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mission. MagSail is accelerated by capturing the solar wind with a magnetic field
produced by a coil equipped on the spacecraft. In order to know thrust
performance of MagSail, laboratory experiment of MagSail is conducted and
magnetic field and thrust were measured. From these results, it is found that
asymmetrical shape of magnetopause was observed and thrust increasing for

enlargement of magnetic cavity size was confirmed.

Nomenclature

B = magnetic flux density, T

By = initial magnetic flux density of coil, T
Bcenter = magnetic flux density at the center of coil, T
Cq = thrust coefficient

c = light velocity (3.&10°m/s)

e = elementary charge (X80'°C)

F = thrust, N

L = standoff distance of magnetic cavity, m
Mg = magnetic moment, T

M = ion Mach number

m = mass of proton (1.67 102" kg)

n = number density, th

ri = ion Larmor radius, m

Rm = magnetic Reynold’s number

S = representative area of magnetic cavitg, m
u = velocity, m/s

o = skin depth, m

Lo = permeability in vacuum (1.260° H/m)
o = electric conductivity, I¥m

) = plasma frequency, Hz

Subscripts

i = ion

mp = magnetopause

S = solar wind
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I. Introduction

M agnetic sail (MagSail) is propulsion system propelled by capturing the solar wind toward
leaving the sun. The solar wind is high-speed flow of charged particles (ion/electron) jetted from
the sun. MagSail has a hoop coil and the coil produces a magnetic field around a spacecraft to receive the
solar wind. When the solar wind is interacted with the magnetic field, a magnetosphere is formed around
the spacecraft due to the interaction (Figure. 1). That scale of the interaction between the solar wind and
the magnetic field determines thrust of MagSail because momentum loss of the solar wind plasma by the
interaction is transmitted to the force exerting on the coil. MagSail does not use any propellant for main
thrust without attitude controls because main resource of thrust power is the sun energy. Zubrin, a
proposer of MagSail, estimated that 20-N-class MagSail needs making a 100-km-diameter blocking area
due to the low-density of the solar wind. Recently, new concepts of propulsion systems utilizing the solar
wind were proposed and have been studied. Mini-magnetospheric Plasma Propulsion (M2P2) or
Magnetoplasma Sail is use an expanded coil magnetic field by plasma injection from the coil inner for the
capturing the solar wind. These mechanisms of expansion are now discussing by researchers due to multi-
scale physics of the phenomena. In order to evaluate the performance of MPS, at first, we conduct

characterization of MagSail.

\AAAA/

Solar Wind

Figure. 1 Schematics of Pure Magnetic Sail.
1.  Thrust of MagSail and Scaling Parameters

A. Thrust Exerting on pure M agSail
The force on the current loop depends on the area that blocks the solar wind. By increasing this
blocking area, a larger thrust is obtained. Therefore, the force exerting on the coil of the Mag3ail,

be formulated as
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where 1/2ous,? the dynamic pressure of the solar wind, &é®d7t? the characteristic area of the

magnetosphere.

B. Definition of Magnetic Cavity Size, lon Larmor Radius, and Skin Depth

Because the density of the solar wind plasma flow around a Magsail is very small, the charged
particles are collision-less and their movement separates the plasma region outside the magnetic cavity
and the region inside the magnetic cavity. Simplified picture of this boundary is depicted in Figure. 1.
When a magnetic dipol®, is located at the center, there is a balance between the total internal
(magnetic) and the external (plasma) pressures at the boundary:

I’TﬂiUsw2 = —(ZBmp)z (2)

2o

where2B,,, the magnetic flux density at the boundary. The magnetic flux deBigitat a distancé from

the dipole center is expressed as,

Bmp =

am® ©)

hence the detachment distance of the boundary from the dipole tendgetterived as follows.

