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Abstract: To propel a spacecraft in the direction leaving the Sun, a magnetic sail
(MagSail) produces a large-scale magnetic cavity to block the hypersonic solar wind plasma
flow. MagSail with plasma jet concept, which is usually called mini-magnetospheric plasma
propulsion (M2P2) or magnetoplasma sail (MPS), utilizes a high-density plasma source to
efficiently increase the size of the magnetic cavity. In order to conduct a scale-model
experiment of the plasma flow of MPS spacecraft, a miniature MPS spacecraft, consisting of
plasma sources and a solenoidal coil, was immersed into a simulated solar wind plasma flow.
Using this setup, a magnetic cavity, which is similar to that of the geomagnetic field, was
observed. Also, it is found that the magnetic cavity size is enlarged when the typical plasma
parameters were selected as rLi/L<1 and in<1, where rLi is the ion Larmor radius, L is the
magnetic cavity size, and in is the kinetic beta. Although this result shows the validity of the
enlarged magnetic cavity concept, thrust increment of the MPS spacecraft is not confirmed.
Hence, the momentum transferring process to the miniature MPS spacecraft is not revealed
yet; this is going to be evaluated by direct thrust evaluation in preparation.
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standoff distance of magnetic cavity, m
standoff distance of magnetic cavity with magnetic inflation, m
ion Mach number
mass of proton (1.67 x 10-27 kg)
number density, m-3
distance
ion Larmor radius, m
magnetic Reynold’s number
velocity, m/s
ratio between dynamic pressure of plasma and magnetic pressure
skin depth, m

Subscripts
i
in
sw

T

= ion
= injection
= solar wind

I.

Introduction

o realize a fast trip to the outer planets of the solar system or even beyond the heliosphere, Winglee, et al. 1
proposed the mini-magnetospheric plasma propulsion (M2P2) concept in 2000. This concept is a revision of the
well-known but never-realized system, magnetic sail 2, which generates propulsive force by the interaction between
the solar wind and an artificially generated magnetic field. We call the original magnetic sail proposed by Zubrin as
‘pure magnetic sail’. In contrast to the pure magnetic sail, which requires an unrealistically large coil (32-km-radius
for 20-N-thrust), M2P2 is expected to produce a large-scale (10-100 km in diameter) magnetic cavity when a
moderately-sized coil (~10 m diameter) is operated with a high-density plasma source. With an assistance of the
plasma jet, it is possible for an M2P2 spacecraft to inflate the initial magnetic field produced by the coil to a position
where the dynamic pressure of the solar wind balances the magnetic pressure. If the momentum change of the solar
wind were transferred to the M2P2 spacecraft, then, the spacecraft could obtain the propulsive force by the
interaction between the enlarged magnetosphere and the solar wind. However, this momentum transfer process is
considered skeptical by many researchers.
Two physical issues were addressed for the momentum transfer process of the M2P2 sail. The first issue is
related to the momentum transfer process of the M2P2 sail in the MHD limit.3 Within the framework of the ideal
MHD approximation, if the M2P2 spacecraft is surrounded by a radial super Alfvenic flow, it seems that no
information is transferred toward upstream (i.e., to the spacecraft); this means that the Lorentz force cannot be
transferred to the M2P2 spacecraft. If this is true, the MPS could not obtain any thrust even if the magnetic cavity
size were greatly enlarged by the plasma jet
from the spacecraft. Another physical issue is
associated with the ion kinetic effect.
Kazhanov performed simulations of the M2P2
using the MHD model in the near field and the
hybrid model in the far positions from the
dipole center, respectively. 4 According to his
study, the solar wind ions are not trapped by the
magnetosphere produced by the coil because
the ion Larmor radius is significantly larger
than the representative size of the
magnetosphere, L. Therefore, the thrust
obtained by the M2P2 system might be
negligibly small. He concluded that a
considerably larger plasma sail that was
proposed by Winglee (such as L>100 km)
would be required.
Figure 1. Concept of Magnetic Sail and Mganetoplasma Sail.
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The most important objective of our study is to answer the above two physical issues relating to an MPS
spacecraft. In addition to numerical simulations5,6,3 and a system study,7 we have so far been focusing our attention
on the scale-model experiment of pure magnetic sail. 8, 9 As an straightforward extension of our pure MagSail
experiment, we are now working on the scale model experiment of a full MPS system. 10 Our special effort in
experiment is directed to satisfy the similarity law associated with the plasma flow of magnetic sails; this approach
is necessary to step up the first M2P2 experiment by Winglee11 to quantitative demonstration the MagSail with
plasma jet. In this paper, some initial (but limited) experimental results are reported on the scale-model experiment
of MagSail with plasma jet.

