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Summary: The electric field generated by the interaction of solar wind with planetary
bodies is discussed by the laboratory simulation. It is inferred from this experiment
that an upper limit of the electric field behind Moon would be in the order of 102V/m,
and almost zero behind Venus. The mechanisms generating the electric and the magnetic
field by the solar wind interaction are also discussed, and they would respectively be
due to charge separation and pressure gradient drift.

1. INTRODUCTION

This model experiment on plasma flow past a body was intended to shed
some light on the solar wind interaction with planetary bodies.

Explorer 35 measured magnetic field around the moon, and the electromagnetic
properties of the moon was discussed [1][2][3]. The model experiment con-
cerning the magnetic field around the moon was performed by Kristoferson [4],
and the magnetic field configuration similar to that measured by Explorer 35
was obtained.

Explorer 35 also measured the particle shadowing effects by the moon, and
the upper limit of the magnetotail electric field was estimated to be 5X 10~ V/m
[5]. Anderson [6] introduced a more sensitive method to determine sense and
magnitude of the electric field in the magnetotail from the lunar particle shadow.

In this report attention is paid mainly to the electric field behind the planetary
bodies downstream of the solar wind. The result of the magnetic field measure-
ment is also reported.

2. EXPERIMENTAL PROCEDURE

Experimental layout is shown in Fig. 1. The solar wind is simulated by a
hydrogen plasma stream from a coaxial plasma gun placed about 1.5m away
from the interaction region. The plasma is shot along a magnetic field which
has a magnitude of 95 gauss in the interaction region.

The typical properties of the plasma stream in the interaction region, where
the model planet is placed are as follows: duration is about 60 usec; electron
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Fic. 1. Experimental layout.

temperature is 8 €V; plasma density is 10'3/cm?; flow velocity is 5X 106 cm/sec;
plasma diameter is about 8 cm.

A sphere of aluminum and that of an insulator whose diameter is 4 cm, and
an air cloud column of 3.5 cm in diameter were used as the model planets. In
order to make a gas cloud, a fast acting gas valve was used [7], and a column-
shaped gas cloud was formed perpendicularly to the plasma stream for several
hundred microseconds. The radius of the gas column expands gradually. The
gas density at the center of column is about 106 particles/cm® when the plasma
stream impinges on it. The gas density distribution was measured by the use
of fast ionization gauge in the previous paper[8] and the diameter of the gas
column was about 4 cm, but in this work the diameter of the gas cloud was
determined to be 3.5 cm by the photograph, as the gas cloud emitted light when
the plasma stream impinged on it. This gas cloud can be thought to be staitonary
since the interaction time is an order of magnitude smaller than the gas expan-
sion time. These model planets do not simulate the planets with a dynamo-
generated magnetic field such as Earth and Jupiter.

The diagnostic tools were a floating double probe for density, temperature
and electric field measurements and a magnetic probe for the measurement of
a time-dependent magnetic field parallel to the plasma stream (B,(M).

Fig. 2 shows the method of electric field measurement. The resistance R must
be large compared to the plasma impedance of probe spacings, and the product
of R and the capacitance C must be small compared to the characteristic time
of the electric field variation. For R=1MQ and R=5k{ almost the same
signal levels were obtained. Since the detail of the electric field was seen only
in the case of R=5kQ2, we chose R=5kfQ. This floating double probe signal
gives the potential difference between probe spacings. E.(r) was obtained by
moving the probe in r-direction.
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FiG. 2. Method of electric field measurement.

3. RESULTS

The electric field was measured when there were three types of obstacles,
namely, aluminum, insulator and gas cloud. The double probe was placed 4 cm
behind the center of the obstacle.

Fig. 3(a) shows the double probe and the magnetic probe signal when there
is no obstacle. This magnetic probe signal is induced by the diamagnetic cur-
rent in the plasma. Fig. 3(b) shows the double probe and the magnetic probe
signals when there is an insulator sphere. This magnetic probe signal has the
opposite sense to the diamagnetic signal of Fig. 3(a), and appears simultaneously
with the double probe signal. This double probe signal shows the arrival of
main part of the plasma and appears about 40 usec after the firing of the plasma
gun. Fig. 4(a) shows the electric field and the magnetic field signal when there
is no obstacle, and shows that the electric field is almost zero. Fig. 4(b) shows
the electric field and the magnetic field signals when there is an obstacle, and
shows that the electric field signal appears earlier than the magnetic field signal,
that is to say, before the main part of the plasma stream comes to the inter-
action region, and that the electric field disappears when the main part of the
plasma enters the interaction region.

