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Magnetosphere-solar wind interactions are simulated in a laboratory setting with a small permanent
magnet driven by two types of supersonic plasma wind sources. The first higher speed, shorter
duration plasma wind is from a laser blow-off plasma while the second longer duration, lower speed
plasma wind is produced with a capacitor discharge driven coaxial electrode creating plasma jets.
The stand off distance of the solar wind from the magnetosphere was measured to be 1.7�0.3 cm
for the laser-produced plasma experiment and 0.87�0.03 cm for the coaxial electrode plasma
experiment. The stand off distance of the plasma was calculated using data from HYADES �J. T.
Larsen and S. M. Lane, J. Quant. Spectrosc. Radiat. Transf. 51, 179 �1994�� as 1.46�0.02 cm for
the laser-produced plasma, and estimated for the coaxial plasma jet as rmp=0.72�0.07 cm. Plasma
build up on the poles of the magnets, consistent with magnetosphere systems, was also observed.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3085786�

I. INTRODUCTION

Laboratory astrophysical experiments need magnetohy-
drodynamic �MHD� scaling to justify comparison physics.1,2

Gravity is a key physical force in astrophysical problems
which is not present in laboratory simulations. In laboratory
simulations of the solar wind driven magnetospheres gravity
plays no significant role. The scaling factor from the labora-
tory to the solar-magnetospheric system is relatively small
compared to other astrophysical phenomena.3–5 The
geophysical-laboratory scaling factor is 109 compared to that
for a supernova, 1013, and with that for the eagle nebula,
1020.5 The parameters for the solar wind-magnetosphere
compared to the values in the laboratory simulation are
shown in Table I. In this research we investigate effects that
can be considered ideal MHD where dissipative effects such
as viscosity, thermal conductivity, and radiative cooling are
unimportant in the system.3 In this study we investigate large
scale MHD phenomena such as the magnetopause. Owing to
the small space scales of the laboratory magnetosphere of
order a few centimeters, no attempt is made to determine the
microscale phenomena in magnetospheres with the labora-
tory experiments. The magnetic Reynolds number and other
factors will also not be similar between the two frames. In
laboratory simulations of astrophysical phenomena it is com-
mon that only a few of the dimensionless parameters have
the same values between the two physical systems. We then
keep in mind the differences that may occur from a lack of
similarity between other parameters.

In astrophysical simulations the geometry of the set up
should be similar to astrophysical case. In this experiment
the geometry is straight forward with a plasma source im-
pinging on a magnetic dipole. One flaw that cannot be rem-
edied in our situation is that the plasma source is much more
proximate to the dipole than any astrophysical solar wind

source is to a planetary dipole. Other comparisons can be
made such as mach number. A further discussion about scal-
ing is given in Sec. V.

In Table I we list parameters of Earth’s magnetosphere
from literature4,6 and the corresponding value for the experi-
ment in the second column. The hydrodynamic code
HYADES, which will be discussed in Sec. V, derived the val-
ues in the second column for base line analysis and predic-
tion. Earth’s magnetosphere is a high temperature low den-
sity plasma that flows with large velocities. The length scale,
h, is the distance of the magnetopause to the dipole center.
The time scale t is taken as the length scale divided by the
velocity of the solar wind. The solar wind plasma consists
mainly of protons, while in contrast the experimental density
consists of aluminum ions. This must be taken into account
when comparing densities. This discussion of the parameters
is revisited, in the context of scaling, in the analysis Sec. V.

In Sec. II we discuss the global dynamics of the plasma
wind driven magnetosphere system. In Sec. III we discuss
the experimental configurations and the diagnostic systems.
In Sec. IV basic results of the experiments are shown, and in
Sec. V we compare the observations with simulations using
the HYADES hydrodynamic code. Section VI gives the con-
clusions suggested future experiments.

