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We present an experimental study of the development and structure of bow shocks produced by the

interaction of a magnetised, collisional, super-Alfv�enic plasma flow with conducting cylindrical

obstacles. The plasma flow with an embedded, frozen-in magnetic field (ReM � 20) is produced by

the current-driven ablation of fine aluminium wires in an inverse, exploding wire array z-pinch. We

show that the orientation of the embedded field with respect to the obstacles has a dramatic effect

on the bow shock structure. When the field is aligned with the obstacle, a sharp bow shock is

formed with a global structure that is determined simply by the fast magneto-sonic Mach number.

When the field is orthogonal to the obstacle, magnetic draping occurs. This leads to the growth of a

magnetic precursor and the subsequent development of a magnetised bow shock that is mediated

by two-fluid effects, with an opening angle and a stand-off distance, that are both many times larger

than in the parallel geometry. By changing the field orientation, we change the fluid regime and

physical mechanisms that are responsible for the development of the bow shocks. MHD simula-

tions show good agreement with the structure of well-developed bow shocks. However, collision-

less, two-fluid effects will need to be included within models to accurately reproduce the

development of the shock with an orthogonal B-field. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4993187]

I. INTRODUCTION

Magnetic fields embedded in high Mach number plasma

flows or intrinsic to obstructions play a vital role in determining

the detailed structure of shocks formed at interfaces. In astro-

physics, the effect of field morphology on supersonic flows can

lead to important changes in the dynamics of environments that

are as varied as star forming clouds, supernova remnants, and

star–planet interactions.1–4 Magnetic draping occurs when bod-

ies propagating super-Alfv�enically sweep up the magnetic field

in an ambient medium, causing field lines to pile up and bend

around the obstruction.5 The draping process can lead to the

buildup of a large scale, dynamically significant field and the

development of magnetised bow shocks. Bow shocks can also

form in collisionless magnetised flows such as the solar wind,

and in these cases, the shock formation will be mediated by

two-fluid effects (see, e.g., Ref. 6 and references therein) such

as charge separation and the generation of a cross-shock poten-

tial. Magnetised shocks are also important in many ICF experi-

ments, either because the fusion target is rapidly compressed

onto a pre-imposed7,8 or self-generated (e.g., R-T driven9,10)

field, or because of deleterious magnetised flows generated by

laser–hohlraum interactions.11–14

Performing experiments to study the physics of magne-

tized high energy density (HED) plasma flows represents a new

field within laboratory astrophysics. Several computational

studies exist (e.g., Refs. 1–4, 15, and 16); however, there are

very few sufficiently diagnosed experimental studies for bench-

marking of simulations. Progress has been made in producing

supersonic, magnetized, laser driven plasma flows,17,18 but the

formation of flows with an embedded magnetic field remains a

difficult task. Pulsed-power driven experiments provide a natu-

ral platform for producing magnetized HED plasma flows, and

several experiments have demonstrated the formation of shocks

where the magnetic field is important for the shock

structure.19–21

In this paper, we show how the orientation of the mag-

netic field embedded in a supersonic (MS � vflow/cS¼ 5),

super-Alfv�enic (MA � vflow/vA¼ 2), plasma flow dramatically

affects the structure of bow shocks formed around conduct-

ing, cylindrical obstructions. When the upstream magnetic

field lies parallel to the obstacle, sharp bow shocks are

formed with a global structure determined by the fast

magneto-sonic Mach number. When the field is oriented per-

pendicular to the obstacle, magnetic draping occurs. This

leads to the growth of a magnetic precursor and the subse-

quent development of a magnetised bow shock that is medi-

ated by two-fluid effects, with an opening angle and a stand-

off distance that are both many times larger than in the paral-

lel geometry. By changing the field orientation, we change

the fluid regime and physical mechanisms that are
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responsible for the development of the bow shocks. The

dataset provides a simple and quantitative test for numerical

simulations that attempt to model magnetized HEDP sys-

tems. The test is especially stringent because collisional and

collisionless dynamics are shown to manifest themselves

within the same experiment.