II.

Experimental Setup

A. MPS Simulator
Our MPS ground simulating experiment,
shown in Fig.2, consists of a high-power
magnetoplasmadynamic (MPD) solar wind
simulator (MPD_SWS) and a miniature MPS
spacecraft. The miniature MPS spacecraft has
a solenoidal coil and MPD arcjets (MPD_Inf)
for plasma jet injection. All of these devices
(the MPD_SWS, the MPD_Inf, and the coil)
are operated in a quasi-steady mode of about
1 ms duration. Hence, a pulse forming
network is arranged for the MPD arcjets in
spite of employing a plasma gun. Although
the plasma gun was frequently used to
experimentally simulate geomagnetospheric
physics, 12 ,13 it is not suitable for our study
because it is usually operated in a short pulse Figure 2. Correlation Between MPS in Space and in Laboratory.

Figure 3. Schematics of Magnetoplasma Sail Simulator.
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discharge (~10 s) without any steady period. In our preliminary experiment (Fig.3), the miniature MPS spacecraft
with a coil of 50-75 mm in diameter was located in a downstream position of the MPD arcjet (SWS) to produce up
to 1.7 T of magnetic field at the center of the coil. Into this magnetic field, a plasma jet from the MPD_SWS was
introduced.
B. Design of Scale-model Experiment
For the scale model experiment of MagSail with plasma jet, we have to find non-dimensional scaling parameters
that characterize the plasma flow around an MPS spacecraft. Some conditions on the scaling parameters that are
satisfied in space must be satisfied in the laboratory experiment as well. Important scaling parameters and conditions
are summarized in Table.1.
In Table.1, the scaling parameters and conditions for pure MagSail and MPS spacecraft are compared with that
of the geomagnetic field. So far, we did not consider the effect of the interplanetary magnetic field in spite it would
affect the geometry and the stability of the magnetic cavity. The most significant difference between the
geomagnetic field and the MagSails resides in the condition on rLi/L, which is the ratio between the ion Larmor
radius at the magnetopause and the size of the magnetic cavity; rLi/L indicates how strongly the ion particles couple
with the magnetic field. In the case of the geomagnetic field, the condition rLi/L <<1, corresponding strong plasmato-magnetic-field coupling, leads to the fluid-like behavior accompanied by the bow shock. The plasma-to-magnetic
field coupling in the case of MagSails is moderate because rLi/L~1, hence ion particle gyro-movement may make a
flow field that is different from the geomagnetic field.
To describe the physics of the magnetic inflation process, the most important parameter is rLi/L inf. In this
parameter, Linf is the frozen-in point where is unity, so the B-field inflation occurs. Strictly speaking, Linf is defined
as a distance from the coil center to a typical frozen-in point. Also, the B-field inflation process requires small ion
gyration radius because the B-field inflation is possible in the MHD approximation. Hence, two inequalities, rLi/L inf
Table 1. Scaling Parameters and Similarity Law of MagSail and MPS Spacecraft.
Parameters

Geomagnetic field

MagSail / MPS

in space

in laboratory

in space

in laboratory

400 km/s

500 km/s

400 km/s

< 60 km/s

10 eV

5-20 eV

10 eV

1 eV

-

10 s

-

0.8 ms

8x10 15 Tm3

4x10-5 Tm3

10~ 100 Tm3

~10-5 Tm3

< 0.1 m

10-70 km

~ 0.1 m

40 nT

-

40 nT

0.8 mT

-

> 10 s

-

0.9 ms

Velocity of injection plasma

-

-

T.B.D.

~ 20 km/s

Electron /ion temperature of injection plasma

-

-

T.B.D.

1 eV

Mass flow rate

-

-

T.B.D.