II. DYNAMICS OF THE SOLAR
WIND-MAGNETOSPHERE SYSTEM

The dynamics of the magnetosphere is driven by the
solar wind which, in the experiment, is the blow-off plasma
shown in Fig. 1.6,7 The following MHD equations are a one-
dimensional model of the global system:
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where the term B2 /�0Rc is the magnetic field tension. When
formulating the one-dimensional dynamics of the magneto-
sphere one needs to include a term for the magnetic tension,
in which Rc is the radius of curvature of the magnetic field
on the equatorial plane of the magnetosphere and B is the
magnetic field strength. The magnetic field B is composed of
the sum of the dipole field Bdp and the field �B produced by
the plasma currents. Using r as the distance from the dipole
in the equatorial plane we have Bdp�r�=BRdp

�Rdp /r�3 where
Rdp is the radius of the magnet and Rc=r /3 is the radius of
curvature of the magnetic field lines crossing the equatorial
plane at the distance r from the dipole.

In Eq. �1�, � is the mass density of the plasma and u is
the flow velocity. In absence of plasma �=0, the pressure, P,
vanishes, and the outward magnetic pressure gradient bal-
ances the inward force of tension FT=−� /�r�Bdp

2 /2�0�
=3Bdp

2 /�0r. With the plasma present ��0, and a boundary
layer called the magnetopause forms as we now calculate.

The standoff distance, rmp of the magnetopause, or the
distance between the magnetopause and the magnetic dipole
center, can be estimated by enforcing pressure balance of the
solar wind dynamic pressure with the dipole magnetic field
pressure

�SWuSW
2 = B2�rmp�/2�0, �3�

as illustrated in Fig. 1. We can eliminate the thermal pres-
sure, P, in this analysis because the solar wind flow velocity
is supersonic and thus the flow pressure, �SWuSW

2 , will be
much larger than the thermal pressure. The magnetic tension
term can also be ignored because the introduction of a strong
solar wind will flatten or compress the magnetopause on the
equatorial plane and thus significantly reduce the magnetic
tension. Using the mirror method formulation8 to satisfy the
boundary conditions at rmp, the magnetic field at the magne-
topause will be approximately twice the magnetic field as
there would be without a solar wind interaction. Thus, in this
approximation, B=Bdp+�B�2Bdp at the nose of the magne-
topause. The dipole magnetic field pressure, Pdp�r� drops off
as the sixth power of the distance

Pdp�r� =
Bdp
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Then one calculates the standoff distance of the magneto-
pause as

rmp = Rdp� 2BRdp

2

�0�SWuSW
2 �1/6

. �5�

The dynamic pressure in the experiment is a pulse in time so
that rmp�t�=Rdp�2BRdp

2 /�0�SWuSW
2 �1/6 is the time dependent

position of the magnetopause. This corresponds to the com-
pression and decompression measured in Earth’s magneto-
pause during the transit of shocks and fronts from coronal
mass ejections. Earth’s magnetopause can be pushed in for
short durations to where the geosynchronous satellites at R
=6.6RE are beyond the magnetopause.

As the solar wind interacts with the dipole magnetic field
it induces a force on the field. This causes a current to flow
called the Chapman–Ferraro current �as shown in Fig. 2�.9

This current, I, alters the magnetic field in the magnetosphere
to Bms=Bdp+�B and as such changes the magnetic field on
Earth’s surface. This current induced change �B at the sur-
face can be formulated by noting that the magnetic field has
a sharp boundary at the magnetopause, quickly going to zero
up stream from the magnetopause. The Chapman–Ferraro
current can be estimated using the force-current equations,

TABLE I. The parameters of Earth’s magnetosphere are listed in the first
column �Refs. 4 and 6�. Scaling relations for Earth’s magnetosphere and the
experimental setting as calculated by HYADES �see Sec. V� are listed in the
second column. The scaling parameters are a�109 �length scale ratio pa-
rameter�, b�10−15 �mass density scale ratio parameter�, and c�10−13 �pres-
sure scale ratio parameter�.

Solar wind/
magnetopause

Laser-produced
plasma

Coaxial
electrode jet

h �cm� 109 1 1

t �s� 102 10−7 10−6

n �cm−3� 10 1014 1015

T �eV� 10 5 7

B �G� 10−4 103 103

u �cm/s� 4.5�107 107 106

Eu 5–10 4–10 2

Plasma
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Dipole

Plasma
source

2
SWSWu�

0
2 2/)( �mprB

0RB

rmp
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Laser direction
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FIG. 1. �Color online� The laboratory experiment involved impinging a
laser beam on an aluminum wire target creating a blow-off plasma which
serves as a laboratory model for the solar plasma wind. The magnetopause is
the boundary between the magnetosphere and the plasma wind where the
magnetic pressure balances with the plasma wind pressure.