II. EXPERIMENTAL SETUP AND THE PRODUCTION OF
A MAGNETISED, SUPERSONIC FLOW

The plasma flow in these experiments is produced by an

exploding (inverse) wire array z-pinch22 that is driven by the

Magpie23 pulsed-power device at Imperial College London

(1.4 MA, 240 ns rise-time). The current pulse ablates mate-

rial from a cylindrical array of 25� 30 lm diameter alumin-

ium (Al) wires that surround a central cathode rod (Fig. 1).

The diameter of the wire array is 20 mm. The ~j � ~B force

provided by the driving current accelerates the ablated mate-

rial radially outwards to �100 km s�1 in a narrow (�1 mm)

sheath close to the wire cores. Within the acceleration

region, some fraction of the azimuthal magnetic field

becomes frozen into the electron component of the ablating

plasma (xese � 1) and is advected outwards with the flow

(magnetic Reynolds number ReM> 20 for L¼ 10 mm),

allowing for the study of magnetised plasma dynamics and

interactions. [Note that the ions remain unmagnetised (xisi

� 10�2).] The plasma flow is further characterised by a low

polytropic index c ¼ 1.1–1.2 (Ref. 24) and an internal colli-

sional mean free path (mfp) � 10 lm. Figure 1(a) shows the

electrode geometry for a 3D, resistive MHD Gorgon simula-

tion of an inverse z-pinch used in the present experiments,

together with a density slice of the ablating plasma 120 ns

into the current pulse. In experiments and simulations, the

full circumference of the array is wired to stop the magnetic

flux from leaking through the array diameter and coupling

directly to obstacles positioned some distance away. There is

particularly close wire spacing on one side of the wire array

to help produce a uniform flow with negligible divergence,

for subsequent interaction with an obstacle. The 11 wires

closest to the obstacle are positioned with an angular wire

separation of 11.25� (at an inter-wire separation of �0.5 mm

for a 20 mm array diameter). The remaining 14 wires have

an angular separation of 22.5�. Interactions between the dis-

crete ablation streams of each wire act to reduce the contrast

of the azimuthal density modulations to the level of 10% at

the position of the obstacle (10 mm from the array), as can

be seen in the interferometry data in Fig. 3(d). This modula-

tion is small enough to allow for the formation of a smooth

bow shock.

Cylindrical obstacles are positioned 10 mm from the

ablating wires and oriented parallel or perpendicular to the

advected field lines as shown in Figs. 1(b) and 1(c), respec-

tively, with all other load parameters held constant between

experiments. We refer to the two setups in Fig. 1 as the Bk
and B? arrangements, respectively. The obstacles are formed

from 500 lm diameter brass rods that extend beyond the

flow–obstacle interaction region to avoid end-effects. By

using cylindrical as opposed to more astrophysically relevant

spherical obstructions, the relative importance of magnetic

field draping (pile-up and bending) and slipping at the obsta-

cle can be assessed. The development and structure of shocks

are diagnosed using laser interferometric and Schlieren

imaging (2 frames, 355 and 532 nm, 50 mJ, 0.5 ns probe25)

and emission imaging (5 ns exposure, 12-frame optical, and

4-frame XUV). The imaging diagnostic field of view is

arranged in each case so that the cylindrical targets point

into the plane of the images. Flow velocity and plasma tem-

perature (Ti, ZTe) are determined via measurement of the col-

lective Thomson scattering (TS) ion feature.25–27 The

magnetic field is measured using localised inductive (“B-

dot”) probes consisting of pairs of oppositely wound single

loop coils. The opposite polarity signals produced are digi-

tised independently without in-line amplification or integra-

tion. Small electric field contributions (�10% of the B-field

signal) are removed by combining signal pairs numerically.

Multiple targets are fielded on each experiment so that the

interaction of multiple bow shocks may be studied. These

results will be the subject of a separate publication.

The ability to embed a dynamically significant magnetic

field within a high ReM plasma as a natural consequence of

the plasma acceleration process is an appealing characteristic

of pulsed-power driven laboratory astrophysics experiments.

