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Results from an experimental study of the collisionless interaction of two laser-produced plasmas in
a magnetic field with applications to supernova remnant shock physics are presented. The dynamics
of the two plasmas and their interaction are studied with and without magnetic field through
spatially and temporally resolved measurements of the electron density. Experimental results show
that counter-propagating collisionless plasmas interpenetrate when no magnetic field is present. In
contrast, results obtained with the addition of a 7.5 T magnetic field perpendicular to plasma flow
show density features in the interaction area that only occur when the field is present. The reason for
this remains uncertain. It is suggested that this results from an increase in the effective collisionality
as the magnetic field reduces the ion and electron gyroradius below the size of the experiment.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1752930#

I. INTRODUCTION

High-power laser-plasma experiments have been used to
test models of space and astrophysical interest for some time.
Experiments have studied both hydrodynamic properties1–3

and radiative properties4 of plasmas as illustrated in the re-
views by Ripinet al.,1 Remingtonet al.,2 Takabeet al.,3 and
Rose.4 Laser-plasma results have been applied previously to
the study of such diverse phenomena as active galactic
nuclei5 and the Earth’s bow shock.6 The relevance of these
laboratory experiments to astrophysical phenomena relies on
a detailed scaling analysis, based on a scale invariant mag-
netohydrodynamics~MHD! model.7 If certain dimensionless
parameters are matched between an experiment and the as-
trophysical object of interest, the existence of such a model
ensures that the same physics operating in the astrophysical
object is reproduced in the laboratory. This offers the oppor-
tunity to test against experiment astrophysical plasma mod-
eling used to interpret observation; furthermore, an experi-
ment can be used to test the model robustness through the
controlled modification of the input conditions, and the abil-
ity to make repeated detailed measurements.

A particular set of astrophysical problems is associated
with the plasma physics of collisionless shock formation,
particle acceleration, and cosmic ray transport in supernova
remnants~SNR!.8 These collisionless shocks occur in mag-
netized plasmas when ejected stellar matter from a supernova
interacts at high speed, initially with the circumstellar me-
dium and then later the interstellar medium. Energy dissipa-
tion in these collisionless shocks, and the acceleration
mechanisms believed to be present, result in cosmic rays
with energies up to 1015eV.8

In a previous article,9 we identified a set of key param-
eters for a typical reverse shock in a young SNR, and by

applying ideal MHD demonstrated that these parameters may
be matched by a laser-plasma experiment. The objective of
the present experiment is to scale a collisionless SNR shock
at a certain time after the supernova explosion and then to
recreate plasma conditions close to this shock in the labora-
tory. We have chosen to investigate a SNR at one instant, 100
years following the supernova event. This is believed to be
an important period during the evolution of a SNR shock and
for the seeding of cosmic rays.10 Creating laboratory condi-
tions similar to those at a supernova remnant shock, and
diagnosing the physical processes occurring, is clearly of in-
terest.

The principle of the experiment is based on the interac-
tion of two counter-streaming, or opposing, supersonic ex-
panding plasmas produced from laser-exploded foils. The ex-
ploding plasmas are immersed in an external magnetic field.
The scaled conditions are achieved approximately 500 ps
after laser irradiation. In this case we are interested in~quasi!
perpendicular shocks where the magnetic field is transverse
to the plasma flow. By irradiating thin plastic foils with in-
tense laser beams, a high velocity expansion is achieved. To
ensure a collision-free experiment it is necessary to work
with a low atomic number target material, and high plasma
expansion speed. This combination is used to ensure that the
counter-streaming particle collisional mean free paths~mfp!
exceed the size of the experiment, which is about 1 mm. The
role of the external magnetic field is to introduce new phys-
ics, associated with length scales shorter than the mfp—
namely the ion and electron gyroradius. If these new scale
lengths are sufficiently small the collision-free, magnetized
plasma, may behave like a fluid with an effective collision-
ality. Plasma heating will result from interactions between
these counter-streaming plasmas, increasing the ion gyrora-
dius.

The remainder of this paper is organized as follows.
Scaling of an experiment to a SNR is described in Sec. II, thea!Present address: AWE, Aldermaston, Reading, RG7 4PR, United Kingdom.
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experimental setup is described in Sec. III, and experimental
results are presented in Sec. IV. In Sec. V, these results and
the matching of the scaling conditions are assessed, and con-
clusions are given in Sec. VI. All expressions are written in
SI.

