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Abstract: Magneotoplasma sail (MPS) is a deep space propulsion system, in which an
artificial magnetosphere captures the energy of the solar wind to propel a spacecraft. In
order to inflate the original magnetosphere, the magnetosphere inflation method by a
plasma injection from spacecraft is proposed. This paper describes experimental result of
the ring current type magnetosphere inflation. The ring current is equatorial current loop
encircling the spacecr aft (coil), and the direction of thering current is same direction as the
coil current. Thering current is generated by injecting low kinetic beta plasma magnetizing,
and the magnetic field strength is increased by the ring current. We employed a
magnetoplasmadynamic arcjet (MPD arcjet) as an inflation plasma source. We generate the
low kinetic beta plasma by blocking the plasma flow generated by MPD arcjet (10°m™, 1 eV,
and 0.1 g/s) using the defense wall. The solenoid coil (9280 mm and 120 turn) is employed as
a MPS spacecraft. The plasma current and the magnetic field are measured by the probe
diagnostics. It was proved that the ring current was generated by injecting plasma to a cail
magnetic field. The increasing rate of magnetic field is about 1.3 in this study. It was proved
that the magnetosphereisinflated by the ring current.

Nomenclature

Magnetic field, T
Thrust, N

Thrust coefficient
Current, A
Magnetospheric size, m
Magnetic moment, Tin
Alfven Mach number
Plasma pressure, Pa
Coil radius, m

Larmor radius, m

Beta

Density, kg/m
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. Introduction M agnetopause

or deep space exploration, a variety of spacecraft w/o plasmainjection
Fpropulsion systems were proposed and some of Magnetosphere I nflation

them are under study. One of the next-generation
interplanetary propulsion systems is Magnetoplasma
Sail (MPS) capturing the solar wind energy assg|ar \Wind
shown Fig.1 MPS blocks the solar wind plasma
flow by an artificially magnetic cavity and convert
the solar wind momentum into the momentum of the
spacecraft. The thrust of the MPS is given by,

F = Ca 2 Patiul7L?) (1)
where F is the thrust of the MPSC, is thrust ‘
coefficient, 1/2>smusw2 is the dynamic pressure of the
solar wind and. is the magnetospheric size. Thrust with plasmainjection
of the MPS is proportional to the square of the
magnetospheric size (Fig.1) as shown Equation 1.
The magnetospheric siteis proportional tdv*®, whereM=uonJr, is magnetic moment. Hence, the large curdent
a coil with large diameter. or many coil turns n are required for a high strlevel (for exampler.>1 km,
nJ~100000 ATurn to 1N class). The idea to expandithgnetosphere by the plasma injection was proposésad
of employing a huge coil by WingléeThis phenomenon is called the magnetospheretimilaln previous
researches, thrust measurement of MPS without plasijection was conductéd However, the sufficient
magnetosphere inflation was not achieved and thgnetasphere inflation raté (vith plasma injection L without
plasma injection) was only several peréefihe conventional magnetosphere inflation use@Z&n-in magnetic
field” to plasma flow, and it was inflated by thigsh kineticg plasm&. But this method has several problems, one is
that magnetopause current is negated by the plismaand the thrust of MPS becomes 0 by high Alfidach
number plasmaM>0.1). As other problems, the thrust increment by magsmtere inflation is not so larger than
the cases which converted plasma flow into thesthrlihis paper presents the experimental resultsewaf type
magnetosphere inflation, which we call the ringreat type magnetosphere inflation.

Ring current is equatorial current loop encirclthg spacecraft (coil) of same direction as the cwitent. It is
caused by the charged particles trapped in a miadiet. The component of the ring current is sihdi@llows

B B [)B
Jiing = Jm +‘JB+‘]CZ?X|:DPD+(P//_PD)( Bz) } 2)

Figure 1. M agnetoplasma sail.

wherel,, is the magnetization currerly is the gradB current,J. is the curvature curren®, is the perpendicular
pressure to the magnetic field aRg is the parallel pressure to the magnetic fieEquation 2 is neglected the
polarization current. If the plasma pressure israggnc (P,= P, ), Equation 2 remains only gr&icurrent. The ring
current is corresponded to the diamagnetic cutireideal magnetohydrodynamic. Outside of the ringent, the
magnetic field of the ring current cooperates weitid strengthens the coil magnetic dipole field.réfae, the ring
current enhances a distant magnetic field and aesutent inflation of the magnetosphere. In thisepathe
demonstration experiment of the magnetospheretiofidy the ring current is conducted. The objfdhis paper
is to prove the magnetosphere inflation by the dagent.

1. Experimental Methods

Experimental setup for this study, shown in Fig@sists of a vacuum chamber, a pulse forming ort\(PFN),
a gas supply system, the plasma source for the et@gwhere inflation, a coil simulated the MPS speafeand the
measuring system. We selected the Mini-MPD argget plasma source for the magnetosphere inflatiba.MPD
arcjet can generate the high density plasma. Thé-MPD arcjet consists of copper anode (24 mm antiter), a
thoriated tungeten cathode rod 11 mm in diameba&y fire surrounded by insulators body. A PFN fer Mini-
MPD arcjet supplies the discharge current up t&A%vith a 0.8 ms flat-topped waveform in quasi-stganode. A
high-speed solenoid valve allowed us to feed gaspompellants featuring a rectangular waveform. Higb-speed
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Figure 2. Schematics of magnetic sail experimental facility.
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solenoid valve opens and closes valve and the mydkel reservoir flows through choked orifices ofrBn in
diameter. The mass flow rate of hydrogen gas idrolbed by adjusting the reservoir pressures, olingi a gas
pulse of about 5 ms, and the flow rate is 0.1 gihis experiment. The 280-mm-diameter and 120-¢otanoid coil
is selected for the MPS spacecraft simulator. Tikicsupplied by the DC power supply, and the imasm current
is 200 A. The coil current is 0, 100, 200 A in tetady. The coil is directly cooled using the capiie. This coil is
suspended at the center of the vacuum chamber asivige. In order to generate the ring current,ltve kinetic 8
plasma is required. It is because Larmor radiustrbassmall enough in order to magnetize a chargeticfe.
However, the MPD arcjet is accelerated to the squc flow. We generate the low kineficplasma by blocking
the plasma flow generated by MPD arcjet using thiemte wall, as shown Fig.2. The distance betweerMini-
MPD arcjet and the defence wall is 50 mm. The nundleasity and the electron temperature at the rmist&0 mm
from the Mini-MPD arcjet are fm™ and 1 eV. The experimental parameter is showneThbl