Fi1G. 3. Double probe (upper trace) and magnetic probe (lower trace) signal.
(a): without obstacle (b): with obstacle, Sweep: 10 ps/div.
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FiG. 4. FElectric field (upper trace) and magnetic field (lower trace) signal. (a): without
obstacle (b): with obstacle. Sweep: 10 us/div. Vertical: upper trace 100V/m/div.
lower trace 7 gauss/div.

FiG. 5. Typical electric field signals. (a) Obstacle is Aluminum and probe position
is +3cm, (b) Obstacle is Aluminum and probe position is —3cm. (C)
Obstacle is an insultaor and probe position is +2cm. (d) Obstacle is an
air cloud and probe position is +1cm. Sweep: 10 ps/div.

Figs. 5(a), 5(b), 5(c) and 5(d) show the typical electric field signals when
there is an obstacle.  E,(r) is shown in Fig. 6 showing that there is no difference
concerning the electric field behind the obstacle whether it is a conductor or an
insulator. When the obstacle is a gas cloud, simulating the atmosphere of the
planet like Venus, the electric field is almost zero.

4. DISCUSSIONS

Experimental evidence shown in the previous section is explained as follows.
Assuming T;=T,, the gyro-radius of ions and electrons are r,;=4cm and r;,,=0.9
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mm, respectively, under the B,, of 95 gauss. Therefore, electrons cannot enter the
downstream region of the obstacle, but ions can enter this region since r,; is
large compared to the radius of the obstacle. Then, the positive jon rich region
appears at the shadow region of the obstacle and the electric field is generated
by this charge separation.

This charge separation is diminished by the transverse diffusion of electrons.
Diffusion across the magnetic field in a infinite plasma such as space plasma is ambi-
polar and the effective diffusion coefficient is given by D l”‘“"“";% _?;ﬁm_, but

WeeTei
when the plasma is bounded by a conductor as in this experiment, electrons move
along the magnetic field and short circuit the space-charge field there, and the
effective diffusion coefficient across the magnetic field is that of ions, namely,
Dt~ L Yim  (simon [o7).

3 mﬁirei
The characteristic time  for electrons to diffuse into the gun axis is given by r=
r
D, finito
be generated is that ¢ is larger that ¢,; where 7. 18 ion cyclotron period.

Substituting the numerical values of the main part of the plasma stream in this
experiment, r becomes about 4 X 1072 ysec, while z,; is 1 psec.  This shows that
the charge separation field behind the obstacle is almost zero by the transverse
diffusion of electrons.

The gun-produced plasma stream contains the faster component which has a
much lower density and a higher temperature than the main part of the plasma
stream. The plasma parameters of this faster component are not measured, but
assuming n,~ 10" /cm?, and T;~16 eV, ¢ becomes about 4.8 psec, satisfying the
condition for the electric field to be generated. This electric field is seen in Fig.
4(b). When the obstacle is a gas cloud, the faster component of the plasma stream
ionizes this gas cloud and the plasma density in the interaction region increases,
resulting in the increase of D, ™™* and short circuiting of the electric field.

In the actual solar wind at the moon, the characteristic time for diffusion is

where 7, is the radius of the obstacle. Criterion for the electric field to

2
defined by rm:ﬁ:mm in which r,, is taken for the characteristic length instead
L

of the lunar radius r,, since re: is much smaller than r, and the region where the
charge separation should occur is restricted within rgi- This z,, is much larger than
7es» SO the charge separation electric field would be generated in the boundary
region. Though the solar wind is always supplied with the flow velocity ¥ in this
case, the electric field would exist downstream the moon, since the diffusion velocity

D infinite .
Vi=-"% ___ is much smaller than V.
r

gt

Ness et al. (1968) discussed the perturbation of the magnetic field near the moon,
and neglected the effect of the induced electric fields on the magnetic field, but they
did not measured and did not discussed the electric field itself.
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FiG. 6. Spatial distribution of electric field: E,(r).

In this experiment r,;~ 2r,, and in practice, the planet that satisfies this condition
would be a small planet. For the moon, r;;~ 80 km, and this is much smaller than
the lunar radius r,~ 1738 km.