II. SCALING

Typically, laser-plasma experiments and astrophysical
plasmas differ by many orders of magnitudes in temporal
and spatial scales. In designing an experimental simulation,
these differences are considered by identifying a similarity
principle that allows a direct scaling and thus a direct com-
parison. For example, through the use of invariant properties
of various plasma models, different experiments have been
directly compared, as illustrated by Connor and Taylor.11

More recently this type of analysis has been extended by
Ryutov et al.7 to enable the comparison of laser-plasma ex-
periments with astrophysical systems such as supernovae and
SNRs. Scaling of the dynamics of a fluid is appropriate if the
ideal fluid ~e.g., Euler! equations can be applied to the hy-
drodynamics of both the astrophysical object and the experi-
ment. Similarly, scaling of collisionless plasma phenomena
is possible if the magnetized ideal fluid~MHD! equations
apply.

A set of SNR parameters, typical for the reverse shock, a
shock propagating back into the stellar ejecta, in young
SNR,10 used for scaling is shown in Table I. These are the
parameters that must be matched by an experiment, in addi-
tion to a set of assumptions that are discussed below. The
experimental parameters are shown for the laser plasma ex-
periment at 500 ps; how these values are inferred will be
discussed in Sec. V following presentation of the results. The
scaling parameters are identified under the assumption of
ideal MHD. This imposes four essential considerations. First,
the plasma must be collisionless. This is characterized by a
collisionality parameter,z, the ratio of the ion collisional mfp
to a typical scale length, which must be much larger than 1.

Second, the application of Euler equations assumes that
plasma behaves like a fluid and that dissipative effects such
as thermal conductivity and viscosity are negligible. To apply
the Euler equations a plasma must exhibit a very large Peclet
number,Pe5vL/x, and a very large Reynolds number,Re

5vL/xh . Herev andL are a characteristic fluid speed and
system size, respectively, andx the thermal diffusivity and

xh the viscosity. Despite the absence of collision, for ex-
ample, in the SNR wherez.106 ~see Table I!, a fluid model
can be applied if a magnetic field results in particle gyroradii
that are smaller than the system scale length,12 this gives rise
to an effective collisionality.

Third, the Euler equations are invariant under ‘‘Euler
transformation’’7,11 which conserves the Euler number, Eu
5v(r/p)1/2, wherev is any suitable characteristic velocity
of the system,p is the plasma pressure, andr is the mass
density. It is interesting to note that dissipative structures
such as shocks are allowed in this scale transformation.7 In
addition, to establish invariance of the ideal magnetized fluid
equations, the ratio of the thermodynamic pressure to mag-
netic pressure must be preserved, i.e., the plasma betab
52m0p/B2, wherem0 is permeability of free space andB
the amplitude of the magnetic field, is conserved. A SNR is
typified by a largeb, indicating that the magnetic field does
not dominate the global fluid motion of the plasma, however
this magnetic field introduces the ion gyroradius,r Li as an
additional fundamental scale length. Thus the hydrodynam-
ics of the SNR and the role of the magnetic field on its
evolution can be simulated in the laboratory by matching the
experimental Eu andb parameters. This transformation was
identified by Connor and Taylor and labeled ‘‘E2 .’’ 11

Fourth, to ensure that a strong shock is formed, the
Alfvénic Mach numberMA5U f(m0r)1/2/B and the sonic
Mach numberM'U f(r/p)1/2 must be greater than unity
~hereU f is the bulk fluid speed!.

III. EXPERIMENT

An outline of the experiment is reproduced in Fig. 1.
Here two face parallel, 100 nm thick C8H8 foils are mounted
across a 1.2 mm hole on either 50mm thick copper or 250
mm thick Mylar washers separated by 1 mm, the character-
istic size of the system,L. The foil targets are grown by
thermal evaporation, and mounted on washers by surface
tension. The targets are heated to remove any foil structure;
foil thicknesses are known to 10% accuracy. Mylar washers
were used for some of the shots without magnetic field and
for all the shots with magnetic field. This was to prevent
possible field disturbance due to eddy currents induced in the
target holder. These foils are irradiated simultaneously with 1

FIG. 1. Opposing foil target geometry and laser probe alignment. The probe
is delayed relative to the peak of the drive lasers by 250 to 750 ps. The
magnetic field orientation is down the page, perpendicular to the plasma
flow.