Advection of the magnetic field by the flow is clearly

FIG. 1. Experimental setup. (a) Gorgon MHD simulation showing the

inverse wire array configuration and a density slice through an ablating

plasma at 120 ns. (b) and (c) Experimental geometries for an advected B-

field parallel and perpendicular to obstacles. (d) and (e) Optical emission

images of bow shocks in each geometry. Obstacle mounts seen as shadows

in (d) and (e) are outside of the plasma flow.
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demonstrated by measurements of dB/dt as shown in Fig.

2(a). The blue signal (labeled B upstream) was obtained

using a B-dot probe positioned in a region of the flow unper-

turbed by the bow shock obstruction but at the same radial

distance from the array. The B-dot signal has the same shape

as the driving dB/dt (/ driving dI/dt, grey line), but it is

shifted by the time-of-flight (Dt1¼ 100 ns) of plasma from

the wire array to the probe. This is strong evidence that the

B-field is frozen in and advected by the plasma flow, and

that the magnetic field from the generator discharge does not

couple directly to the obstacle structure.

III. THE STRUCTURE OF MAGNETISED BOW SHOCKS
WITH DIFFERENT MAGNETIC FIELD ORIENTATIONS

The contrasting overall structure of bow shocks in each

field geometry is shown in the optical emission images in

Fig. 1. The plasma flow propagates from the left. Emission

at the leading edge of the obstacles is observed from 100 ns

into the current pulse, when plasma from the wire array first

interacts. In the left-hand panel the embedded magnetic field

is aligned parallel to three target cylinders and into the page.

Stagnation of this plasma onto the obstacles together with

ablation of the obstacles generates reverse shocks into the

flow. These develop into sharp bow shocks which persist for

several hundred nanoseconds in a stationary state whilst the

wire array continues to ablate. In the right-hand panel, the

magnetic field is aligned normal to two target cylinders and

up-down in the plane of the image. In this geometry,

detached bow shocks are formed much further from the

obstacle, and with a much larger opening angle. The B?
shock is observed from 200 ns into the current pulse, and

again remains stationary for� 200 ns. The material in the

downstream flow continues to interact with the target, creat-

ing an additional attached density structure, clearly seen in

the interferometry data in Fig. 3.

Interferometry data are used to perform a more quantita-

tive analysis of the different bow shock structures. Figures

3(a) and 3(b) show interferogram details of each system.

Interferograms were analysed using the method described in

Ref. 24 to produce line-integrated (areal) electron density

(nel) maps [e.g., Fig. 3(c)]. In the B? arrangement [Fig.

3(d)], the plasma is nominally uniform along the line of sight

(which is confirmed by side-on probing) and the depth of the

interaction along the cylindrical targets is set by the wire

array length, z0. In this case, we can produce maps of ne

(¼ nel/z0).

The geometry of the Bk shock is consistent with an MHD

description of the flow. Interference fringes at the leading edge

of the bow are lost because of very strong density gradients,

indicative of a collisional shock. In the oblique limb of the

shock (e.g., position “A,” shock angle b � 30�), ne increases

by a factor of �2.5. For a normal shock, e.g., at the leading

edge of the bow, this would correspond to a density compres-

sion of 2.5/sin(30�)¼ 5. This does not contradict the density

jump expected for c ¼ 1.1–1.2� 5/3. The Mach number of

the upstream flow can be calculated from the Mach angle, a,

via M¼ 1/sina. From the geometry observed in Schlieren,

emission and interferometry images, M¼ 2.4–2.6. The values

of MS and MA were also calculated from plasma parameters

measured using TS, interferometry and B-dots. These are equal

to MS¼ 5.0 6 0.5 and MA¼ 2.2 6 0.3, and are roughly constant

in time. The individual plasma parameters are, however, time-

dependent. As a reference, typical flow parameters at the times

of the diagnostic images (300–400 ns) are vflow¼ 60–75

km s�1, B¼ 5–6 T, ne¼ 1–3� 1018 cm�3, Ti¼ 10–15 eV, and

ZTe¼ 40–50 eV. The fast magneto-sonic Mach number is given

by the following expression: MMS ¼ MS:MA= M2
S þM2

A

� �1=2
.

