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We present a study of perpendicular subcritical shocks in a collisional laboratory plasma. Shocks
are produced by placing obstacles into the super-magnetosonic outflow from an inverse wire array
z-pinch. We demonstrate the existence of subcritical shocks in this regime and find that secondary
shocks form in the downstream. Detailed measurements of the subcritical shock structure confirm
the absence of a hydrodynamic jump. We calculate the classical (Spitzer) resistive diffusion length
and show that it is approximately equal to the shock width. We measure little heating across the
shock (< 10% of the ion kinetic energy) which is consistent with an absence of viscous dissipation.

Shock waves are ubiquitous in astrophysical [1], space
and laboratory plasmas and often include an embedded,
dynamically significant magnetic field. The theoretical
understanding of magneto-hydrodynamic (MHD) shock
waves was first established in the 1950s [2-5]. In par-
ticular, it was discovered that resistive Ohmic heating, a
dissipation mechanism specific to MHD, can shape shock
structures. Since resistivity does not directly dissipate
the plasma kinetic energy, there is a critical value of the
upstream magnetosonic Mach number, M¢, indicating
the maximum strength of MHD shocks shaped by Ohmic
heating alone. Subcritical shocks (with Mys < M)
have a supersonic, Mgq4 > 1, but sub-magnetosonic,
Muys,a < 1, downstream flow [6, 7] and are predicted to
have a shock width equal to the resistive diffusion length.
The absence of viscous dissipation in subcritical shocks
also led to the prediction that hydrodynamic parameters
should be continuous across the shock (with no m.f.p.
scale jump). In the astrophysical literature, subcritical
MHD shocks in weakly ionised, low-density plasmas are
labelled continuous (C) shocks [8, 9]. The energy dis-
sipation mechanism in C shocks is different from that
discussed here, but the critical condition is the same.

Since then, studies of subcritical shocks have focused
on the collisionless regime [10, 11], motivated by the
ubiquity of collisionless shocks in space and astrophysi-
cal plasmas. In these cases, the physical processes which
generate entropy at the shock are more complicated than
the collisional transport models [12-17]. This leads to
difficulty in defining the critical Mach number (due to
the lack of downstream thermodynamic equilibrium) and
determining the plasma resistivity. Recent progress in
magneto-inertial fusion [18-22], has stimulated renewed
interest in MHD shocks propagating through dense,
collision-dominated plasmas [23]. In particular, recent
experiments studying the implosion of magnetised iner-

tial confinement fusion capsules have shown an increased
yield and anisotropic shock structure [24-26]. The struc-
tures of MHD shocks in this regime have been investi-
gated theoretically [27, 28] but never measured experi-
mentally.

Since Mg > 1 downstream of a subcritical shock, what
would the overall shock structure look like if the down-
stream were disturbed? Theory suggests that hydrody-
namic shocks could form on a scale smaller than the re-
sistive diffusion length. In contrast to subcritical shocks,
these would feature viscous ion heating and observation
of this would be important for interpreting observations
of astrophysical shocks where the shock structure is typ-
ically not resolved.

This letter reports the first experimental study of sub-
critical shock structure in a highly collisional plasma
(m.f.p. << shock width). A supersonic (Mg ~ 2.5),
super-Alfvénic (M4 ~ 3), super-magnetosonic (My;g ~
1.9) plasma flow was produced by the current driven abla-
tion of an inverse wire array z-pinch [29], and shocks were
studied by placing stationary obstacles into this flow [30].
The orientation of the obstacles produced perpendicular
shocks, in which the advected magnetic field was per-
pendicular to the shock normal. Subcritical shocks were
observed in which the downstream flow is shown to be su-
personic. These measurements of a subcritical shock in a
collisional plasma are the first of their kind and confirm
the absence of a hydrodynamic jump as predicted by the-
ory (e.g. [6, 7, 28]). Furthermore, detailed laser probing
measurements allow calculation of the resistive diffusion
length, L, (using classical Spitzer resistivity) which we
show to be equal to the shock width. The shock structure
can therefore be described by classical resistive MHD,
without the inclusion of anomalous resistivity. Finally,
we observe secondary shocks in the downstream which
are separate from the subcritical shock and for which the
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FIG. 1. Cross-sectional diagram of the wire array and obsta-
cles. (a) Side-on view. Cylindrical obstacles extend into the
page and shocks are indicated where they form in the exper-
iment. (b) End-on view showing the azimuthal configuration
of wires in the array and the vector diagram for the Thomson
scattering diagnostic.

relevant Mach number is Mg.