TABLE I. Comparison of the scaling parameters for the reverse shock in a
young SNR~Ref. 10! and the experimentally derived values measured at
500 ps.

Parameters
SNR
100 y

Expt.
500 ps

Collisionality, z 23106 33102

Plasma beta b553102 b* 543102

Euler number, Eu 18 21
Mach number,M 16 12
Alfvén Mach,MA 33102 20
Ion localization,r Li /L 1029 1021

Reynolds number,Re 1013 107

Peclet number,Pe 1011 1010
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or 2 intense laser beams per foil at peak intensity of 0.6 or
1.231014W/cm2(610%), with an 80 ps duration laser pulse
and 1.053mm wavelength. Plasmas are created and acceler-
ated by irradiating the nonopposing surfaces of the two foils.
Phase zone plates are used to spatially smooth laser focal
spot profiles and increase the spot diameter on the target foil
to 1 mm. The spot diameter is twice the expansion distance
to the interaction point; this allows the plasma to be approxi-
mated with a one-dimensional planar expansion. The one-
dimensional planar expansion is used in the data analysis,
where the plasma is assumed to be cylindrically symmetric.

For experiments requiring the use of a magnetic field,
the foils are placed at the center of a pulsed electromagnet
producing a uniform 7.5 T magnetic field of 1 ms duration.
The electromagnet design restricted laser access to one laser
beam per target foil. The magnetic field orientation is per-
pendicular to the plasma flow and parallel to the initial target
foil surface. The magnetic field is chosen to ensure that the
plasmab remains larger than 1, as such it is not expected to
affect the expansion of the exploding plasma. In addition,
this magnetic field is sufficiently large to ensure that the
electron and ion gyroradii are the shortest scale lengths of
interest, and small compared to the spatial extent of the ex-
periment. If collisionless heating does occur, the ion gyrora-
dius, which is proportional to the square root of the ion tem-
perature,Ti , will increase and exceed the experimental size
at Ti;10 keV.

The plasma expansion is studied with a 25 ps duration,
frequency doubled laser probe beam with wavelength at 0.53
mm. This beam is spatially smoothed to ensure a high quality
near field, and then passes between the foils, parallel to the
foil surfaces and perpendicular to the one-dimensional
plasma flow. This probe can be delayed relative to the main
laser beams forming the plasmas, and is used to record a
series of snapshots of the time evolution of the expanding
plasmas from separate experiments. In addition, the polariza-
tion of the probe beam is fixed at 45° relative to the foil
surfaces with a high extinction ratio(1:105) Glan–Taylor
prism polarizer; this is placed immediately before the experi-
mental chamber. The probed plasma is imaged by an f6 ach-
romat lens and analyzed using a modified Normarski inter-
ferometer based on a polarization splitting Wollaston prism.
The minimum and maximum electron densities probed are
limited by the smallest measurable fringe shift and the effec-
tive aperture of the f6 optical system, respectively, and are
531017cm23 and 531019cm23 along a 1 mm chord
through the plasma, respectively.

The ion temperature,Ti , is estimated from spectroscopic
measurements of the thermally broadened helium-like car-
bon (C41) lines 1s2s 3S1– 1s2p 3P2,1,0 triplet transition
centered at 227 nm. Additional data are provided by ion time
of flight measurements using a series of Faraday cups placed
around the target. Ion temperature estimation assumes a
Maxwell–Boltzmann distribution for the ion population. The
pressure in the experimental chamber is maintained at
1024 mbar.

IV. EXPERIMENTAL RESULTS

In this section interferometric data are described. These
data are recorded as 25 ps duration snapshots, taken between
250 ps and 1 ns after the peak of the laser pulse used to drive
the explosion of the plastic foil targets. First, in Sec. IV A we
present data on single foil plasmas to demonstrate supersonic
expansion of the plasmas and demonstrate that the magnetic
field does not affect the plasma hydrodynamics. In Sec. IV B
the counter-streaming data are presented, these data indicate
that the magnetic field does affect the plasma behavior. The
quoted laser energies on target are known to610%.