FIG. 2. �Color online� The plasma wind action on the magnetic field cause
a current, I, to form on the magnetopause. The calculation of this current can
be found by forming an Ampere loop around the magnetopause and observ-
ing that the magnetic field upstream of the magnetopause is zero.
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by defining an effective flat area of the magnetopause cross
section, and using the solar wind pressure on this area to
obtain

F = area � PSW = ICF�Bz. �6�

The Chapman–Ferraro current can also be calculated from
Ampere’s law as ��Bz=�0ICF, where � is the length of the
side of an idealized Ampere rectangle encompassing the
magnetopause as in Fig. 2. The �Bz is the jump in the mag-
netic field on the magnetopause, which will be approxi-
mately 2Bdp�rmp� since there is no magnetic field upstream of
the magnetopause, and ICF is the Chapman–Ferraro current.
More details on the current loops driven by the plasma wind
interaction with the dipole field are given in Ref. 10.

III. EXPERIMENTAL CONFIGURATIONS AND
DIAGNOSTICS

We designed a laboratory experiment to test the feasibil-
ity of studying scaled planetary magnetosphere physics in
the laboratory. Laser-produced plasma and laser-triggered
coaxial electrode plasma jets simulated a “solar wind” in the
experiment. Permanent magnetic dipoles and nonmagnetic
objects of the same size and shape were inserted in the path
of this plasma wind as in Fig. 1. The goal of the experimental
investigation was to investigate the creation of a shock front
colliding with the magnetosphere while investigating the
boundary of the magnetopause, and the plasma wind-
magnetosphere interaction.

We use the two different plasma sources: �1� the laser-
produced plasma and �2� coaxial electrode plasma jets. Both
sources were available in the same experimental setup asso-
ciated with the YOGA laser at the University of Texas. Both
plasma sources had similar energies and velocities with some
important differences. The laser-produced plasma had veloci-
ties about two to three times higher than the coaxial elec-
trode jet, but the duration ��tl�400 ns� of the laser-
produced plasma flow is about 20% of the jet flow time
��tjet�2000 ns�. In reference to the laser-produced plasma
we have favorable comparisons with a simulation from HY-

ADES. However the laser-produce plasma case provides a
short time scale event in which the plasma parameters do not
remain constant. In the coaxial plasma jet case the plasma
parameters are essentially steady for �tjet�2 �s, but have
we less reliable ways of determining their plasma param-
eters. Both methods gave measurements of a magnetopause
that are reported in Sec. V.

The YOGA laser was capable of giving a 1064 nm, 8 ns
pulse laser with energies up to 3.7�0.2 J. The interaction
took place in a 12 L vacuum chamber that had a vacuum of
1.0 mTorr. A Princeton Instruments intensified charged
coupled device �ICCD� camera with a 4.0 ns exposure time
was the main diagnostic. The detection wavelength range
was 350–575 nm due to the filters used on the camera. Inter-
ferometry was also used to characterize the densities of both
plasma sources but the sensitivity was limited to plasmas
very early in the expansion where the magnetosphere physics

would not be important. Because of the small scale of the
laboratory plasma �rmp�2 cm� mm size direct probes were
not used in the experiment.

A plasma wind was made using a coaxial device con-
structed to study plasma jets.11 The device consisted of an
axially symmetric electrode configuration with a
1.0�0.1 cm hole in a molybdenum plate, and a center axial
molybdenum wire 0.5�0.1 mm in diameter. The electrode
configuration was connected directly to a 2.4 �F capacitor
and charged up to 4900 V as in Fig. 3. The electric charge
was held due to the vacuum until the a laser initiated plasma
expulsion off of a target near the electrode configuration al-
lowed current to flow. The plasma jet forms due to the abla-
tion of the molybdenum electrode and was measured when
the current reversed direction from the capacitor discharge
after �4.4 �s. This is taken to be the t=0 time of the jet
formation.