The experimental setup is shown in Fig. 1. The inverse
wire array z-pinch was driven by the MAGPIE pulsed
power generator (1.4 MA peak current, 240 ns rise time)
[31]. A cylindrical arrangement (21 mm high and 20 mm
in diameter) of 21 aluminium wires (each with a 40 pm
diameter) surrounded a central cathode. This experimen-
tal geometry provided a J x B force which acted radially
outwards, accelerating the plasma ablated by the wires
for the duration of the drive current [32]. Since some
of the drive current passed through the ablated plasma
surrounding each wire, a fraction of the magnetic field
was advected by the flow [33]. The 11 wires closest to
the obstacles had an angular separation of 11.25° while
the remaining wires had an angular separation of 22.5°,
see Fig. 1 (b). The smaller wire separation reduced az-
imuthal density variation by reducing the divergence of
the flow and allowing outflows from adjacent wires to
merge [30].

Two 4 mm diameter cylindrical brass obstacles were
placed 10 mm from the ablating wires and were oriented
with their axes parallel to the advected magnetic field
(Fig. 1). The obstacles had a centre-to-centre separation
of 9 mm in the vertical, z, direction and were 40 mm
in length. The obstacles reproducibly (> 15 shots) pro-
duced shocks in the plasma flow which were extended in
the y direction and approximately stationary in the labo-
ratory frame for ~ 200 ns (many hydrodynamic crossing
times). The shocks formed due to magnetic field and
plasma pile up in front of the obstacle surface as the alu-
minium plasma collided with the solid obstacles.

The plasma was studied with a number of diagnostics.
Electron density was measured with laser interferometry
[34]. An electron density map in the z-z plane is shown
in Fig. 2 (a). The observed shock structure comprises
two distinct types of shock. A subcritical shock spans
the region upstream of both obstacles. This shock is
smooth and continuous between the obstacles and forms
as a single shock ~ 300 ns after current start at a dis-
tance ~ d; from the obstacles. The formation process
of similar shocks is studied in [30, 32], here we study the
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FIG. 2. Electron density and magnetic field measurements.
(a) Electron density recorded 426 ns after current start. The
edge of the wire array is at z = 0 mm. (b) Magnetic field 397
ns after current start. The region sampled by the lineout in
Fig. 3 is shown.

shocks later in time during a quasi-steady state phase. In
addition to the subcritical shock, two secondary shocks,
referred to here as stagnation shocks, form closer to the
obstacles, downstream of the subcritical shock. These
do not propagate upstream to reach the position of the
subcritical shock, and have an abrupt density increase.

The magnetic field distribution in the z-z plane was
measured using Faraday rotation imaging [34]. Fig. 2 (b)
shows the measured magnetic field. In the region between
the obstacles, the magnetic field increases from 1.5 —2 T
upstream of the subcritical shock to 3—4 T in the down-
stream, showing that magnetic field is compressed across
the shock. Redistribution of the laser intensity caused
by refraction at density gradients (shadowgraphy) leads
to an intensity modulation at the subcritical shock ramp
so magnetic field cannot be inferred inside the subcritical
shock.

Optical Thomson Scattering (TS) of the ion acous-
tic feature provided localised measurements of plasma
velocity and temperatures at 14 localised plasma vol-
umes (shown in Fig. 2 (a)) [34-36]. The flow veloc-
ity directly upstream of the subcritical shock was 45
kms—! (KE;on, ~ 290 eV) and the temperature was
T.=T =12+ 3 eV.