A. Plasma expansion from one exploding foil

An example of interferometric data of one exploding foil
target is shown in Fig. 2~a!. This measurement was recorded
with a probe delay of 250 ps and without a magnetic field.
This interferometer image is recorded after the laser pulse
~FWHM of 80 ps!, which approaches from the left-hand side
of the Fig. 2~a!. The center of the laser spot in Fig. 2~a!
corresponds to the position 0 on the vertical axis. The hori-
zontal axis shows the region from the initial foil position, at
0, and the region behind the foil. Dark areas without fringes
appear in the left portion of the interferograms, these areas
are due to refraction of the laser probe on the high gradients
in the denser part of the expanding plasma. These areas are

FIG. 2. Interferograms of one exploding foil at 250 ps delay~a!, 79 J energy.
~b! shows the horizontal profiles of electron density at the center of the foil
at 250 ps, solid square points, and 500 ps, open triangle points, as a function
of distance from the initial foil target position.
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below critical density. The regions where interference fringes
are clearly seen are areas where the refractive index gradient
is sufficiently low that the refracted laser probe is still col-
lected by the optical system. Visual inspection of these
fringes indicates that the plasma expansion is uniform. Uni-
form plasmas and uniform expansion are important to ensure
that the physical processes of interest are not masked by
structure in the plasma. The necessary uniformity is achieved
by smoothing the laser intensity distribution with phase zone
plates~PZP! and by controlling the film uniformity and flat-
ness of the foil targets.

In Fig. 2~b! the inferred central horizontal electron den-
sity, ne , of the expanding plasma is shown for two different
probe delays. These results assume that the plasma is a uni-
form 1 mm thick slab. Data from two interferograms re-
corded at 250 ps and 500 ps are compared and indicated,
respectively, by solid squares and open triangles. Position 0
corresponds to the initial foil target position; the electron
density is shown between 0.2 mm and 0.8 mm from foil
position ~data for the first 0.2 mm are not available due to
refraction!. In addition to the density measurements, we have
inferred the plasma expansion speed,Vexp, of the leading
edge directly from the interferograms. The leading edge is
fixed as the position of first quarter of fringe shift; this cor-
responds to an electron density of 1018cm23. We find that at
500 psVexp51.53108 cm/s(610%) with two incident laser
beams~;80 J on target! and Vexp51.13108 cm/s(610%)
with one beam~;40 J!. The use of thin,;100 nm thick,
plastic foil targets results in the production of a fast expand-
ing plasma with low density and low atomic number. This is
important for achieving a collision free interaction in a
counter-streaming experiment.

In Fig. 3 density profiles of one exploding foil without
and with a 7.5 T magnetic field are compared. These mea-
surements are made at a relatively long probe delay of 750
ps, so as to determine what effect the magnetic field may
have on the exploding plasma hydrodynamics. Both experi-
ments used similar plastic foil targets and were exploded
with one laser beam containing 42 J and 39 J, respectively.
Magnetic field free data are represented by the solid squares

and 7.5 T data by open triangles. The inferred electron den-
sities extracted from the central region of the foils are iden-
tical. These results indicate that the magnetic field does not
affect the hydrodynamic expansion of single foil plasmas up
to 750 ps time delay, nor for distances of propagation com-
parable to foil target separation when used in the opposing
plasma geometry~i.e., ;1 mm!.

B. Counter-streaming plasma interaction

In the counter-streaming experiments, two foil targets
separated by 1 mm are simultaneously exploded. Examples
of interferograms are shown in Fig. 4, the probe delay is 500
ps in both cases. Figure 4~a! shows the result for a magnetic
field free experiment with 41 J on the left foil and 44 J on the
right foil. Figure 4~b! shows results from a comparable ex-
periment but with a 7.5 T magnetic field. Laser beams come
from the left-hand and right-hand sides of each interfero-
gram, with the initial foil positions corresponding to the po-
sitions20.5 and 0.5 mm on the horizontal axis. The counter-
streaming plasmas interact in the central part of each image.
A comparison of these images indicates that the presence of
a magnetic field does make a difference. For example, there
are curved fringes in Fig. 4~a! and flattened fringes in the
central region of Fig. 4~b!. The inferred electron density pro-
files are taken from the central horizontal region of both

FIG. 3. Horizontal profiles of electron density at the center of the foil at 750
ps delay, without, square points, 42 J energy and with, triangle points, 39 J
energy, a 7.5 T magnetic field, as a function of distance from the initial foil
target position.