Using the measured values of MS and MA, MMS is determined

to be equal to 1.8–2.2. This range of MMS is close to M calcu-

lated using the shock geometry and is dominated by MA.

Throughout the remainder of the paper, we take the effective

Mach number of the flow to range from M¼ 2–2.5. Overall, in

the Bk geometry, the B-field affects the plasma compressibility.

However, due to the small obstacle diameter, the flow and B-

field are able to slip past, which limits the pile-up of the B-field

ahead of the obstacle.

In contrast, the draping of the magnetic field in the B?
geometry causes a larger B-field pile-up and the appearance

of a magnetic tension force contribution, leading to the

development of a shock with a very different structure.

Measurements of the temporal evolution of the ne(x) profile

across the shock, shown in Fig. 4, demonstrate that it devel-

ops as the gradual steepening of a density enhancement,

which is first detected at t	 200 ns, 1.5 mm from the obsta-

cle. This initially small density perturbation grows whilst the

spatial position remains constant for� 200 ns. The slowing

down mfp, kini
s ,28 of the directed ion flow on the enhanced

FIG. 2. (a) dB/dt waveforms at different positions (see Fig. 6 for guidance).

The results were obtained during a B? experiment. The blue line shows the

advected field in unobstructed flow, which is not affected by the obstacle ori-

entation. The load dI/dt is shown for comparison. (b) Integrated waveforms

showing the magnetic field and the load driving current.

FIG. 3. Interferograms and electron density maps for regions outlined in

Fig. 1. Red spots indicate target positions.
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ion density is time-dependent and decreases rapidly during

experiments due to the increasing flow density and the grad-

ual reduction of the flow velocity of the wire array ablation

streams.29,30 At the time of shock formation (210 ns),

kini
s 	 2:5 mm, whereas by 350 ns, kini

s has reduced to 30 lm.

The large stand-off shock forms whilst the streaming ion

flow is quite collisionless. It is very interesting to note that

qualitatively the density profile of the shock then persists

throughout and beyond the transition to a collisional regime.

This structure cannot be explained by a change in the proper-

ties of the upstream flow, which remain identical to the Bk
experiments. We interpret these observations as being a

result of the draping of the magnetic field over the obstacle

and the generation of currents along the length of the obsta-

cle and shock. We stress that a collisional MHD shock, as in

the Bk case, would necessarily form at the obstacle surface,

and only then propagate upstream.

A. Detailed structure of the B? shock

The pile-up of magnetic flux at the obstacle in the B?
geometry is evident in the measurements of B(t) made within

the shock and behind the obstacle [Fig. 2, representative

positions indicated in Fig. 6(a)]. The magnetic field within

the shock continues to rise for Dt2¼ 90 ns longer than the

field within the unperturbed flow. The field is compressed as

the falling edge of the advected temporal profile continues to

pile up onto the field accumulated ahead of the obstacle.

Simultaneously, the field behind the obstacle is depleted.

These observations indicate that an induced current is gener-

ated along the length of the obstacle. The induced current

must return via a closed loop formed by the shock and the

edges of the plasma, in a manner similar to that discussed in

Refs. 21 and 31. This situation is depicted in the “side-on”

images in Fig. 5 and is discussed further in Sec. III C.

The ram pressure of the super-Alfv�enic upstream flow

results in bending of the piled up field lines, which deter-

mines the shape of the bow. The magnetic draping effect

results in a redirection of the flow as transport along the

curved field lines is relatively uninhibited, and this could

affect the level of density increase at the shock. TS measure-

ments were performed to investigate the flow structure. The

geometry of the TS setup is shown in Fig. 6(a). The TS probe

(532 nm, 5 ns FWHM, 2 J, 1 � 200 lm) enters the load

region parallel to either the x or y axis. Scattered light from

discrete volumes along the length of the probe is imaged

onto a fibre optic array positioned at 90� to the input probe

k-vector, kin, in the manner described in Refs. 21 and 32.