Combined analysis of interferometry, Faraday rotation
and TS data allow characteristic dimensionless param-
eters of the upstream plasma to be evaluated, see Ta-
ble I. The thermal and magnetic pressures differ by less
than a factor 2, while the ram pressure is substantially
larger. The Mach numbers all exceed unity so the flow
will form a shock when colliding with stationary obsta-
cles. The critical Mach number (which depends on B,
and the shock angle) for these upstream parameters is
Mg ~ 1.4 (Fig. 4 in [37]). Muys ~ 1.9 > 1.4 suggests
that the flow is supercritical, however, we note that only
a small increase in magnetic field, to 2.2 T, would result
in B, = 1 and Mg ~ Mg ~ 1.7. Since the mag-
netic field inferred from the Faraday rotation data is a



Dimensionless parameter Value
Thermal beta Bin 1.7
Dynamic beta Bram 18
Sonic Mach number Mg 2.5
Alfvénic Mach number Mg 3
Magnetosonic Mach number Muys 1.9
Reynolds number Re 4 x 10*
Magnetic Reynolds number Ren 10—>1

TABLE I. Characteristic plasma parameters upstream of the
subcritical shock ~ 400 ns after current start (details in [34]).
To evaluate the magnetic Reynolds number, a scale length of
10 mm, the distance between the wire array and the obstacles,
gives Ren ~ 10 while a distance of ~ 0.8 mm, the subcritical
shock width, gives Renr ~ 1.

lower bound for B,(y = 0 mm) [34], we conclude that
a subcritical shock may form. The large Reynolds num-
ber means viscous dissipation will occur on scales much
smaller than the system size. However, the modest value
of Reps shows that while magnetic field is expected to be
advected in the upstream, magnetic diffusion will become
important on the spatial scale of the shocks.

Fig. 3 (a) and (b) show the velocity and temperature
measurements from TS in the z = 0 mm plane alongside
lineouts of electron density and magnetic field (the loca-
tions of the TS scattering volumes are shown in Fig. 2
(a)). The electron density increases across the subcriti-
cal shock before decreasing as the plasma expands into
the vacuum behind the shock. The velocity, which was
measured locally, is consistent with 1D conservation of
mass, suggesting that line integration does not affect the
interferometry result. The ion and electron temperatures
are equal across the shock and change by less than 10 eV
(T'=T. =T, is presented in Fig. 3 (b)).

To show that the shock is subcritical (and is a shock),
we must show that the flow remains supersonic (but be-
comes sub-magnetosonic) across the shock. The sound
speed, Alfvén speed and fast-magnetosonic speed are
compared with the flow velocity in Fig. 3 (c¢). The flow
becomes sub-magnetosonic across the shock but remains
supersonic, a defining feature of subcritical shocks. As
the flow passes the obstacles, it expands into the vacuum
and becomes super-magnetosonic again.

We characterise the subcritical shock in terms of the
density compression ratio and the shock width. The
compression ratio, R, is estimated from electron density
measurements. The compression ratio is estimated by
comparing the downstream density in experiments with
obstacles to the density at the same x location in an
experiment without obstacles (null shot), which yields
R = 2.7+ 0.8. This is consistent with the MHD shock
jump conditions (eqn. 6 in [38]). The measured shock
width, defined as the distance between 10% and 90% of
the density jump, was 0.87 + 0.08 mm. The width of a
shock is determined by the dissipative and/or dispersive
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FIG. 3. Thomson scattering data and plasma parameter pro-
files. (a) Flow velocity at 416 ns with electron density and
magnetic field lineouts at z = 0 mm. The region in which the
magnetic field measurement was affected by shadowgraphy is
shaded. (b) Temperature at z = 0 mm. A characteristic er-
ror bar which includes modeling uncertainty is shown for the
final data point (we expect this to be mostly systematic). (c)
Velocity compared with the sound speed, C's, Alfvén speed,
V4, and fast-magnetosonic speed, Vass, across the subcritical
shock. Values which depend on B are excluded for x =8 — 9
mm where Faraday rotation measurements are affected by
shadowgraphy.

processes which increase entropy and transport energy
at the shock front [39]. Table II shows a comparison of
the shock width with characteristic length scales for vis-
cous dissipation (A;;), Ohmic dissipation (L), electron
heat conduction (L, ), and the formation of a cross shock
potential due to two-fluid effects (d;).