FIG. 4. Interferograms of two exploding foils at 500 ps delay~a! without
magnetic field~41 J on left foil, 44 J on right foil!; ~b! with a 7.5 T magnetic
field ~41 J on left foil, 50 J on right foil!. ~c! Horizontal profiles of the
electron densities at the center of the foil without~square! and with ~tri-
angle! B field. The dashed line is constructed from two single foil measure-
ments as discussed in Sec. V.
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images and assume the plasmas are 1 mm thick, and are
shown in Fig. 4~c!. The magnetic field free data are indicated
by the solid square markers and have a parabolic profile. The
position zero corresponds to the experimentally determined
minimum interference fringe shift, with an inferredne54.2
31018cm23(610%). These inferred densities are consistent
with the density profiles measured from single foil experi-
ments.

In contrast, the inferred electron density profile obtained
with a 7.5 T magnetic field, indicated by open triangles in
Fig. 4~b!, is characterized by a steepened gradient close to
the foil targets initial position and by a low-density@ne51
31018cm23(610%)#, low-gradient 350mm wide area cen-
tered on the mid-point between the foil targets. This is the
region where the two plasmas interact. This result is in con-
trast to those presented in Fig. 3 where the single plasma
profiles are independent of a magnetic field up to 7.5 T. It
appears that the 7.5 T magnetic field does affect the two
counter-streaming plasmas, this will be discussed in greater
detail in Sec. V.

The central region of Fig. 4~b! is enlarged in Fig. 5~a!
and more detailed measurements of the inferred electron den-
sity are shown in Fig. 5~b!. These figures highlight additional
density structure. The two bright features on the interfero-
gram, with widths around 150mm, correspond to a small
increase in electron density at either side of the density mini-
mum. Features similar to these are observed only when the
magnetic field is present.

Spectroscopy measurements of the C41 line without
magnetic field present indicate that the ion temperature is
around 180620 eV for both single plasmas and counter-
streaming plasmas. This indicates that no significant heating
of the ions occurs when counter-streaming plasmas interact.
It has not been possible to estimate the ion temperature in the
presence of magnetic field; this is due to additional noise
introduced on firing the electromagnet.

V. DISCUSSION

In this section we determine the experimental scaling
parameters and compare these to those defined for the re-
verse shock of a young SNR and shown in Table I. The role
of the magnetic field in the single plasma and opposing
plasma experiment is discussed, and finally we propose how
the magnetic field affects the experiment. The experimental
results are also discussed in relation to numerical simulations
produced using the one-dimensional Lagrangian hydrody-
namic laser-plasma model Med103.13

The sensitivity of the experimental scaling parameters to
experimental uncertainty is estimated by numerical simula-
tion. Med103 is used to simulate the hydrodynamic expan-
sion of a plasma created from a 100 nm thick plastic (C8H8)
foil irradiated by a laser beam with a Gaussian pulse 80 ps
FWHM duration, 1.053 mm wavelength, and 5
31013W/cm2 peak laser intensity. The simulation uses flux
limited heat transport for both the electrons and ions. We use
the average atomic number and mass number for the plastic
foil target of 3.5 and 6.5. In the following figures, solid lines
indicate the numerical results and are compared with two
thin dotted lines. These dotted lines indicate the influence of
varying the laser energy and foil thickness by610% to ac-
count for experimental uncertainty. The laser energy is the
most sensitive parameter. The solid dot represents plasma
parameters estimated from experimental results taken at 500
ps and reported in Table I. Position 0 corresponds to the
initial foil position, and time 0 to the peak of the laser pulse.