This setup enables localised measurements of the bulk

plasma velocity component along the probing direction.

Figure 6(a) shows the TS collection volumes superimposed

onto a simultaneous, measured ne distribution. Figure 6(b)

shows the raw TS spectra for each TS probing beam orienta-

tion. The TS spectra were fit [e.g., Fig. 6(c)] to determine Ti,

ZTe and the plasma velocity. The measurements of ZTe, Ti

and plasma velocity were then used to calculate cS and MS.

The measurements of ZTe and ne (ne from interferometry)

were also used together with nLTE atomic physics calcula-

tions performed using Spk33 to determine self-consistent val-

ues of Z and Te. Note that an independent determination of Z
via TS in our regime is only theoretically possible if the TS

system is absolutely calibrated.

Velocity measurements along x̂ and ŷ at the positions

indicated in Fig. 6(a) are plotted in Figs. 6(d) and 6(e)

together with the ne profile along kin x̂ð Þ. The low plasma

density and the increased stray light in the downstream

region prevent the accurate measurement of vx from the final

4 red collection volumes shown in Fig. 6(a). The measure-

ments show an average upstream flow velocity of vx¼ 77

km s�1. This velocity component gradually decreases by a

modest factor of �2, as the flow passes through the shock. It

is a very interesting and surprising result that the velocity

begins to decrease before ne begins to increase. The causes

for this will be explored in future work. The symmetric

deflection of the upstream flow around the obstacle is clearly

demonstrated in the measurement of lateral velocity (vy)

along kin ŷð Þ shown in Fig. 6(e). The lateral velocity outside

of the shock is close to zero. Within the shock, vy reaches a

maximum of 617 km s�1, but remains close to zero

FIG. 4. Time series of ne profiles along the red dashed line in (d). 214 and

234 ns profiles are multiplied by 2 for ease of presentation. Data obtained

from interferograms are similar to those presented in Fig. 3.

FIG. 5. (a) Side-on schematic of a current loop formed by the compression

of an advected flux against a conducting obstacle. (b) Side-on interferogram

showing the shock along a short segment of the obstacle length. The interfer-

ogram is aligned and to scale with the schematic above.
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immediately in front of the obstacle. Overall, the velocity

measurements demonstrate that the flow is decelerated and

deflected around the obstacle. The large stand-off of the redi-

rection region is consistent with deflection by field lines that

are draped (piled up and curved) over the obstacle. TS spec-

tral fits show a small increase in Ti from 10 6 2 eV in the

upstream flow to 15 6 3 eV in the shock. This increase is a

factor of 3–4 too small to account for the loss of directed

kinetic energy at the shock, even when assuming equiparti-

tion of energy with the electrons. This suggests that the ions

are not undergoing strong collisional heating at the shock

front. The gradual reduction of the ion flow velocity seen in

Fig. 6(d) could be caused by a decelerating cross shock

potential, with a limited increase of the ion temperature.

The density jump at the B? shock is much smaller than

for the Bk case. Interferometry data in Fig. 4 show that ne

increases by a factor of only 2–2.5. From the TS measure-

ments of ZTe combined with an nLTE ionisation model, the

average ionisation increases from 3.5 to 4. These numbers

give a mass density ratio across the shock of C ¼ 1.75–2.2.

This ratio is consistent with the observed decrease in the

flow velocity by a factor of �2, given the condition for

momentum conservation (q0u0¼q1u1) across the shock

boundary. The low compressibility of the downstream

plasma can be quantified by calculating the effective poly-

tropic index, ceff, using the following standard expression:

ceff ¼
M2=C
� �

þM2 � 2

M2 � M2=Cð Þ : (1)

The above expression is plotted as a function of Mach

number for various compression ratios in Fig. 7. The realistic

parameter range of interest is shaded in orange and shows

that ceff lies in the range 1.8–2.9, far from the hydrodynamic

c ¼ 1.1–1.2 of ablation streams from Al plasmas reported

previously,24 which works to explain the geometry of Bk
shocks. Taking median values for M(¼ 2.25) and C(¼ 2)

yields ceff ¼ 2.3. This estimate for ceff suggests that com-

pressibility is strongly reduced in the B? setup, as may be

expected given the low thermal plasma beta (0.1–0.5) both

upstream and downstream of the shock. The large value of

ceff is consistent with the behaviour of strongly magnetised

transverse (By) shocks, where only 2 degrees of freedom (vx,

vz) are involved and c ¼ 1þ (2/nd)¼ 2.

