pressure resulting from both the field advected with
the flow and the local field around the obstruction) at this

TABLE I. Dimensionless parameters of solar wind, protostellar bow shock,
and bow shock in nested wire array. Parameters for the nested wire array
experiments are based on the MHD simulations discussed.

Solar  Protostellar Wire

Parameter Symbol  wind bow shock array
Mach Number M 9 10 4-12
Alfvén Mach number M, 9 4 1-5
Plasma beta B 0.8 20 0.1-5
Magnetic Reynolds number R, 10° 108 4-10
Localization mfp/r 1 107° 1073
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FIG. 7. (Color online) (a) Density profile through the shock showing the
jump conditions. (b) Velocity upstream and downstream of the shock, along
with local sound speeds and Alfvén velocities. (c¢) Mach numbers and
Alfvén Mach numbers through the shocks. The location of the lineouts is
shown in Fig. 6(a).

location we see that S8~ 0.4, indicating a significant role of
the magnetic field in the pressure balance of the shock, as
was demonstrated in the experiment by the change in shock
angle with the change in field.

V. DISCUSSION

Wire array z-pinches have been used to produce bow
shocks around a sequence of small obstructions (another
wire array). Data indicate that the angles of shocks are static
in time, but they are altered by varying the current through
the inner array. This is likely due to the change in the local
magnetic field surrounding each of the inner wires, although
the effect of the difference in the obstruction size cannot be
dismissed. If the magnetic field effects are dominant, there
are two possible mechanisms for this field to affect the shock
structures. First, the MHD simulations indicate that some of
the field is frozen into the flow (R,,>1). Consequently the
magnetic pressure associated with the field around the inner
wires will act to decelerate the flow from the outer array.
Alternatively the field from the inner array is altering the
magnetic field upstream from the shock, and will alter the
Alfvén Mach number before the shock.

Table I shows a comparison of some important dimen-
sionless scaling parameters for this system and two contrast-
ing astrophysical bow shocks: the magnetosphere and the
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FIG. 8. Simulation emission profile for a nested array on the Z generator.
Dark represents emission; light represents nonemitting regions. This image
is ~10 ns prior to the interaction pulse for a nested wire array with a 2.5 mg
outer array and a 2.5 mg inner array.

bow shock of a protostellar jet. Significant further work is
required to tune these experiments to model specific astro-
physical bow shocks.

One of the most contrasting values in the comparison
between the three cases is the localization parameter. The
solar wind is collisionless, the protostellar jet case is highly
collisional, and the array case discussed is between the two.
Given that the mean free path is dependent on the plasma
density, the dependence of density on machine current can be
utilized to provide control over the localization. To increase
the density and hence reduce the mean free path, experiments
can be performed at higher currents. Figure 8 shows that
very similar shocks are formed for nested arrays on the Z
generator (20 MA, 100 ns) at Sandia National Laboratories.
This nested array configuration is routinely fielded on 7,0
hence much insight could be gained by diagnosing these
shocks around the inner array wires (the shock structures
discussed in this paper may have a significant effect on ra-
diation pulse shaping with nested wire arrays, which will be
discussed fully in a future paper).

In the other direction, reducing the current and increas-
ing the array diameter would shift more into a collisionless
regime. Such experiments are planned on the 250 kA, 150 ns
GenASIS machine at University of California, San Diego.17
Controls of the dimensionless parameters in Table I can
also be gained by modifying the array setup, and simple
changes can optimize the experimental parameters for spe-
cific regimes.

The plasma S in the current experiments is lower than
those found in the astrophysical systems (Table I). It is pos-
sible to impose an axial magnetic field in the incoming flow
by twisting the outer array,18 which will have the effect of
increasing the magnetic pressure within the flow. The Alfvén
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Mach number of the flow can be varied by moving the inner
wire; locating the inner wire at ~6—7 mm would mean that
the shock is at the trans-Alfvénic point in the flow, allowing
experiments to study shocks in the regime M, ~ 1 (for W this
point would be at ~5 mm).

Other improvements to this type of experiments could be
to modify the array configuration such that the flow is less
cylindrically convergent, for example, attempting to modify
the linear wire array setup discussed in Ref. 19. Alterna-
tively, to investigate shocks in divergent rather than conver-
gent geometry an exploder inverse-z-pinch could be
ﬁelded,20 with the flow moving outward from the source ar-
ray to the obstruction wires. A further extrapolation of the
discussed experiment would be to investigate the effect of
obstruction size on the shocks created.'?

In addition to modifications to the wire array configura-
tion, in future work it would be critical to obtain more quan-
titative data from the experiments. This could include end-on
interferometry21 or radiography22 to obtain density measure-
ments (particularly important for diagnosing shock jump
conditions), spatially and temporally resolved spectroscopy
to determine local electron temperature23 and Faraday rota-
tion or B-dot probes to diagnose the magnetic field structure.

In summary, these experiments have established an in-
teresting laboratory testbed for radiatively cooled bow
shocks. Control over cooling and magnetic field pressures
has been demonstrated, and simulations have recovered
many of the structures observed. Future work will aim to
optimize these experiments to specific astrophysical sce-
narios.
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