M 2 1/6
L @)
8777 Lo MMiUsw

This boundary is usually called a magnetopause, on which the charged patrticles, ions and electrons,
impinge. The external space is considered as magnetic field-free. In the idealized situation, it is found that

the thickness of the magnetopause is the order of the plasma skird@espth
o= C/a)p (5)

wherec is the light velocity, andv, the plasma frequency. The thickness of the magnetopause, however,

is considered larger thaf; it is about the ion gyration radius at the magnetofause

MiUsw
€2Bmp (6)

i =
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Because of their heavier mass, the ions tend to penetrate more deeply into the magnetic field than
electrons. This sets up a charge separation, thus the outward pointing polarization field restrains the ions.
Before the ions can be deflected by the magnetic field, they are returned by this polarization field The
electrons, however, experience the Lorentz force and gain energy in the polarization field. The transverse
velocity component of the electrons accounts essentially for the electric current in the interface, which in
case of the magnetopause is usually referred to as Chapman-Ferraro current. From Eqs.(59 add (6),
km andr; =72 km for the solar wind flow in Table. 1.

Table. 1 Scaling Parameters of M agSail.

L Laboratory
MagSail in space .
Design target

Size of magnetic cavity (stand-off distance), L ~200 km ~01m
Thrust of MagSail, F, N < 200 ~1
Ratio of ion Larmor radiustoL, r;;/L 0.1-1 0.1-1
Ratio of thickness of magnetopausetoL, J/L <0.01 <03
M agnetic Reynolds number, Rm > 108 315
M ach number 8 1-5

C. Non-dimensional Parameters

The solar wind is a super sonic plasma flow which consists of collisionless particles. These features
are described by the Mach numbér> 1 as well as the magnetic Reynolds numBen=o 14 Us,L >>1.
Incorporating typical plasma velocity and temperatures of the solar Win8, In addition to these two
scaling parameters, we defined/L, and dL, hence four non-dimensional parameters in total are
introduced. Among them, the parametd®sn r/L, and JL, are dominated by the size of the
magnetosphere, which was selectedl &s200 km in our preliminary study (see Table. 1). Corresponding
non-dimensional parameters are Orli/k < 1 (the ion gyration radius is comparable to or larger than
which is in contrast to the MHD scale requiringL<<1 in the scaling parameters of geophysigsand
0< 0.03 (the skin depth is much smaller thanlf the thickness of the magnetopause is small enough in
comparison td., almost all of the incident ions are reflected at the magnetospheric boundary, hence large
thrust on the coil of the MagSail is expected. Vice versa, if the thickness of the magnetopause is much
larger thanL, no interaction between the plasma flow and the magnetic field is anticipated. We treat a
transitional region from the MHD scale (thin magnetopause mode) to the ion kinetic scale (thick

magnetopause mode) in this experiment.

1.  Experimental Setup

To simulate the interaction between a solar wind and a magnetic field of MagSail in laboratory,
Magnetic Sail ground simulator which consisted of a solar wind simulator (SWS) and a magnetic sail

simulator (MSS), was developed @.5 nx5 m vacuum chamber shown in Figure. 2. Those simulators
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are adjusted to achieve a short steady state operation (~1 ms) and also measurement instructions are

synchronized with the ignition of the simulator.

Figure. 2 Experimental apparatus of Pure Magnetic Sail scale model experiment.

A. Solar Wind Simulator and MagSail Simulator

Hydrogen magnetoplasmadynamic (MPD) arcjet was selected as the SWS to produce high-speed and
high-density plasma simulating the solar wind. The MPD arcjet was constructed of a cathode and 8-
anodes located in azimuthally to achieve large diameter plasma plume. The discharge chamber of the
MPD arcjet is attached on the chamber inner wall.

A fast-acting valve (FAV) supplies hydrogen gas to gas exhausts located in the cathode root of the
MPD arcjet. The mass flow rate was controlled by reservoir pressures and a gas pulse of 8 ms duration
was achieved in the discharge chamber.

A pulse-forming network arranging to 0.8 ms-steady state drive supplies max 20-kA discharge current
to the discharge chamber. The PFN for the SWS (PFN1) is ignited by a trigger coordinated with the flat-
top of gas pulse from a controller. Hydrogen plasma, velocity of 42 km/s and density#3 @3 was
supplied at 600 mm from the MPD head by the ignition of the MPD arcjet. Typical plasma plume of the
SWS is shown in Figure. 4.