B. The importance of the obstacle diameter
and resistivity

The pile-up of the advected magnetic flux only occurs in

the B? geometry if the obstacle conductivity is sufficient to

prevent flux diffusion. The large stand-off magnetic shock

does not form when the brass target is replaced with an insu-

lating glass rod of the same dimensions. Figure 8 shows two

bow shocks produced side-by-side within the same experi-

ment, around one conducting and one insulating obstacle.

The shape of the bow differs drastically between the two

cases. For the insulating glass obstacle, the shape of the bow

returns to the shape observed in the Bk geometry, indicating

FIG. 7. Plots of the effective polytropic index versus the Mach number for

various compression ratios, calculated using Eq. (1). The shaded area

denotes the error bounds of the experimental data.

FIG. 6. (a) TS input vectors and col-

lection volumes (small spots) on a ne

map. B? configuration. Coils show the

locations of B-dot pairs fielded on a

separate experiment in relation to data

in Fig. 2. (b) Raw TS spectra obtained

for kin x̂ð Þ and kin ŷð Þ. (c) TS spectrum

(black) and fit (red) obtained in the

upstream flow along x̂. (d) and (e)

Plots of vx and vy along the two input k
vectors.
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that magnetic draping does not occur. From the Mach angle,

in this case, we find MMS¼ 2.1–2.4, again consistent with the

measured upstream parameters. This confirms that the

induced current supporting the large stand-off shock is

driven through the obstacle, not the stagnated plasma layer

surrounding it.

The efficacy of the flux pile-up also depends on the obsta-

cle diameter. It was found that the large stand-off bow shock

did not form for a 50 lm conducting copper target. This result

is probably caused by the finite skin depth, or diffusion length,

of the transient magnetic pulse arriving at the obstacle. The

magnetic skin depth is given by ds ¼ 2=l0rxð Þ1=2
, where x

is the frequency of the current pulse and r is the obstacle con-

ductivity. Over distances of this order, the magnetic flux will

diffuse into a non-perfect conductor. If the obstacle resistivity

and dimensions are such that the obstacle cannot support suffi-

cient induced current, then the perpendicular magnetic field

lines can pass through unimpeded. In Fig. 9, the shock stand-

off distance observed in several different experiments has

been plotted against the ratio of the conductor skin depth to

the diameter, D, of the cylindrical target. We assume that the

characteristic frequency for the advected magnetic field at the

target is equal to the driving current frequency (x¼ 2p/

480 ns). It is found that below a ratio of ds/D � 2, the standoff

begins to decrease from 1.5 mm. The large stand-off shock

does not form if either the resistivity is very high (500 lm

glass) or the diameter is very small (50 lm Cu).

C. A model for the development of the B? bow shock

As discussed in Sec. III, the B? shock develops at a large

stand-off distance as the gradual steepening of a density

enhancement, which is mediated by a buildup of magnetic

pressure ahead of the obstacle. The fixed 1.5 mm stand-off

distance throughout the shock development was a surprising

result. Here, we present a model to explain these observations.

The size of the region ahead of the obstacle with an

increased magnetic field is determined by the balance of

magnetic field advection by the flow and the diffusion of the

draped, compressed field into the upstream plasma. In a sim-

ple model, the rate of diffusion sets the width of the magnetic

precursor, dm(t),

dm tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2DMtð Þ

p
; (2)

where DM is the magnetic diffusivity. From TS measure-

ments of Te we find DM � 105 cm2 s. The average strength of

the magnetic field in the precursor is given by the following

expression:

Bpr ¼

ð
Bin tð Þvf tð Þdt

dm tð Þ ; (3)

where Bin and vf are the measured time-dependent advected

magnetic field and the upstream flow velocity, respectively.