The right-hand column of Table I, is a set of experimen-
tal parameters, which are based on measurement taken 500
ps after foil target explosion. Table I shows that counter-
streaming plasma interaction is collision free as indicated by
the collisionality parameterz@1. This result is determined
from the measured plasma flow speed and plasma density,
and assumes the plasma is fully ionized. Data clearly indi-
cate that interpenetration of the two plasma streams occurs,
and that collisions are not important at the time of measure-
ment between 250 ps and 750 ps. The near-parabolic shaped
counter-streaming electron density profile with no magnetic
field present in Fig. 4 supports this conclusion. This is rein-
forced by comparison with the artificial result constructed
from the addition of two sets of single foil data, which mim-
ics an interpenetrating flow. Furthermore, for our experimen-
tal conditions, collisionless coupling between the counter-
streaming plasmas due to electrostatic instability14 is not
expected to occur.

The experimentalz result is compared to simulation in
Fig. 6. Here the simulatedz is derived from the ion–ion

FIG. 5. An enlargement of the center of Fig. 4~b!. ~a! shows the interaction
area and~b! shows the inferredne about the mid-point of the experiment.
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mean free path (l i i ) for two counter-streaming carbon plas-
mas estimated from hydrodynamics simulation9 of a single
carbon foil irradiated at 531013W/cm2 and using an expres-
sion from Ref. 15, and a system size of 1 mm. For an aver-
age ionization ofZ56 ~i.e., C61) and up to 1 ns,l i i is larger
than 1 mm, this implies that any interaction between counter-
streaming ions is collisionless. Sincel i i scales as 1/Z4, the
l i i for lower ionization stages and for H1 will be higher and
remain collision free. Figure 6 shows that both numerical
and experimental results indicate collision-free plasma inter-
action at 500 ps.

The second parameter in Table I is the plasmab for the
SNR, and a nonstandard definition ofb for the experiment,
which is denoted asb* . The experimentalb* is determined
from the flow speed, i.e., we consider the directed kinetic
energy rather than the thermal kinetic energy, and the in-
ferred electron density to estimate a ram pressure, and by
adjusting the magnetic field strength to give the required
match. A 7.5 T magnetic field ensured that an experimental
b*5400 was achieved at 500 ps. Figure 3 indicates that the
evolution of the electron density for a laser-driven exploding
single foil target is independent of whether a magnetic field
up to 7.5 T is present or not, for at least 750 ps following
laser explosion of the foil. This impliesb*.1. In Fig. 7 the
experimentalb* is compared to a numericalb* plotted as a
function of position in the plasma, at one instant of 500 ps.
To derive the numerical result it is necessary to estimate the
penetration of an external magnetic field in to the plasma.
Magnetic field penetration is an area of great uncertainty and
controversy, and is discussed qualitatively. The results pre-
sented in Figs. 4 and 5 suggest magnetic penetration.

A magnetic field can penetrate a highly ionized plasma if
the skin current drift velocity, induced by an external mag-
netic field, exceeds the local sound speed. In this situation
ion–acoustic turbulence results, and electron scattering oc-
curs to induce an anomalous resistivity. This mechanism re-
sults in an enhanced magnetic field penetration.16 We assume
that the current determined by microturbulence is equal to a
limiting value j 5aneeCs , whereCs is the sound speed, and

the parametera is of the order of unity and smaller than
(mi /Zme)

1/2. Heree is the electronic charge,mi andme are
the ion and electron masses, respectively, andZ the average
ion charge. For conditions relevant here, we estimate the
local magnetic field by integrating Ampe`re’s law in slab ge-
ometry, assuming that magnetic field diffusion into the
plasma occurs at a rate sufficient to ensure that the current
remains at the limiting value.17 These results are shown in
Fig. 8 where the simulated electron density for a laser ex-
ploded foil target at 500 ps as a function of position is indi-
cated by the solid line, and the amplitude of a penetrated
magnetic field due to an applied 7.5 T magnetic field,B, is
indicated by the thick dashed line represents after penetrating
the plasma. This figure illustrates how a penetrated magnetic
field is likely to attenuate in the plasma as the electron den-
sity increases. The model assumes relatively fast field diffu-
sion when compared to hydrodynamic time. Magnetic field
penetration occurs to within 0.331023 m of the foil target
surface at 500 ps, as shown in Fig. 8. This limit is deter-
mined by the diffusion time, estimated as 50 ps.18 These
results are used to derive the numericalb* ~derived from the
plasma flow pressure! in Fig. 7, and illustrate howb* is

FIG. 6. The experimental~solid dot! collisionality parameter,z, at 500 ps
and 0.5 mm from foil surface compared with simulated~thick solid line!
versus time. Thin dotted lines represent a610% variation in simulated laser
energy and foil target thickness; this is discussed in Sec. V.