0.05 g/s

Plasma duration

-

-

-

1 ms

Mach number

~8

>1

~8

>1

Ratio of ion larmor radius to L (rLi/L)

<< 1

<1

~1

~1

Ratio of skin depth to L ( /L)
Magnetic Reynolds’ number (Rm)

<< 1

<< 1

<1

<1

~1012

~103

~108

~ 20

Ratio of frozen-in point distance to L (L inf /L)

-

-

<1

<1

Ratio of rLi to Linf (rLi /Linf )

-

-

<1

<1

Solar wind parameters
Velocity
Electron /ion temperature
Plasma duration

Coil parameters
Magnetic moment

19

Size of magnetic cavity, L

10 km

B at magnetopause
Duration of coil exciting current

Plasma parameters for inflation

Non-dimensional parameters
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<1 and Linf <L, are included in Table.1.
From Table.1, it is understood that the conditions for the scale model experiment are fairly satisfied except for
Rm, magnetic Reynolds’ number. Rm in our experiment is much smaller than in space because 1) the size of the
magnetic cavity must be smaller than the size of the space chamber as L~0.1 m, and 2) small electric conductivity
due to the low electron temperature and the electron-neutral particle collisions in the laboratory.
C. Design of MPD Arcjets and Coil
The magnetoplasmadynamic (MPD) arcjet was selected for the solar wind simulator. The MPD arcjet in Fig.4, a)
MPD_SWS, consists of eight anode rods, a short cathode rod, an annular floating body and insulators. Eight anode
rods are made of Molybdenum, 8 mm in diameter and 70 mm in length. A short rod shape cathode is made of
thoriated tungsten, 20 mm in diameter and 16 mm in length. These electrodes are able to operate from a low current
discharge range to erosive high current discharge range. The discharge chamber of the MPD arcjet is 88 mm in outer
diameter, 50 mm in inner diameter and 100 mm in length. The discharge chamber is attached on the space chamber
inner wall. This MPD_SWS is also used for the single MPD test of magnetic field inflation experiment to provide
high-density and high-velocity plasma.
A fast-acting valve (FAV) allowed us to feed gaseous propellants featuring a rectangular waveform signal of
about 10-ms-duration. The FAV opens and closes valves, and the gas in the reservoir flows through choked orifices
of 1.2 mm in diameter. The mass flow rate of hydrogen gas was controlled by adjusting the reservoir pressures,
obtaining a gas pulse of about 8 ms duration in the MPD arcjet. After the gas pulse reaches its quasi-steady state, the
ignitron of a pulse-forming network (PFN) is triggered.
For the miniature MPS spacecraft, MPD arcjets are located in the solenoidal coils as shown in Figs. 4 b) and c).
For the full-MPS experiment, 20-mm-diameter small MPD arcjets are used for injecting plasma form inside the
magnetic field to inflate the magnetic cavity. These two types of arcjets (MPD_SWS and MPD_Inf) can provide
different scaling conditions, so that it is useful to arrange various situations of magnetic field inflation.

a)
b)
c)
Figure 4. Various MPD arcjets; a) MPD_SWS with 115mm Coil, b) Single MPD_Inf with 50mm Coil
(Miniature MPS Spacecraft), c) Two MPD_Infs with 75mm Coil (Miniature MPS Spacecraft).
Table 2. Specifications of PFNs and MPD arcjets.
Number of anode/cathode
Material of anode/cathode
Inner diameter, mm
Gas
Mass flow ratio, g/s
Plasma velocity, km/s
Plasma density, m -3
Electron temperature, eV
Max charge voltage, kV
Max discharge current, kA
Pulse duration, ms

MPD_SWS
8/1
Mo/Th-W
50
H2
0.4
20-60 (600 mm)
1017-1018 (600 mm)
1.0 (600 mm)
4.0
14
0.8

MPD_Inf
1/1
Cu/Th-W
14
H2/Ar
0.05
3 (25 mm)
1021 (25 mm)
1.0 (25 mm)
3.0
20
1.0
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Various coils were prepared for MPD_SWS and MPD_Inf; they are depicted in Fig.4. The 115mm coil in Fig.4
a), that creates a maximum magnetic flux density of 0.69 T at the center is arranged for the preliminary experiment
of magnetic field inflation and is used with the MPD_SWS. Only the stand-alone experiment on the magnetic field
inflation is possible by the configuration in Fig.4 a). The
mm coil in Fig.4 b) was used with an MPD_Inf that
injects plasma in a polar direction. The 75mm coil in Fig.4 c) is used with two MPD_Infs to inject the plasma in
two polar directions. Specification of the solenoidal coils for MPS experiment is summarized in Table 3.
Table 3. Specifications of Solenoidal Coils for MPS Experiment.
115 Coil for
MPD_SWS

50 Coil for
Single MPD_Inf

75 Coil for
Dual MPD_Inf

115/123
30
2
30
2.3
69

50/58
20
2
20
2.3
46

75/83
60
2
60
2.3
138

Max magnetic field intensity at the center of coil, T

0.69

0.98

1.71

Max magnetic field intensity at the surface of coil, T

0.64

0.86

1.18

8.8x10-4

1.0x10-4

7.5x10-4

Inner/Outer diameter, mm
Height, mm
Wire diameter, mm
Number of turns
Max current, kA
Max ampere turns, kAT

Magnetic moment, Tm3

III.