The ion-ion mean free path is ~ 4 orders of magnitude
smaller than the shock width. This indicates that viscous
dissipation does not shape the shock, as expected for a
subcritical shock. Resistive diffusion, heat conduction
and two-fluid effects may all contribute to the shaping of
a subcritical shock and their characteristic scale lengths
are all comparable to the shock width. The largest dis-
sipative scale, and the scale closest to the shock width is
L,,. This suggests that Ohmic dissipation plays the most
significant role in shock shaping. Since L, is approxi-
mately equal to the shock width, the shock structure can
be described by classical (Spitzer) resistive MHD only,
without including anomalous resistivity. The contribu-
tion of electron heat conduction to shock shaping will be
less than that of Ohmic dissipation since L, ~ 5 x L,
in the upstream and L, > L, across the entire subcriti-
cal shock. Two-fluid effects may also contribute to shock
structure since d; is also approximately equal to the shock



Parameter Value (mm)
Shock width 0.87£0.08
Ton-ion m.f.p Aiji 8 x 107°
Resistive diffusion length L, 0.75
Electron thermal diffusion length L, 0.16

Ton inertial length d; 0.69

TABLE II. Comparison of the measured shock width with
characteristic dissipative and dispersive scale lengths [34].
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FIG. 4. Ion temperature, electron temperatures, velocity and
Cs at z = —2 mm.

width. The formation of a cross shock potential due to
two-fluid separation is a dispersive effect and does not
dissipate kinetic energy. Rather, it excites whistler waves
which carry energy away from the shock front. Since
the dispersive scale, d;, is approximately equal to the
largest dissipative scale, L, this energy will be quickly
dissipated and will not result in oscillations typical of
collisionless shock structures. We note that while heat
conduction and two-fluid effects may well contribute to
shock structure, resistive diffusion alone is sufficient to
explain the observed shock width.

Since viscous dissipation does not shape the subcritical
shock, the main heating mechanisms will be adiabatic
and Ohmic. We estimate the heating due to adiabatic
compression by calculating Tp, = T; x RV™! = 23 £3
eV for v = 5/3. Ohmic heating will also increase the
temperature and the heating power per unit volume can
be estimated by

c\2
P=ns?=n(1=) IVxBP (1)

where 7 is the Spitzer resistivity and V x B =
AB,/Axz ~ 2 T/1 mm. This yields an increase in elec-
tron temperature of ~ 20 eV at the subcritical shock (as-
suming a velocity of 40 kms~!). However, we note that
the radiative cooling time (~ 10 ns [34, 40]) is less than
the time the plasma takes to cross the shock (~ 25 ns)
so radiative cooling will reduce the observed temperature
change. The estimated heating rate due to compression
and Ohmic heating is ~ 40 eV /25 ns = 1.6 eVns~!. Bal-
ancing this against the radiative cooling rates presented
in Ref. [40] requires an electron temperature of ~ 15 €V,
in good agreement with the experimental results.

Behind the subcritical shock, the stagnation shock
wings are stationary and remain downstream of the sub-

critical shock for the duration of the experiment. This
suggests that the relevant Mach number for the stagna-
tion shocks is Mg, since this remains greater than unity
across the subcritical shock. In this case, the stagna-
tion shocks should be hydrodynamic jumps, formed by
viscous dissipation on a spatial scale comparable to A; ;.
This is below the resolution of the interferometry diag-
nostic (~ 0.05 mm), but TS measurements provide strong
evidence for this interpretation. Fig. 4 shows TS temper-
ature measurements collected in the z-y plane at z = —2
mm which cross a stagnation shock (see locations of scat-
tering volumes in Fig. 2 (a)). The measurements are
consistent with those at z = 0 mm in the upstream and
subcritical shock (see Fig. 3), but show substantial ion
heating to 40 — 70 eV at the stagnation shock. The flow
velocity decreases to ~ 10 kms™! in this region and be-
comes subsonic. Both the ion heating and the subsonic
downstream flow indicate that, in contrast to the sub-
critical shock, viscous dissipation of kinetic energy into
ion thermal energy shapes the stagnation shocks. The
observation of hydrodynamic shocks in the downstream
of a subcritical shock is novel and was not discussed in
the theory. We are, as yet, unsure if this is unique to
collisional plasmas, where A;; < L, or whether such
phenomena may also occur in collisionless plasmas.