To simulate the situation on the moon, the external magnetic filed is increased
to 1600 gauss (r,;~2.5 mm, 7, ~0.06 mm), and a double probe, with a spacing of
2 mm, is used. The electric field generated in this case is shown in Fig. 7. As
seen from Fig. 7, the maximum electric field behind the obstacle was as high
as 25kV/m. Then we can estimate the electric field behind the moon in the
downstream of the solar wind from the similarity law.

As the electric field is generated by charge separation in these cases, the simu-
larity law might be based on Poisson’s equation, divE=ne/¢,.

The scaling is as follows: E is scaled as E,.,—K K, E,. Where the character-
istic length and density are scaled as Loy — K Lgpeo and 10— K Fgpgces and K, ~ 1078,
and K, ~5x 10%, assuming rgy,.,~2/cm’® and 7,45~ 10"/cm?®, as the magnetic field
is 1600 gauss, and Eg,,.,=5X 107V /m is obtained.
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Fic. 7. Spatial pistribution of electric field when the applied
magnetic field is 1600 gauss.

In the actual solar wind interaction with the moon, the solar wind contains
magnetic field whose direction is not always parallel to that of the plasma flow, so
Eqpeco~ 1072V /m obtained from the laboratory expetiment under an assumption of
the parallelism between the magnetic field and the plasma flow, would not give the
electric field in space directly, but gives an upper limit of the electric field generated
in space.

For a planet like Venus which is surrounded by a gas cloud, the generated
electric field would be short circuited, and no electric field would be observed.

The magnetic field signal is explained as follows: The equation of motion
for ions and electrons are given by

—

m;n ifid[;} =enE—VP,+en,V,xXB,, for ions (1)
and
dv, i 7Y
men, = —en,E—VP,—en,V,xB,, for electrons (2)

Assuming a stationary state, and a zero electric field when the main part of the
plasma stream comes, V;, and V,, are given by

V'i& =_"Y"" and Ve& = M.
en;B,, en,B,,
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Tons and electrons drift in opposite directions because of the pressure gradient,
and the drift current density is given by

2(6P/or) _ 2kT(dn/dr)
BzO BZO

jo=en(Vyy—Ve)= (3)

Here, n;=n,=n and P;=nkT,=P,=nkT,=P are assumed.

The plasma density gradient was measured with and without an obstacle. When
there is no obstacle, 9n/or=0, and when there is an obstacle on/or>0 as shown
in Fig. 8.

Plasma Density

(Arbitrary Scale)

— 1 0 1 2 CM

Fic. 8. Spatial distribution of plasma density behind
the obstacle.

Therefore, behind the obstacle drift current flows and gives rise to the magnetic
field opposite to the diamagnetic signal. No drift current signal appears when
there is no obstacle.

Such a magnetic field signal was also measured by Kristoferson, and in the
actual solar wind detected by the Explorer 35.

In space, the particle shadowing effects of the moon were observed and the
magnetotail electric field was estimated by the data when the moon was in the
magnetotail, but the electric field due to the particle shadowing effect itself has
not been detected in space, but such a field is likely to exist.

Fig. 9 shows the change in electric field behind the obstacle when the external
magnetic field was varied, and shows the electric field oscillation. This would
probably be due to the drift instability.

From this it is inferred that the charge separation electric field would be
established in the magnetotail of the earth (as r,;>r,) and its oscillation
would cause a faster diffusion of the charged particles. Further investigation
of this oscillation is now underway by the use of continuous flow of Cs plasma.
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FiG. 9. Electric field and its oscillation when the magnetic field is varied.
(a) B,y=48 gauss (b) B,=95 gauss (¢) B,,=143 gauss (d) B,;=
190 gauss Sweep; 10 ps/div.

5. CONCLUSIONS

There would be an electric field due to particle shadowing effect behind tihe
planets like the moon, and small planets by their interaction with the solar wind.
According to the similarity law, the electric field behind the moon is estimated
to be in the order of 102 V/m.

Behind the planets like Venus no electric field would be observed because
the surrounding gas cloud short circuits the electric field. This is suggested
by the experiment for interaction of the plasma stream with the gas cloud.

The magnetic field measured in this experiment as well as by Kristoferson
seems to correspond to the actually observed field by Explorer 35, and the
generating mechanism of the magnetic field can be explained by the pressure
gradient drift.
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