Experimental Results and Discussion

A. Preliminary Experiment of MPS: Magnetic Field Inflation (Single MPD test)
For the configuration in Fig.4a), the degree of interaction between the plasma and the magnetic field was
evaluated for different plasma parameters and the magnetic field strength. Fig.5 shows photos of plasma plume for
various coil currents (magnetic field strength). The case with strong magnetic field causes localized plasma that may
be trapped in the magnetic field. We are evaluating the disturbed B-field around the coil as well as the profile of the
trapped and released plasma from the magnetic filed. Examples of the dipole magnetic field and inflated magnetic
field are plotted in Fig.6.

a) Coil current: 0 kA
b) 0.8 kA
c) 1.5 kA
d) 2.3 kA
Figure 5. Plasma Flow Pattern for Various Coil Currents (MPD_SWS arcjet is operated for H 2, 0.4g/s,
and 9 kA).
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Figure 6. Distribution of Inflated and Original Magnetic Field.
(The magnetic flux density in z-direction is plotted for H2, 0.4 g/s, and 9 kA)
B. Full MPS Operation (Single MPD Injection)
Full MPS operation was firstly conducted with a miniature MPD arcjet (MPD_Inf) and the
mm coil.
Snapshots of MPS experiment in Fig.7 show close-up views around the MPS scale model. Photo Fig.7 a) shows the
interference between the solar wind plasma flow introduced form the left and the pure MagSail (scale-model) which
generates 0.86 T of B-field at the coil surface. Then, in Fig.7 b), plasma jet is injected toward upward direction from
the miniature MPD arcjet that is installed inside the coil. An expansion of magnetic field is visually observed in the
north hemisphere. In contrast, the size of the south hemisphere doesn’t change. These results indicate the
effectiveness of magnetic field inflation when the plasma is injected from inside the solenoidal coil.

a) Coil: Bs=0.86 T
MPD_Inf: 0 kA

b) Coil: Bs=0.86 T
MPD_Inf: 4.4 kA, H2, 0.04 g/s
u in=3 km/s, nin= 10 21 m-3
Figure 7. Snapshots of Plasma Flow Around MPS with Single-plasma-injection.
(SWS: u sw=45 km/s, nsw=1.8x10 19 m-3, H2, 0.4 g/s)

C. Full MPS Operation (Dual MPD Injection)
Full MPS operation with dual plasma injection was conducted using the SWS MPD arcjet, two miniature MPD
arcjets and 75mm coil. Close-up views around the MPS spacecraft scale model taken by a shatter camera are
shown in Fig.8. Photo in Fig.8a-1) shows the interference between the solar wind plasma flow from the left and the
magnetic field of pure MagSail which generates 0.06 T of B-field at the coil surface. It is obvious that the incoming
solar wind plasma flow is blocked by the magnetic cavity. In photos Figs.8a-2) and a-3), under full-MPS operation,
two miniature MPD arcjets, which were installed inside the coil generating 0.06 T of B-field, injected plasma jets in
the polar directions. Discharge current is changed from 1.2 kA (Fig.8a-2)) to 3.5 kA (Fig.8a-3)). Comparing these
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three photos, it is observed that the magnetosphere is inflated from an arched shape in Fig.8a-2) to a flat shape in
Fig.8a-3) by the plasma injections from inside the solenoidal coil. The distances from the coil center to the
magnetospheric boundary are 119.3 mm in Fig.8a-1), 129.7 mm in Fig.8a-2), and 145.3 mm in Fig.8 a-3); these
distances are estimated from each photo. Therefore, from this evaluation, the magnetic field expansion observed is
15.6 mm in Fig.8a-2) and 26 mm in Fig.8a-3).
When the magnetic field strength at the coil center was increased to 1.18 T, the distance between the
magnetospheric boundary and the coil center is enlarged to 244.1 mm for the pure MagSail case (Fig.8b-1)).
Although the boundary shape slightly changed to 253.9 mm in Fig.8b-2), the size of the magnetic cavity is not
changed even if we further intensify the plasma injection as in Fig.8b-3). These full MPS operating experiments
indicate that strong magnetic field creates large magnetic cavity in the case of the pure MagSail, on the other hand,
the magnetic field inflation does not occur for a small value at the injection point.