To further investigate the shaping of subcritical shocks,
2D simulations were carried out using the Gorgon MHD
code [41, 42]. The code uses magnetized resistivity and
thermal conductivity coefficients based on the Epperlein-
Haines model [13] and implements an optically thin ra-
diative recombination model. A plasma flow was injected
from the left hand boundary at a rate determined by the
ablation rocket model [43] and was then accelerated by
the experimentally measured current waveform. The ab-
lation velocity used to determine the mass injection rate
was adjusted so that the parameters directly upstream of
the shock matched the experiment. The magnetic field at
the injection point was then adjusted until the location
of the shock at 400 ns matched the experiment.

Reasonable agreement with the experimental result
was found with a width of 1.0 mm and L, s,» = 0.66
mm so widthg;m, = 1.5 X Ly, sip,. However, a larger mag-
netic field than in the experiment was required to achieve
the correct shock location in the simulation. With all
other parameters matched, a field of 4.8 T, compared to
1.5 — 2 T in the experiment, was needed. Fig. 5 com-
pares the 4.8 T case with a simulation in which we also
match the experimental B field. The morphology of the
shock is clearly not matched in Fig. 5 b). A shock reflec-
tion appears to form and the absence of a normal shock
between the obstacles makes measuring the shock width
difficult. The fact that a larger field is required to match
the shock morphology is discussed in detail in the ap-
pendix. We note here that L, does not depend on B and
that B was adjusted to match the shock position, not its
width. Therefore, the discrepancy should not affect our
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FIG. 5. Simulation results at 400 ns. a) Matched shock posi-
tion with B, = 4.8 T. b) Matched B,,.

conclusion that the simulations support our experimen-
tal finding that the shock width is approximately equal
to the resistive diffusion length.

In summary, we have presented an investigation of per-
pendicular subcritical shocks in a collisional plasma with
Muys ~ 1.9 and A\;; < L,. We demonstrate that the
shock is subcritical by showing that Mg > 1 across the
shock. We confirm the theoretically predicted absence of
a hydrodynamic jump, and show that the shock width
is approximately equal to the classical (Spitzer) resistive
diffusion length. We observe little heating at the subcrit-
ical shock, which is consistent with an absence of viscous
dissipation. In contrast, downstream stagnation shocks
cause substantial ion heating and produce a subsonic
downstream flow. We interpret these shocks to be hy-
drodynamic in nature. Two-dimensional resistive MHD
simulations reproduce the experimentally observed mor-
phology of the subcritical shock and demonstrate that
Ohmic dissipation sets the shock width, which is compa-
rable to the classical resistive diffusion length.
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by the US Department of Energy (DoE) including awards
no. DE-NA0003764 and DE-SC0020434.

APPENDIX ON THE DIFFERENCES BETWEEN
EXPERIMENTS AND SIMULATIONS

Two-dimensional resistive MHD simulations were able
to reproduce the observed width of the subcritical shock.
However, we have found that a larger than expected mag-
netic field was required to match the shock morphology
and position (having a density peak at 9 mm at 400 ns).
This discrepancy was also observed in 2D MHD simula-
tions using the AstroBEAR code [44, 45]. Here we discuss
the reason for this discrepancy and the potential conse-
quences for our conclusions. Fig. 6 compares the simu-
lation at 400 ns with the experimental data presented in
Fig. 3. Good agreement with the experimental electron
density, velocity and temperature was achieved. How-
ever, there is a significant difference between the mea-
sured and simulated magnetic field.

We do not believe it is possible that the magnetic field
in the experiment is as large as the simulation suggests.
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FIG. 6. Comparison of simulated parameters, in the mid-
plane between the obstacles, at 400 ns (solid lines) with the
experimental parameters presented in Fig. 3 (data points
and dashed lines). The light blue dashed line shows the ex-
perimental B field scaled up by a factor 1.3, the maximum
systematic error attributable to line integration effects in the
Faraday rotation data.