The temporal velocity profile was fitted to time-of-flight and

TS data accumulated over several experiments. These mea-

sured parameters are plotted together with Bpr in Fig. 10(a).

The significance of the accumulated magnetic field is deter-

mined by the dynamic beta parameter, bdyn, which is the

ratio of the flow ram pressure to the accumulated magnetic

pressure. The final equality in Eq. (4) allows bdyn to be calcu-

lated using our previous determination of MA, which we

found to be approximately constant over several hundred ns,

bdyn ¼
qv2

f

B2
pr=2l0

¼ B2
in

l0v
2
A



v2

f

B2
pr=2l0

¼ B2
in

B2
pr


 2M2
A: (4)

Plots of bdyn(t), dm(t) and ion inertial length, c/xpi(t), are pre-

sented in Fig. 10(b). At early times, bdyn� 1, and the accumu-

lated magnetic field has little effect on the incoming flow.

However, as time progresses, bdyn approaches unity and the

magnetic field will begin to decelerate the magnetised elec-

trons. At 200 ns, corresponding to the time of formation of the

shock, we find that bdyn � 1. Simultaneously, we find that our

estimate for the diffusion length, or precursor width, dm, is

equal to 1.5 mm, corresponding to the observed stand-off dis-

tance of the shock. These observations strongly suggest that

the shock forms at the foot of a magnetic precursor. The

development of the shock must be driven by the preferential

deceleration of the electrons, because the relatively heavy ions

remain unmagnetised. Therefore an additional mechanism is

required to explain the deceleration of the ions observed by

TS measurements. As shown in Fig. 10(b), at the time of

shock formation, the ion-inertial length, c/xpi, is also close to

FIG. 8. Optical emission images showing contrasting bow shocks formed

around conducting and insulating obstacles in the B? geometry. Shocks are

formed side-by-side in the same experiment. The leading edge of the shock

around the glass target is blocked by the target mount.

FIG. 9. Shock stand-off distance as a function of obstacle diameter/magnetic

skin depth. The stand-off decreases if the obstacle conductivity or diameter

is small.
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the shock stand-off distance (1.5 mm). As a result, the ion and

electron responses to the enhanced field are able to decouple

over the spatial scale length of the magnetic precursor. This

decoupling could generate a cross-shock E field, causing a

subsequent deceleration of the unmagnetised ions. The diffu-

sion model and the 2-fluid deceleration mechanism are consis-

tent with the experimental data, and together can explain the

surprising observation of the development of a compressed

region far from the obstacle.

IV. MHD SIMULATION RESULTS AND CONCLUSIONS

In summary, this work demonstrates that the orienta-

tion of an embedded magnetic field within a super-Alfv�enic

HED plasma flow is vital to determining the development

mechanism and the subsequent structure of bow shocks

formed around conducting, cylindrical obstructions. When

the magnetic field and obstacles are aligned, the bow shock

in the experiments is formed by a collisional process. The

magnetic field affects the opening angle of the bow shock

by reducing the (magnetosonic) Mach number. However,

the magnetic field has a negligible effect on the plasma

compressibility at the shock front itself because the shock

width, which is determined by the collisional scale length,

is smaller than the magnetic diffusion scale length. In con-

trast, when the upstream magnetic field lies perpendicular

to the obstacle, magnetic draping results in the development

of a region of enhanced magnetic field in the upstream

plasma, produced by the pile-up of the advected field. This

leads to the formation of a large stand-off bow shock via

the preferential slowing of magnetised electrons, and a sub-

sequent deceleration of ions by the generation of a cross-

shock potential. The bow shock in this geometry has a large

opening angle resulting from tension in the draped mag-

netic field lines.