Table.1 Experimental parameter.
(M easurement position is distance 50 mm from the Mini-M PD arcjet.)
Mini-MPD ar cjet

Discharge current 7 KA
Electron number density ~10°m?®
Electron temperature ~1eV
Thermal velocity ~15km/s
Coil
Diameter ¢ 280 mm
Turn number 120
Current 0, 100, 200 A
M agnetic moment M ~0.0013 Tm?
Nondimensional Parameter
Thermal g ~0.014
ro /L 0.03

The coil is constantly operated. The high-denpigsma is generated for about 1 ms and the ringeuis
generated. The magnetic field and the currenténplhisma are measured by the probe measuremenmdadrestic
probe measuring the magnetic field consists ofetfardal magnetic coils with 0.2 mm enamel wire osnaall
parallelepiped-shaped support (8x8x8 mm), andisHg-turns-coil as shown Fig3 (a). In this stuag, measure on
the coil equatorial plane and dominaBy is measured. The current probe consists in adalagolenoid that
encircles ferrite core as shown Fig.3 (b). We mesasa the coil equatorial plane adgis measured. Two kinds of
probes were installed in the opposite side of thema source, and measured=afl40 - 350 mm shown Fig.4.
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1. Experimental Results

The experimental results are shown in this sectiagure.5 shows the photograph of the typical eérpent. The
coil is located at right side of Fig.5 (a), and MED arcjet as the inflation plasma source is ledatt left side. The
plasma flow is blocked by the defense wall. Theegated plasma is magnetized, and the charge paisiclrifted.
Figure.5 (a) is the experiment without the magnféld and Fig.5 (b) is with magnetic field (colircent: 200A).
Although the opposite side of coil is not emittilight in the Fig.5 (a), the one in the Fig.5 (b)faéntly emitting
light. This means that the plasma come around biehia coil by the drift motion.

The J, distribution measured by the current probe is sh&ign6. The positive value is the same direction
current as the coil current. The plasma curremtésisured on conditions without the magnetic fisldlzown Fig.6
coil current 100A and 200A. Although the dispersi®targe, the same direction current as the aoilent is
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(a) Without Mgneticfield. (b) With Magneticfid (Cail current:200A).
Figure 5. Photograph of typical experiment.
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Figure6. J, distribution.
(Discharge current: 7 kA, 10"°m™, 1 eV at the distance 50 mm from the Mini-M PD arcjet.).

measured in far region (r>200 mm). This currerthésring current for the magnetosphere inflatios.tiis result, it
was proved that ring current was generated byfimgdén plasma to a coil magnetic field. Near tlod ¢J.=200 A:
r<200 mm,J.=100 A:r<160 mm),Jyis inverse direction as the coil current. If thagsha current is caused by the
pressure gradient, the reverse pointJptorresponds to the peak of the plasma pressurdbdisdn. In coil
neighborhood, the plasma is recombined by thesiofii of the coil surface. Therefore, it is cons@kthat plasma
density becomes low near the coil. The reversetpdithe plasma current direction of the 200 Ahsfted to the
outside than 100 A. Although the charge particlenagnetized only in the strong magnetic field domagar the
coil on condition of 100 A, the charge particle caagnetize in a more distant domain on conditio2Qff A. The
peak point of the pressure distribution is shiti@the outside than the condition of the 100 A.

The magnetic field distribution and the increasiate distribution of the magnetic field are showg.F. The
magnetic field with plasma injection is larger tthe magnetic field without the plasma injectione Wlppose that
the magnetic field has a falloff of the fornr"l/The magnetic field falloff without plasma injemni is m=2.86. In
contrast, the magnetic field falloff with plasmgeiction ism=2.56. The magnetic field is increased by the pasm
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Figure 7. Magnetic field distribution and increasing rate.
(Discharge current: 7 kA, 10°m™, 1 eV at the distance 50 mm from the Mini-M PD argjet.).

injection. The red line is shown the increasing r@, with plasma injection B, without plasma injection) of the
magnetic field. The maximum increasing rate is o¥ed. As this result, it was proved that the maignéeld
increased by the ring current. However, in this ezkpent, the magnetosphere rate is only about Thke
optimization of the ring current type magnetospheflation is a future subject.

IV. Concluson

In this study, the experiment of the ring curremet magnetosphere inflation was conducted. We gémdhne
low kinetic beta plasma by blocking the plasma flgenerated by MPD arcjet (fth3, 1 eV, and 0.1 g/s) by the
defense wall. The solenoid coihpd80 mm and 120 turn) is employed as a MPS spadediaé plasma current
distribution and the magnetic field distribution emeasured by the probe diagnosis, and the mairtseof this
study are follows:

1. It was proved that ring current was generated fgcting in plasma to a coil magnetic field.

2. The increasing rate of magnetic field strength mw 1.3 in this study. It was proved that the

magnetosphere is inflated by the ring current.
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