Firstly, a field this large would mean the experimen-
tal system was no longer in pressure balance. In the
shock frame, the upstream and downstream total pres-
sures should balance. This is true for the experimentally
measured field, but not true if the simulation field is used.
In the simulation, the total pressure is balanced in the
shock frame because the shock has a much larger velocity
in the lab frame. This is discussed further below.
Secondly, we have estimated the extent to which Fara-
day rotation polarimetry underestimates By(y = 0 mm)
[34]. We have carried out a 3D MHD simulation of the
wire array and obstacles using the Gorgon code. The sim-
ulation did not reproduce the observed subcritical shock
(unsurprisingly given our 2D results) and we do not show
it here. Nevertheless, the 3D simulation was useful since
it showed that a line integrated measurement would not
underestimate B, by more than a factor 1.3, at any dis-
tance from the wire array. Multiplying the experimen-
tally measured magnetic field by 1.3 would give an up-
stream magnetic field of 2 - 2.6 T (rather than 1.5 - 2
T). This is well below the 4.8 T seen in the simulation
(see Fig. 6), but is consistent with the 2.2 T required to
agree with theory (see discussion in the main text).
Given the discrepancy in the magnetic field, it is im-
portant to show that the shock in the simulation is also
subcritical. As with the experiment, we do this by com-
paring the flow velocity with Cg, V4 and Vg in Fig. 7.
In contrast to the experiment, where the shock is approx-
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Vums. The velocity in the simulation frame is dashed and
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kms™! at 400 ns). To determine the type of shock, vshock
should be used.

imately stationary, the shock in the simulation moves
away from the obstacles at 22.5 kms™! (see Fig. 8 and
discussion below). It is clear that the shock is subcriti-
cal in the shock frame, so the physics responsible for the
shock structure should be the same as in the experiment.

A good candidate to explain the discrepancy between
the experiment and simulations is two-fluid effects, which
are not accounted for in the simulations. In the exper-
iment, the subcritical shock started to form at approxi-
mately d; from the obstacles, 300 ns after current start.
Burdiak et al. [30] studied the formation of similar shocks
to ours and concluded that at early time d; > L,, so the
shock formation should be governed by two-fluid physics
(see Fig. 10b in [30]). This may have the effect of setting
up a shock at a larger distance from the obstacles, which
is then sustained by resistive diffusion when d; < L,, (af-
ter about 300 ns). In this case, since the simulations
cannot reproduce 2-fluid effects, a larger magnetic field
is required to push the subcritical shock to the location
which we observe in the experiment.

Tracking the evolution of the subcritical shock posi-
tion provides strong evidence for this interpretation, Fig.
8. In the experiment, the shock was first observed at
around 300 ns after current start and then remained ap-
proximately stationary in the laboratory frame. In the
simulation, the shock formed much earlier and much fur-
ther from the wire array because the simulation does not
include 2-fluid effects and L, is small at early times. In
order to match the experimental position of the shock
at 400 ns, a larger magnetic field was required. How-
ever, this additional magnetic pressure meant the shock
continued to move forwards at 22.5 kms™! at 400 ns.

The result is that by using an increased magnetic field
to account for the absence of 2-fluid physics in the sim-
ulation, we have been able to match the majority of the
experimental parameters at a fixed time, but have been
unable to match the evolution of the shock position. Ex-
tended MHD, which is under development in a number
of codes, may resolve this issue, but this would be a sub-
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FIG. 8. Position vs time data at z = 0 mm (the mid-plane).
The maximum electron density in the simulation is compared
with the maximum experimental electron density (from differ-
ent shots) and the peak optical self-emission intensity (from a
single shot). Optical self-emission images were recorded with
a 30 ns interframe spacing and a 5 ns exposure along the
same line of sight as the interferometry. In this experimen-
tal regime where the temperature is relatively constant, the
optical self-emission intensity is well correlated with electron
density.

stantial project and is beyond the scope of this work.

As we have shown, there are some limitations to using
an MHD code to simulate our experiment. However, the
Gorgon code is widely used and well bench-marked for
studying highly collisional plasmas [46]. Since L, does
not depend on B, and L, > d; by 400 ns, our conclusion
that the simulations support our experimental evidence
seems to be robust. These are: that a subcritical shock
is formed, that there is no isomagnetic jump and that
the shock width is approximately equal to the resistive
diffusion length.
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