FIG. 7. The experimental~solid dot! plasma beta,b* , at 0.5 mm and 500 ps,
compared to the simulatedb* ~thick solid line! versus distance from the foil
target surface. Thin dotted lines are discussed in Sec. V.

FIG. 8. Simulated electron density,ne ~thick solid line! and magnetic field
amplitude~thick dashed line! at 500 ps versus distance from the foil target
surface. Thin dotted lines are discussed in Sec. V.
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expected to vary with position in the plasma. At 500 ps,b*
still exceeds unity 0.7 mm from the foil surface, indicating
why the expansion of the plasma is not affected by this mag-
netic field. This is supported by data shown in Fig. 3.

The ion localization,r Li /L, is the ratio of the shortest
scale length of interest, in this case the ion gyroradius, to the
system size. A magnetic field amplitude of 7.5 T is large
enough to localize the ionsr Li /L,1, if the ion temperature
is sufficiently low~i.e., Ti,10 keV). Using the ion tempera-
ture measured from spectral line shapes and Faraday cup
results, which are 180620 eV and;100 eV, respectively,
results inr Li /L50.1. This experimental value, indicated by
the dot in Fig. 9, is compared to simulation. Simulation pre-
dicts a lowTi of ;10 eV andTe as 100 to 200 eV. The solid
line indicates the simulatedr Li /L, and the thick dashed line
in Fig. 9 indicates a second simulation with ion temperature
artificially multiplied by 20, to be consistent with the experi-
mentally measured temperature. Note that the simulated
electron temperature is sufficient to ionize carbon to at least
C41, and that C41 is observed in the experiment.

The third parameter is the Euler number Eu. The experi-
mental value estimated for Eu is 21, derived from measure-
ments of plasma density, temperature, and expansion speed
at 500 ps following the foil targets explosion. This is similar
to the Eu derived for the SNR, indicating the experimental
hydrodynamics approach the young SNR hydrodynamics at
500 ps.

The fourth set of parameters in Table I is the Mach num-
bers. Using the measured plasma flow speed and estimating
the electron temperature asTe5Ti5180620 eV enables an
estimate of an experimental Mach number. Applying the ex-
pansion speed at 500 ps and position 0.5 mm gives an ex-
perimental Mach number of 12, approaching the strong
shock regime. This experimental result is compared to the
simulated Mach number in Fig. 10, which indicates that the
Mach number is expected to remain greater than 1 for at least
2 ns. Alfvén Mach number is estimated to be around 20 for
the experiment at 500 ps. High Mach numbers and Alfve´n

Mach numbers are important to ensure that a strong shock is
formed.

The two last dimensionless parameters of Table I, the
Reynolds and Peclet numbers, are much larger than unity.
This is necessary to ensure that dissipative effects are negli-
gible, so that the Euler equations can be applied both to the
SNR and to the experiment.

The experimental results of counter-streaming plasmas
with magnetic field shown in Figs. 4~b! and 5 are notably
different to the field free case, Fig. 4~a!. The electron density
profiles appear to be altered by the magnetic field. Steepened
density gradients separated by an extended, uniform, low-
density region are observed in the mid-point of the experi-
ment~indicated as 0 on the horizontal axis in Figs. 4 and 5!.
This low-density region is also associated with a small, and
unusual, increase in density. Given that the plasmab@1
when the image was taken~500 ps!, it is difficult to explain
the density profile and the small density increases in the
central area by a magnetic field retarding the plasma flow, or
by magnetic field compression between the leading edges of
the two plasmas. The simulatedr Li /L with Ti;200 eV ~the
thick dashed line in Fig. 9! indicates that the magnetic field
inside the plasma due to a 7.5 T external field is sufficient to
localize the ions, i.e.,r Li /L,1, up to 150mm from the ex-
perimental mid-point. This indicates that counter-streaming
experiment, with foil targets separated by 1 mm would have
a central area approximately 300mm wide wherer Li /L,1.
This width is similar to the measured width of the flat low-
density region in Figs. 4~b! and 5. However, we note that
simulations indicate that the parameterr Li /L calculated at
the position 0.5 mm increases quickly with time and ap-
proaches unity at 700 ps for the ions and 900 ps for the
electrons.