The plasma from the coaxial plasma jet has been char-
acterized with and without a magnetic field, but with the jet
directed along the magnetic field.11 Interferometry was used
to measure the initial density of the jet. Velocities of the
plasma jet were measured by following the morphology of
the jet in the ICCD images, which is understood to be an
approximate measurement. Velocities and densities of the
plasma flow were also analyzed using electrical current flux
tube analysis, matching the measured velocities and densities
within an order of magnitude. Velocity, density and tempera-
ture are compared to similar values for cathode arc plasmas
in literature, giving the estimate for temperature around 7
eV.12

We used both a magnetic dipole and an aluminum block
as obstacles in the plasma wind path. The magnetic dipoles
consisted of a permanent magnet cylinder with a radius of
4.5�0.5 mm and a length of 9.0�0.5 mm. The magnetic
field strength as measured by a hall probe on the top of the
pole was 0.50�0.02 T. The nonmagnetic obstacles were
made out of aluminum and had the same dimensions. The
4.5�0.5 mm radius magnet was placed 28�1 mm away
from the plasma source.

Flared
plastic
nozzle

Copper
Block

Molybdenum
ground plate

Plastic
casing

Fastening
Block

Cavity

Supersonic
jet

Aluminum laser target and laser-
produced plasma remnant

1.0
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C = 2.4 µF

L= .02 µH

Dipole or
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FIG. 3. �Color online� A plasma jet from a capacitor driven coaxial elec-
trode device was used to create a plasma wind for a magnetosphere experi-
ment. The plasma jet is formed by ablation of a molybdenum electrode from
a capacitor bank discharge, combined with electrodynamic J�B plasma
acceleration forces. The discharge was triggered with a laser-produced
plasma.
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With the laser-produced plasma as the plasma wind the
magnetic and nonmagnetic obstacles were placed in front of
the laser target, as in Fig. 1. The obstacles were slightly off
axis of the plasma wind to accommodate the laser beam path.
The laser produced the blow-off plasma that flows back onto
the obstacles along the same path that the laser traces out.
When we used the coaxial electrode plasma jets as the
plasma wind the obstacles were placed the same distance
away from the plasma source as the laser-produced plasma
experiment and the objects were placed directly on the axial
path of the jet, as in Fig. 3.

IV. ANALOG OF SOLAR WIND AND
MAGNETOSPHERIC DATA IN EXPERIMENT

We obtained data using an ICCD camera using the two
plasma wind sources. As described in Sec. III we first used
laser-produced plasma as a plasma wind source using 200
mJ, 500 mJ, and 2 J of energy in the laser pulses. Second,
laser-triggered capacitor driven plasma jets were used as
plasma wind sources using 3000 and 4900 V as parameters
for the jets.

Measuring the magnetopause was the main goal of this
project. The magnetopause manifest itself as a faint, but

measurable increase in plasma luminosity before the mag-
netic dipole in the laser-produced plasma experiment that is
not observed in the aluminum block case, as in Fig. 4. As we
will discuss in Sec. V the magnetopause is expected to be
very close to the dipole before retreating in later parts of the
expansion. Therefore we do not expect a highly evacuated
region between the magnetopause and the dipole in this ex-
periment, explaining the type of magnetopause we see in Fig.
4. The aluminum block had the plasma accumulation on the
face of the block directly facing the plasma target interaction,
as shown in Figs. 4�a� and 4�c�. Plasma buildup along the
poles also occurred with the dipole magnet, as shown in
Figs. 4�b� and 4�d�. This plasma buildup signified plasma
buildup in the cusp region of a magnetosphere system. It can
be seen from Fig. 4 that the laser hit the back of the magnet
as it progressed toward the target. This should not be con-
fused with a night side aurora. The build up of the plasma on
the pole of the dipole is likely due to the flow of plasma
frozen in magnetic field which is similar to the build up of
the plasma on the cusp region of the Earth, which is distinct
from the build up on plasma on the night side auroras. It is
key to note that many planets do not have magnetic fields to
protect them from the solar wind such as Venus. Thus the

FIG. 4. �Color� 200 mJ laser pulse impinging on an Al target next to �a� a 4.5 mm radius Al block and �b� a 4.5 mm radius magnetic dipole. �c� and �d� have
similar conditions as �a� and �b�, respectively, with a 500 mJ laser pulse. The plasma wind flows from the right to the left of each frame �at the blue/green area�
to the block in the frame middle. Plasma build up occurs on the face of the Al block in frames �a� and �c�, whereas the plasma builds up on the polar cusp
in the magnetic dipole case in frames �b� and �d�. The magnetopause is marked on relevant images.
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blocks with no magnetic fields represent an unmagnetized
planetary ionospheric physics as on Venus.