¢60 mm-coil of 20 turns-copper wires is used for simulating of a Magnetic Sail in laboratory, showed
in Figure. 5. The coil is immersed into the simulated solar wind at 600 mm from the SWS. The PFN for

the MSS (PFN2) supplies coil current below 2 kKA before firing of the SWS.
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Figure. 3 Hydrogen M agneto- Figure. 4 Typical operation of the solar wind
plasmadynamic arcjet of Solar simulator.
Wind Simulator.

Figure.5 ¢b0mm-copper-coil of Magnetic Sail.

B. Thrust Measurement

Thrust measurements are carried out by the parallelogram-pendulum method. The coil simulating
MagSail was mounted on a thrust stand suspended with four steel wires (Figure. 6). The impulse was
found from the maximum amplitude of its swing; after subtracting cold impulse bit, it was transformed
into thrust by dividing the quasi-steady duration. The displacement of the pendulum was measured with a
laser position sensor. For the calibration of the pendulum and position sensor combination, impulses of
known magnitude were applied to the target of the thruster. A simple pendulum consisting of a steel ball
and a string was used in an atmospheric pressure environment, and the impulses of the ball were
calculated from its mass and striking velocity evaluated from the energy conservation for the calibration
pendulum. Due to uncertainty of the estimated velocity, the impulse measurement was accurate to within
1%. Major errors in the thrust comes from electromagnetic noise while starting up the discharge of the

coil, however, they were less than 20% of the averaged value.
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Figure. 6 Setup of thrust measurement of Magnetic Sail.

C. Magnetic field measurement

A three-component magnetic probe consistgb? mm-wire coils (20 turns) twisted on 10-mm cubic
probe head, is mounted on a freely-movable stage in three axes by remote control. Output voltages of the
coils were integrated analogically during 0.6 ms duration from 0.5 ms with the RC integration circuit and
the integrated signals were stored in the digital oscilloscope after amplifying 100-fold. For the calibration
of the magnetic probe and the analogical integration circuit, a magnetic field of known flux density was
applied to the each coils of the probe. Total magnetic flux density was calculated from three-component
synthesis of measured magnetic flux densities with the magnetic probe. To obtain a distribution of
magnetic flux density, the probe was moved at different point for each SWS firing using the stage
controlled from outside of the chamber.

A structure of magnetic field of MagSail which interacted with the solar wind can be predicted from
the structure of geo-magnetosphere. When charge particles feel the coil magnetic field, the particles are
vended to opposite directions by Lorentz force and these different motions of the particles make a current
which divide the solar wind plasma region and magnetic field region, showed in Figure. 7 a). The current
is called magnetopause current and the region of current flow is called magnetopause. Figure. 7 b) shows
magnetic field distribution along this line when the magnetic field is interacted with the solar wind. The
magnetopause current produces the magnetic field and the induced magnetic field enhances the initial coil
magnetic field in the magnetic field region and reduces the initial coil magnetic field in the solar wind
region. For example, in the case of geo-magnetic field, the magnetic field is twice as large as the original
geo-magnetic field. In the result of the interaction between the solar wind and the magnetic field, the line
of interacted magnetic field intersects the line of coil magnetic field. In this study, magnetosphere size

is defied as the distance from coil center to this crossover point.
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a) Top view of magnetic field b) Magnetic flux density distribution
Figure. 7 Top view of behavior of charge particles invading the magnetic field and magnetic
field distribution at that time.