A magnetic field can indirectly affect the interaction of
collision-free counter-streaming flow, for example, through a
collisionless coupling. However, we stress such a conclusion
requires further study. It appears the magnetic field may pen-
etrate this plasma on a length comparable to the observed
central low-density region. As momentum is mainly carried
by ions, the most significant collisionless coupling mecha-

FIG. 9. The experimental ion localization parameter,r Li /L ~solid dot! at 0.5
mm and 500 ps, compared with simulatedr Li /L ~thick solid line! as func-
tion of distance from the foil target surface. Thin dotted lines are discussed
in the text.

FIG. 10. The experimental Mach number,M ~solid dot! at 0.5 mm and 500
ps compared to simulatedM ~thick solid line! at 0.5 mm and from foil target
surface versus time. Thin dotted lines are discussed in the text.
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nisms would involve the counter-streaming ions. This is a
possible explanation for the observed low-density, electron
density plateau. The magnetic field has penetrated the plasma
and effectively localized the ions, introducing new shorter
length scales, namely the ion and electron gyroradius. Ex-
perimental ion gyroradius normalized to the system size, is
shown in Fig. 9 at 500 ps and at the mid-point between the
foil targets. However, we note that many plasma physics pro-
cesses, operating on different length scales and time scales,
are likely to contribute to the observed behavior. For a re-
view of this point in its astrophysical context, we refer to
Ref. 19 and references therein. For recent particle-in-cell
simulations and analytical discussions of some of the plasma
physics processes occurring at SNR shocks, we refer to Refs.
19–22.

These measurements indicate that the necessary require-
ments for a laboratory study of collisionless physics relevant
to a young SNR can be created by a laser plasma experiment.
Indeed, the transverse magnetic field is observed to affect the
interaction of two counter-streaming plasmas, however no
definitive evidence of a shock, collisionless or otherwise has
been observed. The most plausible explanation is that the ion
localization r Li /L is not sufficient and a value of 1022 is
required. This can be investigated in the future with experi-
ments using larger plasmas, this will require working with
lower plasma density to ensure the collisionality parameter
remains sufficiently high.

VI. CONCLUSION

In this experiment, we have investigated the dynamics of
the back surface of an expanding plasma produced from the
laser-driven explosion of a thin plastic foil, and in separate
experiments the interaction of two counter-propagating plas-
mas in opposing geometry. This study was carried out with-
out and with a 7.5 T magnetic field orientated transverse to
the plasma flow. Experimental and numerical results at 500
ps show that the experimental dimensionless parameters can
be matched to those of a reverse shock in a young supernova
remnant, and that scaled laser plasma experiments of colli-
sionless astrophysical phenomena is possible. Experimental
and numerical results show that the magnetic field is not
sufficiently strong to affect the expansion dynamics of a
single plasma and that the interaction between the two plas-
mas is collision free. However, the interaction of two similar
counter-streaming plasmas is affected by the presence of the
magnetic field transverse in the plasma flow. Compared to
the field free case, where the density profile indicates plasma
interpenetration, the magnetic field alters the plasma profile
in three ways. First, the density profiles are steepened; sec-
ond an extended low-density region is observed; and third,
small density enhancements are observed on either side of
the experimental mid-point. Experimental evidence indicates
that magnetic compression does not occur. We have sug-
gested that the magnetic field penetrates the plasmas due to
ion acoustic turbulence and a resulting anomalous resistivity.
Estimates suggest magnetic field penetration of 150mm. If
this occurs, it is possible that the features observed result
from a collisionless coupling between the leading edges of

the plasmas. Finally, we believe collisionless shock forma-
tion can be studied using magnetized counter-streaming
laser-produced plasmas. These results indicate that increas-
ing the plasma size and using magnetic fields of the order 10
T are sufficient.
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