A more distinct magnetopause and other plasma features
are observed with the coaxial electrode plasma jet interacting
with the magnetic dipole. Without an opposing magnetic
field the plasma flows at a velocity of about 3.9�0.2
�106 cm /s.11 One can see the plasma hit the Al block at a
time consistent with this speed at the 4900 ns frame in Fig. 5
�recall that the jet begins at 4400 ns due to the electrical
configuration of the jet� by brightening at the block face.
Plasma illuminated the cusp region on the dipole at 5300 ns
in Fig. 5 similarly to the plasma hitting the face in the non-
magnetic example. Thus we see that the opposing magnetic
field pressure in Eq. �4� slows down the plasma by about half
the incident speed.

The capacitor driven jet material did not penetrate be-
yond the well defined magnetopause to the face of the dipole,
as in Fig. 5�b�. No such magnetopause was formed in the
aluminum block case. The magnetopause radius reaches a
fairly constant value of 0.87�0.03 cm in the 4900 V case
over a period of about 1 �s, as seen in Fig. 9�b�. A plasma
tail formed behind the magnet throughout the duration of the

jet which is a key characteristic of a solar wind-
magnetosphere system �see Fig. 5�.

We investigated the residue deposited on the magnet and
blocks after a series of shots. The coaxial electrode jet ex-
periments deposited much more material onto the block than
did the laser-wire blow-off experiments. With the jet ex-
ample the jet material plated half of the face of the poles of
the magnet facing the jet, while the jet material plated only
the surface of the side of the aluminum block facing the jet.
This gives strong evidence that the jet material evolves ac-
cording to magnetosphere dynamics.

V. SIMULATIONS OF THE EXPERIMENT WITH HYADES

We used HYADES,13 an one-dimensional Lagrangian hy-
drodynamic code developed at LLNL, to estimate parameters
about the laboratory plasma wind. In our calculations we
used 100 mesh points feathered at 5% over a length of
12.5 �m with the feathered taper toward the laser source.
We used the quotidian equation of state for aluminum with a
density of 2.7 g /cm3 and a bulk modulus of 7�1011 dyn /
cm2 and for copper with a density of 9.0 g /cm3 and a bulk

FIG. 5. �Color� Data for the magnetosphere experiment using a plasma jet from a capacitor driven coaxial electrodes charged to 4900 V for creating the
plasma wind. The plasma wind comes from the right originating from the bright source on the right which is the coaxial electrode set up. Rows �a� and �a�
cont. have an Al block and rows �b� and �b� cont. have a magnetic dipole of same dimensions for times 4700–5700 ns. The magnetopause can be seen in �b�
from 4900 to 5700 ns. Plasma bombardment on the objects begins about 400 ns sooner with the aluminum block, than the magnetic field case due to the
opposition of the plasma from the magnetic field pressure. The plasma bombardment is concentrated on the face of the aluminum block as in �a� and on the
cusp regions of the magnetic dipole as in �b�.
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modulus of 1.4�1012 dyn /cm2. We use both cylindrical and
spherical geometries. For a typical calculation we use 0.2 J,
8.0 ns, 1064 nm laser source impinges on the 99th mesh
point, with a Gaussian temporal profile and a 25 MW peak
power. All of the HYADES simulations in this analysis did not
use magnetic fields.

We performed several diagnostic tests using general
laser-produced plasma to compare the HYADES code with
laser-produced plasmas created in this experiment. Prior to
conducting the magnetosphere experiment we ablated

25 �m wire with the YOGA laser with and without a 0.85 T
permanent magnetic field, as in Fig. 6. In addition to ICCD
imaging we also used interferometry to measure the fringe
shift at times less that 80 ns when the plasma density was
high enough to detect. The laser-produced plasma expanded
in an oblong form away from the target without the magnetic
field, as in Fig. 6�a� with a well defined plasma front in the
early parts of the expansion. In the 0.85 T magnetic field �in
roughly the same order of magnitude as the dipole magnet,
but uniform over a larger volume� the plasma expansion was

TABLE II. Comparison between the measured laser-produced plasma front distance as produced by a 1064 nm
laser beam impinging on a 25 �m diameter aluminum wire as compared to HYADES calculations in planar,
cylindrical, and spherical coordinates.