Resistive MHD codes are often employed to simulate

HEDP experiments. The clean geometry, well-defined initial

conditions and thorough diagnosis of these experiments

make them suitable for benchmarking numerical simulations

in a magnetised regime. 3D simulations of these experiments

were performed using the Gorgon MHD code.34 These simu-

lations modeled the full, current-driven explosion of the

inverse wire array z-pinch [see Fig. 1(a)] to produce a time-

dependent plasma flow that impacted conducting cylinders.

The results of the simulations are shown in Fig. 11.

The simulations compare favourably to the experimental

data at later times, when the bow shocks are fully developed

and collisional MHD dominates the flow interactions. The

bow shock in the Bk setup has a sharp shock front, a small

obstacle stand-off and a narrow opening angle, whereas the

bow shock in the B? setup has a more gradual shock transi-

tion, a large stand-off and a wide opening angle.

The development of the Bk shock is also accurately repro-

duced by the simulations. This is because the shock is medi-

ated by the collisional stagnation of the plasma flow at the

obstacle surface. The development phase of the B? shock is

not fully reproduced by the simulations. Instead of forming at

a large stand-off distance (�1.5 mm) as observed in experi-

ments, the shock forms at the obstacle surface and then propa-

gates outwards as time progresses. This observation supports

our argument that the shock development is mediated by two-

fluid effects, which are not included in the numerical model.

As discussed in Sec. III, the shock in experiments forms at a

FIG. 10. Model for the development of a magnetised shock at a large stand-

off distance from the obstacle. (a) Upstream flow velocity, advected mag-

netic field and accumulated magnetic field ahead of the target. (b) The shock

forms at 200 ns, when the dynamic beta¼ 1, at a distance equal to the mag-

netic diffusion length and the ion inertial length.

FIG. 11. 2D electron density slices from 3D Gorgon MHD simulations of Bk
(upper panel) and B? (lower panel) experiments.
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time when the streaming ion flow is quite collisionless

(kini
s 	 2:5 mm), and therefore we would not expect an MHD

model to fully capture the formation dynamics.

The simulations show perturbations in the upstream

flow that are due to both the axial modulation of the wire

ablation rate [Fig. 11(a); see, e.g., Ref. 22) and the discrete

nature of the ablating wires [Fig. 11(b)]. In Fig. 11(b), the

perturbations are sufficient to imprint upon the global bow

shock structure. Whilst both of these phenomena are observ-

able in wire array experiments, in the present work we are

able to produce a plasma flow with a much smaller degree of

modulation than is suggested by the simulations (see Figs. 1

and 3), and as a result, smooth bow shocks are formed in

both geometries. The discrepancies discussed here are cur-

rently under investigation.

Further modelling was performed using the “extended”

MHD (XMHD) code Perseus, which includes the Hall term

within the equation for Ohm’s Law, whilst still imposing

quasi-neutrality. This term describes the Hall effect, which

allows for a B-field advection velocity that is different from

the bulk velocity. It can be important on spatial scales

within the ion inertial length, c/xpi (see, e.g., Ref. 35).

Perseus has been used previously to study the interaction of

magnetised flows with obstacles.16 Simulation results

within16 showed that the Hall term was important for the

magnetotail structure behind the obstacles, but that it had

no impact on the bow shock stand-off distance. Simulations

of the present experiments using Perseus show qualitative

agreement with the global structure of well-developed bow

shocks. However, the formation phase of the B? shock

again remains to be fully reproduced. These observations

further strengthen our argument that the development of the

B? shock is driven by 2-fluid effects, which cannot be

described even by Hall-MHD.

Computational work with these two MHD codes is

ongoing. However, accurate modelling of the B? shock for-

mation will probably require non-local effects to be

included, such as the separation of electron and ion bulk

velocities occurring on the c/xpi spatial scale and sophisti-

cated particle collision models. Fully kinetic 3D particle-in-

cell (PIC) modelling could present a useful way forward.

These methods have been employed previously to study

magnetospheres,6 which exhibit many similarities with the

present work, including bow shock stand-off distances on the

order of c/xpi. The data presented here could provide a sim-

ple test problem for PIC models.
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