IV. Experimental Resultsand Discussion

Typical image of the interaction between the solar wind and the magnetic field is shown in Figure. 8.
The simulated solar wind plasma came from the left side of the image and a characteristic flow caused by
the interaction between the plasma flow and the coil magnetic field was found in the image of overview
and close-up. Figure. 9 shows the change of flow fields for changing of the coil current (0, 1, 2 kA). In
the case of 0 kA-coil current, uniform plasma flow in front of the coil and a light emission in surface of
the coil were observed. In comparison with Figure. 9 a) 0 kA and b) 1kA, it is found that the solar wind
flow was effectively blocked by the coil magnetic field. The interaction was obviously enlarged for more
increasing of the coil current showed in Figure. 9 c). In addition, the light emission region around the coil
was slightly changed by the changing of the coil current. In both b) and c) of Figure. 9, you can find the
emission along the magnetic field lines and the emission region in the case of weak magnetic field (b) of
Figure. 9) was larger than other cases. Difference of ion Larmor radius due to the difference of magnetic
field strength may cause this difference of the emission.

In order to know a size of magnetic cavity, magnetic filed for 2 kA-coil current were measured along the
lines shoed in Figure. 10 a) and b). Normalized magnetic field is showed in Figure. 11 to easily
understand a change of the magnetic field. Normalized magnetic field indicates change from the coil
magnetic field without the solar wind, describedB#B,. You can see the characteristic distribution in
Figure. 11 a) which is similar to theoretical distribution of the interaction showed in Figure. 7 b). Thus,
magnetic cavity sizé is found ad.=120 mm from Figure. 11 a). Here, theoretical size of the magnetic
cavity is L= 118 mm using theoretical expression of magnetic cavity described as Eq. (4)=4%
km/sp=1.2x13° m?3, 1=2 kA of ¢560 mm and 20 turns-coil. Compared with the measured cavity size, the t
heoretical size was agreement with the observed size in X-axis. From this agreement, it is found that the

changing of the flow field was caused by the changing of the magnetic field.
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a) b)
Figure. 8 CCD image of plasma flow around Magnetic Sail, a) Overview, b) Close-up.

a) 0 kA b) 1 kA C) 2 kA
Figure. 9 Change of flow field for 0, 1, 2 kA-coil current.

Drastically reduction of magnetic flux density at the region far form the coil center was observed in
Figure. 11 (c) and (d). Such a region of weak magnetic field is the plasma region. Hence, the region of
magnetic cavity is from Y=-110 to 180 mm in Figure. 11 (c) and from Z=-180 t0180 mm in Figure. 11 (d).
Although the symmetrical magnetic cavity was observed in Z-axis (Figure. 11 (d)), it is found that the
asymmetrical magnetic cavity was formed in Y-axis (Figure. 11 (c)). Influence of this kind of
asymmetrical magnetic fields on thrust should be investigated to realization of MagSails in the near future.
The results of thrust measurement for several theoretical magnetic cavity sizes from the coil currents
(0,0.3,0.7,1.0, 1.3, 1.7, 2.0 kA) are plotted in Figure. 12. It is obviously found that thrust is increased
when the magnetic cavity size is enlarged from 64 to 118 mm, but for the large cavity>4i@28 (mm),
the thrust values scatter around 1.2 N due to large electromagnetic noises at the highest coil current.
In Figure. 13, thrust coefficients obtained from the Fujita’s formula and the experimental results are

plotted. We can see that the measured thrust is similar to the theoretical predictions but large error exist.
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M agnetic Sail
(5 0mm-Coil)

a) Side-view (D) b) Top-view (A, B, C)
Figure. 10 Measurement position of magnetic flux density; (A): Y=0 mm, Z=0 mm, (B): X=0
mm, Z=0 mm, (C): X=50 mm, Z=0 mm, (D): X=50 mm, Y=0 mm.
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Figure. 11 Normalized magnetic flux density distributionsin the case of 2 kA-coil current.
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V. Conclusion

Laboratory experiment of Magnetic Sail was conducted to measure magnetic field around MagSail
and thrust of MagSail. The interaction between the simulating solar wind and the coil magnetic field of
MagSail was successfully demonstrated in laboratory and it was observed that the size of interaction was
changed for the increasing of the coil magnetic field strength, which was controlled by the coil current, in
the image of the flow field. The shape of the magnetopause of MagSail was asymmetrical shape. From

the result of thrust measurement of MagSail, it is found that thrust was increased for the enlargement of

the magnetic cavity size.
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