Time
�ns�

Energy
�mJ�

Measured length
�cm�

Planar
�cm�

Cylindrical
�cm�

Spherical
�cm�

35 20 0.64�0.10 0.27 0.37 0.16

80 20 1.23�0.10 0.68 0.88 0.32

35 200 1.18�0.10 1.00 0.98 0.64

50 200 1.48�0.10 1.48 1.47 0.87

80 200 2.36�0.10 2.48 2.61 1.37

35 500 1.33�0.10 1.51 1.33 1.02

FIG. 6. �Color� ICCD image of laser-produced plasma progression where the input laser energy is �200 mJ and the target is �25 �m thick Al wire. �a� is
without B fields and �b� is with �.85 T enclosed B fields. The laser comes in from the right and the majority of the plasma flows to the left. The plasma front
can be seen expanding in �a� at times 35–80 ns. The colder plasma dissipates in �a� in times 140–400 ns. Plasma stagnation can be seen from the magnetic
pressure in b� with significant build up on the poles of the magnet at times 80–440 ns.
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significantly stagnated by the magnetic field pressure.
Plasma build up on the poles of the magnet were similar to
the magnetic dipole case. Thus we would expect comparable
magnetic plasma behavior in the dipole case.

We calculated the plasma front of the laser-produced
plasma expansion using HYADES and compared them to the
experiment, as seen in Table II. Here HYADES simulated a
laser ablated 25�m Al wire, slab, or sphere depending on the
geometry and the outer plasma front that is visible in Fig. 6
was calculated. From this exercise we deduce that the cylin-
drical simulation best described the experiment, as the statis-
tical match was best with the experiment. The geometry of
the laser-produced plasma expansion is three dimensional

and not spherically symmetric, but does share similarities to
the cylindrical and spherical expansions in HYADES.

HYADES was used to calculate the fringe shift, in cylin-
drical coordinates, according to

N = − 2.38 � 10−18 cm2	 nedl , �7�

with probing frequencies of �=532 nm and where N is the
multiple of 2� that the fringe shifts in an interferogram, ne is
the electron density, and the integral is a line integral along
the probe axis.14 In Fig. 7 we measure the fringe shift of a
3.7 J laser pulse from the YOGA laser impinging on a
25 �m copper wire. The fringe shift was obtained using a
Wollaston prism interferometer with a probe frequency of
�=532 nm. The electron density from the HYADES calcula-
tion was line integrated to obtain the fringe shift and is
shown together with the measured fringe shift in Fig. 7,
showing less than 50% difference with the experiment. We
have shown in these two experiments that HYADES can cal-
culate meaningful results for various parameters and be com-
pared with laser-produced plasma experiments.

We used the HYADES code to calculate laser-produced
plasma parameters at 2 cm away from an Al target that had
been ablated with a 200 mJ 1064 �m laser source as a func-
tion of time. Linear extrapolations from the mesh output are
reported in Fig. 8 with �a� the plasma pressure, �b� the
plasma velocity, �c� the ion density, �d� the sound mach num-
ber, and �e� the electron density. From these parameters we
calculated the standoff distance using Eq. �5� in three differ-
ent ways in Fig. 9�a�. We use both cylindrical and spherical
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FIG. 7. �Color online� The fringe shift is compared to the line integral of the
electron density from a cylindrical calculation from HYADES. The initial laser
energy was 3.7 J on a 25 �m copper wire and the expansion time was 50
ns.
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calculations in Fig. 9�a� to simulate the magnetopause be-
cause there are inherent similarities of the cylindrical and
spherical expansions to the actual laser-produced plasma ex-
pansion. Because of the similarities to both the spherical and
cylindrical geometries we felt the need to include a solution
between the two geometries. We impose dynamics in the
axial direction of the cylindrical calculation by expanding
the plasma at the 2 cm extrapolation point with the speed of
the off-axial laser-produced plasma expansion of 8.3�0.1
�104 m /s observed in Fig. 6�a�. The only parameter we
then adjust is the density, and we keep the radially expanding
velocity as is calculated by HYADES for simplicity. We then
adjust the density calculated in the cylindrical HYADES cal-
culation by multiplying the density with the ratio of the axi-
ally expanded plasma width as a function of time and the
original 400 �m laser focus spot size. We term this adjust-

ment as “cylindrical adjusted” in Fig. 9�a�. We report that the
adjusted cylindrical calculation was the closest to the mea-
sured magnetopause data with the spherical and cylindrical
calculations being off by �1 cm in both directions. In com-
parison, the cylindrical calculations for the laser-produced
plasma front are the best match to the measured laser-
produced plasma front data in Table II.