a-1) Coil: Bs=0.06 T
MPD_Inf: 0 kA

a-2) Coil: B s=0.06 T
MPD_Inf: 1.2 kA

a-3) Coil: Bs=0.06 T
MPD_Inf: 3.5 kA

b-1) Coil: Bs=1.18 T
b-2) Coil: Bs=1.18 T
b-3) Coil: Bs=1.18 T
MPD_Inf: 0 kA
MPD_Inf: 1.2 kA
MPD_Inf: 3.5 kA
Figure 8. Plasma Flow Around Dual-MPD-Injected MPS (SWS: u sw=45 km/s, nsw=1.8x10 19 m-3, H2, 0.4 g/s,
MPD_Inf: H 2, 0.04 g/s)
Table 4. Size and Increasing Ratio of Magnetic Cavity to Original Dipole.
0.06 T

MPD_Inf discharge current

Magnetic field strength at coil surface, Bs
0.39 T
1.18 T

0 kA

119.3 mm ( - %)

185.5 mm ( - %)

244.1 mm ( - %)

1.2 kA

129.7 mm ( 8.4%)

200.2 mm ( 7.9%)

253.9 mm (4.0%)

2.3 kA

134.9 mm (13.1%)

205.1 mm (10.6%)

253.9 mm (4.0%)

3.5 kA

145.3 mm (21.8%)

209.9 mm (13.2%)

253.9 mm (4.0%)
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D. Scaling Considerations
In Fig.9, the results of the full MPS operation
(Dual MPD injection cases) experiment are evaluated
using non-dimensional parameters rLi/Linf and in.

rLi

in

mi u in
eBS

a)-3

(1)

2

1
2
mi nu in
2
2
BS
2 0

(2)

b)-3

a)-2

b)-2
The plasma injection velocity uin was not surveyed
yet on our MPD_Inf arcjet experimentally; in place,
the thrust formula for the self-field MPD arcjets is
used to estimate the velocity (1.2 kA: u in=1.5 km/s, 3.5
km/s: uin=13 km/s). At the inflated point where the Figure 9. Non-dimensional Scaling Parameters Used in
dynamic pressure of injection plasma balances the
Full MPS Experiment.
magnetic pressure, in value becomes unity and high
in values seem preferable to the B-field inflation.
However, to satisfy the similarity law in Table 1., rLi/Linf must be less than unity. In full MPS operation (Dual MPD
injection experiment), the magnetic cavity expansion was observed in Fig.8 a-3). The in value in this condition is
3.9x10-2, which is plotted in Fig.9. On the other hand, at the lowest in condition (Bs: 1.18 T, MPD_Inf: 3.5 kA) in
Fig.8 b-3), in which no B-field inflation was observed, the in value was estimated as 1.4x10 -6. The expansion of the
magnetic cavity size is likely to be increased by increasing the in value. In this study, it is expected that our scalemodel experiment of MPS satisfies the similarity laws, in <1 and rLi/L inf<1 and the in value has to be more than 10 -4
to inflate the magnetic field.

IV.

Summary and Future Plan

An experimental simulator of a plasma flow around magnetoplasma sail (MPS) was designed and fabricated. A
high-density plasma jet above 10 18 m-3 is produced by a hydrogen magnetoplasmadynamic arcjet (MPD_SWS),
from which a high-speed plasma jet 20-60 km/s is ejected. In our preliminary study, when a miniature MPS
spacecraft (consisting of a 115-mm-diameter solenoidal coil with up to 0.7 T magnetic field strength at the center of
the coil) was immersed into the plasma plume from MPS_SWS, it was observed that a magnetic cavity was inflated
by the operation of MPD arcjets which was located inside the solenoidal coil. Using the shutter camera, it was
observed that the magnetic cavity size is enlarged when the typical plasma parameters for MPD_Inf were selected as
rLi/L~1 and in <1, where rLi is the ion Larmor radius, L is the magnetic cavity size, and in is the kinetic beta.
Our scale-model experiment of MPS is still at preliminary states. In the next step, we are going to investigate: 1)
the similarity law of MPS spacecraft by parametric survey of the plasma and magnetic field conditions, 2)
optimization of the magnetic field inflation process, and 3) thrust characteristics of a miniature MPS spacecraft for a
variety of the plasma and the field parameters.