The experimental magnetopause boundary is diffuse and
difficult to measure as was expected owing to the finite value
of the electron mean free path and the transient nature of the
event. At 300 ns, the calculated magnetopause radii were
0.74�0.02, 1.46�0.02, and 2.54�0.02 cm for the cylin-
drical, density adjusted cylindrical, and spherical calcula-
tions, respectively. The measured magnetopause radius was
1.7�0.2 cm. The adjusted cylindrical calculation matches
the experiment best.

Data from HYADES can be used to calculate the force of
the plasma wind on the magnets magnetosphere. If the mag-
netopause effective cross section was estimated to be 4 cm2

then the force on the magnetopause at 300 ns with a 200 mJ
laser pulse would be

Fpw = AmpPpw � 1.2 N �8�

from the plasma wind. This would be a measurable force and
we are interested in measuring this force in future experi-
ments. Measuring this force would give important informa-
tion about the size and effect of the magnetopause. As dis-
cussed in Sec. II this force caused the Chapman–Ferraro
current to flow. The value of this current for the force calcu-
lated above will be 350 A using Eq. �6�.

The magnetopause radius was measured from the ICCD
data given in Fig. 5, and is reported for both 3000 and 4900
V jets in Fig. 9�b�. The velocity of the upstream end of the
plasma front in the magnetic dipole case, measured from the
ICCD data, was 1.7�0.2�106 cm /s. The densities of the
jet were on the order of 1015–1016 cm−3 from various direct
and indirect measurement in different conditions.11 This gave
a standoff distance of rmp=0.72�0.07 cm for n
=1015 cm−3 and rmp=0.49�0.05 cm for n=1016 cm−3 from
Eq. �5�. The boundary of the standoff plasma measures to
0.87�0.03 cm over the measurements from 5100 to 6200
ns. This comparison showed that the two numbers are just
beyond error for the n=1015 cm−3 case reflecting on the er-
rors in estimating the density of the plasma.

The two situations scale hydrodynamically with three
key dimensionless parameters:3–5 a�109 �length scale ratio
parameter�, b�10−15 �mass density scale ratio parameter�,
and c�10−13 �pressure scale ratio parameter�. The Euler
number, or mach number, defined as Eu=u
� / P is another
key descriptor in scaling.3 The Euler number ranges from 5
to 10 for the solar wind-magnetosphere and 4 to 10 for the
experiment. From the comparison we conclude that the solar
wind-magnetosphere laboratory simulation offers a valuable
scaling of laboratory-astrophysical data without the compli-
cations of gravity.

In laboratory comparisons with planetary magneto-
spheres one concern is that planetary magnetospheres are a
collisionless phenomena and that the laboratory experiments
are collisional. For much of the phenomena in the magneto-
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sphere there would not be a good comparison of effects, but
this is not the case for the magnetopause and the Chapman–
Ferraro current investigated here. These effects are only de-
pendent on the magnetization of the plasma and the effects of
the flow of the plasma around the obstacle. Hence the degree
of magnetization was the issue. The ions in these laser-
produced plasmas and coaxial electrode plasma jets will not
necessarily be magnetized but the electrons will be magne-
tized and will bind the ions to the magnetic fields through
electrostatic forces. Thus, as seen with other magnetic effects
in this series of experiments,11 the experimental plasma wind
will be affected by the magnetic dipole approximately, as
described in Sec. II.

The magnetic Reynolds number, MR, is important in de-
termining how frozen the plasma is to the magnetic field
lines and is important for scaling purposes. This quantity is
given by MR=�0LV	, where L is the characteristic length, V
is the characterization velocity, and 	 is the electric conduc-
tivity of the plasma. The magnetic Reynolds number for the
coaxial plasma jet parameters, with L=0.01 m, V=4
�104 m /s, and 	=1.9�104 S /m, is MR=10. This meets
Ryutov’s condition for scaling of needing to be greater than
one, but is not ideal and should be much greater than one to
ensure reliable results.3 The magnetic Reynolds number
would be ideally much greater in the laboratory. For the
laser-produced plasma experiment the magnetic Reynolds
number, as based on the HYADES calculation at 300 ns with
L=0.01 m, V=7�104 m /s, and 	=1.6�104 S /m, is MR

=14, which is similar to the jet example. Hence the physics
of the magnetopause between the two frames is on the edge
of the similarity conditions. Also the Chapman–Ferrero cur-
rent only needed a “jump” in the magnetic field to be pro-
duced, which will be provided by the laser-plasma wind
compressing the magnetic field with the magnetized elec-
trons.

The comparison between the magnetosphere frame and
the experimental frame as calculated by HYADES is in Table I.
There were no direct plasma parameter measurements in this
experiment other than the ICCD camera imaging, but HY-

ADES calculated reasonable values for density and front ve-
locity in the laser-produced plasma that we substantiated
with the laser-produced plasma experiments described in this
section. With these HYADES results, the scaling between the
two frames was similar with the Euler dimensionless param-
eter �also referred to as the Mach number� being similar be-
tween the two frames, being 5–10 for Earth’s magnetosphere
and 4–10 for the laboratory experiment.

The importance of laboratory simulations of magneto-
spheres can be emphasized by the relatively small spatial
scale ratio of 109 of Earth’s magnetopause as compared to
other laboratory-astrophysical scaled experiments, and that
gravity is not involved in the magnetopause formation. With
this similarity scaling of key parameters and the geometrical
similarity of the setup, further investigations into the dynam-
ics of the laboratory magnetosphere plasma are warranted.

VI. CONCLUSION AND FUTURE DIRECTIONS

We developed and performed repeatable laboratory ex-
periments simulating supersonic plasma wind incident on a
magnetic dipole target. The dynamics of wind-
magnetosphere interaction were measured with both spatial
and temporal resolution, opening up the possibility of direct
investigation of relevant plasma dynamics of plasma wind on
planetary and astrophysical objects. Found features were
consistent with solar wind-magnetosphere interactions, in-
cluding creation of a magnetopause in front of the magneto-
sphere, and brightening visible emissions at the magnetic
poles with associated deposition on the polar caps of the
targets. The observed diffuse magnetopause visible at the
standoff distance is consistent with calculations of the stand-
off distance theory. Continued development of these tech-
niques may provide valuable data for testing our current un-
derstanding of solar wind-magnetosphere and ionosphere
interactions.

In comparing the magnetic dipole with the same sized
aluminum block obstacle we see that the presence of the
magnetic field increases the substantially effective area over
which the incoming plasma wind is directed. This large area
of diverted plasma flow increases the force on the obstacle
approximately by the ratio of the area of the magnetopause
to the area of the model planet. This is a substantial increase
of the force on the model planet which we will measure
directly in the proposed experiments through the forces on
the connections used to suspend the model planets.

In future experiments the introduction of a tilt in the
magnetic dipole similar to the Earth-Sun relationship will be
made. Different tilts in the Earth-Sun system create different
distributions of plasma around the magnetosphere, and these
differences would be sought in the laboratory model. The
incoming solar wind has an imbedded magnetic field that
produces qualitatively different effects in the magnetosphere
depending on whether the plasma wind’s magnetic field is
aligned or antialigned with the magnetosphere’s magnetic
field.15,16 We propose to add magnetic fields in the laser-
produced plasma by creating the plasma in a weak magnetic
field. Differences would be expected in the plasma distribu-
tion around the dipole magnet with different directions of
magnetic fields in the incoming plasma wind. This experi-
ment would be similar to that in the Earth-Sun system, where
strong changes in the interaction occur when the plasma
wind magnetic field is opposite to that of the planetary mag-
netic field. Using B-probes in this experiment would give
direct information about the magnetic field interactions with
the plasma wind, magnetopause magnetic fields, and would
potentially allow direct measurement of the Chapman–
Ferraro current.
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