Acknowledgments
We would like to express our acknowledgments to the members of the MPS research group (in particular, Mr.
Hiroyuki Nishida, Dr. Hirotaka Otsu, Dr. Iku Shinohara, Dr. Hiroyuki Ogawa, Dr. Kazuhisa Fujita, and Dr.
Hideyuki Usui) for their valuable advices. We would also like to thank Mr. Kazuichi Sudo and Dr. Yukio Shimizu
for their help in operating the experimental facility. This research is supported by the Grant-in-Aid for Scientific
Research (B) (No.18360411) of the Japan Society for Promotion of Science, by the space plasma laboratory and the
engineering committee of the institute of space and astronautical science in Japan Aerospace Exploration Agency
(JAXA).
9
The 30 th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

References
1
Winglee, R.M., Slough, J., Ziemba, T., and Goodson, A., “Mini-Magnetospheric Plasma Propulsion: Tapping the Energy of
the Solar Wind for Spacecraft Propulsion,” Journal of Geophysical Research, Vol.105, No.21, 2000, pp.21,067-21,078.
2
Zubrin, R.M., and Andrews, D.G. : Magnetic Sails and Interplanetary Travel, Journal of Spacecraft and Rockets, Vol.28,
pp.197-203, 1991.
3
Nishida, H., Funaki, I., Ogawa, H., Inatani, Y., “MHD Analysis on Propulsive Characteristics of Magneto Plasma Sail,”
30th International Electric Propulsion Conference, IEPC-2007-195, Florence, 2007.
4
Khazanov, G., Delamere, P., Kabin, K., Linde, T. J., “Fundamentals of the Plasma Sail Concept: Magnetohydrodynamic
and Kinetic Studies,” Journal of Propulsion and Power, Vol.21, No.5, 2005, pp.853-861.
5
Fujita, K., “Particle Simulation of Moderately-Sized Magnetic Sails,” The Journal of Space Technology and Science,
Vol.20, No.2, 2004, pp.26-31.
6
Kajimura, Y., Noda, K., Nakashima, H., and Funaki, I., “Feasibility Study of Magneto Plasma Sail by Using Numerical
Simulation and Experiment,” 45th AIAA Aerospace Sciences Meeting and Exhibit, AIAA-2007-587, Reno, 2007.
7
Yamakawa, H., Funaki, I., Nakayama, Y., Fujita, K., Ogawa, H., Nonaka, S., Kuninaka, H., Sawai, S., Nishida, H., Asahi,
R., Otsu, H., and Nakashima, H., Magneto Plasma Sail: An Engineering Satellite Concept and its Application for Outer Planet
Missions, Acta Astronautica, Vol.59, 2006, pp.777-784.
8
Funaki, I., Kojima, H., Yamakawa, H., Nakayama, Y., and Shimizu, Y., “Laboratory Experiment of Plasma Flow around
Magnetic Sail,” Astrophysics and Space Science, Vol.307, No.1-3, 2007, pp.63-68.
9
Ueno, K., Kimura, T., Funaki, I., Horisawa, H., Yamakawa, H., “Laboratory Experiment of Magnetoplasma Sail, Part 1:
Pure Magnetic Sail,” 30th International Electric Propulsion Conference, IEPC-2007-61, Florence, 2007.
10
Funaki, I., Ueno, K., Kimura, T., Horisawa, H., and Yamakawa, H., “Experimental Simulation of Magnetic Sails,” 43rd
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, Cincinnati, AIAA-2007-5857, July 2007.
11
Winglee, R. M., Euripides, P., Ziemba, T., Slough, J., and Giersch, L., Simulation of Mini-Magnetospheric Plasma
Propulsion (M2P2) Interacting with an External Plasma Wind, AIAA-2003-5224, 39th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference & Exhibit, July 2003.
12
Bachynski M. P. and Osborne F. J. F., “Laboratory Geophysics and Astrophysics,” in Advances in Plasma Dynamics
(Anderson, T. P. and Springer R. W. Eds), Northwestern University Press, 1965.
13
Yur, G., Rahman, H. U., Birn, J., Wessel, F. J.and Minami, S., “Laboratory Facility for Magnetospheric Simulation,”
Journal of Geophysical Research, Vol.100, A12, 1995, pp. 23727-23736.

10
The 30 th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

