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In our proposed method of the completely electrodeless electric propulsion system, a high-density
(~ 103 cm™) helicon plasma is accelerated by the Lorentz force, i.e., the product of the azimuthal current jy
and the radial component of magnetic field B;. In order to promote the plasma acceleration scheme, we used
permanent magnets (PMs) designed to increase B, in comparison to the present electromagnets (EMs). As an
initial try of the plasma acceleration by our system, electron density 7. and ion velocity v; of generated plasma
using PMs’ magnetic field were measured, and we have obtained the maximum value of . = 2.5 x 10'> cm™ and
vi = 2.2 km/s. In addition, we have also introduced a combined, flexible operation of using PMs and EMs leading

to better plasma performance.
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1. Introduction

Electric propulsion system is expected to be a useful
method for long-term space missions, for example, Jupiter
or Saturn exploration because its specific impulse (exhaust
velocity divided by gravity) is larger than chemical one.
However, most of the systems have electrodes for plasma
generation and acceleration, thus causing a significant de-
crease of the lifetime due to the direct contact between the
plasma and electrodes. This problem can be resolved by
using completely electrodeless electric propulsion system
which we propose as a Helicon Electrodeless Advanced
Thruster: HEAT project [1]. This system in our team con-
sists of two electromagnetic acceleration methods: accel-
eration by Rotating Magnetic Field (RMF) coils [1,2] and
a half cycle acceleration by m = 0 mode coil [1]. These
acts on a high-density (~ 10'3 cm™) helicon plasma [3-5],
and the plasma is accelerated by the Lorentz force gener-
ated by the azimuthal current jy induced in the plasma and
the radial component of the magnetic field B;.

We were using electromagnets (EMs) to produce ex-
ternal magnetic field B in our previous study, because mag-
netic configuration can be changed easily. However, B,
required for plasma acceleration is insufficient (few tens
of Gauss) when forming a divergent magnetic field by the
EMs. In this study, we have tried to solve this problem
by introducing permanent magnets (PMs) [6] to increase
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B;. Advantages of PMs are the followings. (1) PMs’ mag-
netic field (surface magnetic field is ~ 1.5kG in our case)
is very strong in spite of more compact size than EMs. (2)
It is possible to generate the magnetic field in a localized
region, because PMs’ magnetic field becomes weaker very
rapidly away from PMs unlike EMs. (3) Since PMs do
not consume electric power, they can be useful sources to
produce the magnetic field in space with a limited electric
power.

We have designed an original, divergent magnetic
field shape by PMs, which is suitable for plasma accel-
eration, and conducted plasma generation experiments un-
der this field. In this paper, we report initial measurement
results of electron density n. and ion velocity v; of tar-
get plasmas (without RMF coils and m = 0 mode coils).
Furthermore, as a next stage, we have tried high-density
plasma generation by the magnetic field configuration in
combination with PMs and EMs.

2. Concept of the Plasma Acceleration

As was mentioned for a longer lifetime operation,
plasma is not contact with the electrodes directly in our
proposed plasma acceleration method. Here, our concept
can be executed as follows. First, plasma is generated in
a quartz tube by a radio frequency (RF) power via an RF
antenna. Next, jy is induced in the plasma using an accel-
eration antenna, such as RMF coils. These antennas are
installed outside of the tube; therefore, they will not be
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deteriorated by the plasma. Applying B; by the external
magnetic field sources, the Lorentz force in the axial di-
rection is produced by jy X B; (see Fig. 1), and plasma is
accelerated by this force. As a reactive force of this, thrust
force is obtained.

Here, the thrust of ions is proportional to the product
of n and the square of v;, and thus, they should be higher
to have the larger thrust.

3. Experimental Device

3.1 Large Mirror Device

Figure 2 shows a schematic diagram of the Large
Mirror Device (LMD) [7] (1,700 mm in axial length and
445 mm in inner diameter). The quartz tube, 1,000 mm
in axial length, had a tapered shape (100 ~ 170 mm in in-
ner diameter) to prevent a wall loss of divergent plasma.
Background pressure in LMD was a few times of 10~ Pa.
Ar gas was used as a propellant, and a typical discharge
pressure range was 0.5 ~ 1 Pa. RF input power was ~ 3 kW
with the excitation frequency of 7MHz. The external B
can be generated by EMs and PMs.

3.2 Permanent magnets

A structure called “magnet holder” for fixing the PMs
around the quartz tube was manufactured. The advan-
tage of our holder is that the magnetic field strength can
be changed by selecting a number of PM sheets (be-
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Fig. 1 Principle of electrodeless plasma acceleration method
(RMF case).
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tween 1 and 3) in each position. There were 100 lo-
cations where PM sheets are fixed, and each sheet size
had 50x25x5mm?. Here, Neodymium (NdFeB) mag-
nets were used, and their grade was N35 made by NeoMag
Co. Ltd.: 33 ~36 MGOe in maximum energy product and
~ 1,590 G in surface magnetic flux density with the magne-
tization direction toward the center of a quartz tube. PMs’
magnetic field strength and their field lines in the case of
300 PM sheets are shown in Fig. 3. It can be seen that PMs
form a strong and divergent magnetic field (the magnetic
nozzle) locally. Figure 4 shows axial profiles of B, of the
PMs and EMs on a line of » = 50 mm in the plasma accel-
eration area. By comparing the maximum value, B; of PMs
is about four times larger than that of EMs. Positions of the
EMs are provided for forming the divergent magnetic field
near the tapered tube area, and three leftmost EMs shown
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Fig. 3 Magnetic field strength and its field lines of PMs.
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Fig. 4 Axial profiles of magnetic field B, of PMs and EMs on a
line of » = 50 mm in the area of plasma acceleration.
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Fig. 2 Schematic diagram of LMD.
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in Fig.2 are used in this calculation. Here, Figs.3 and 4
were calculated using the finite element method, and there
is only a ~ 1% difference compared to value measured by
Gaussmeter, Lake Shore 410 (minimum resolution: 0.1 G).

4. Experimental Results

In order to verify the effects of the PMs’ magnetic
field, two types of experiments were carried out: (1) ax-
ial distributions of n. and v; with and without EMs, in the
presence of PMs. (2) axial distributions of n. and v; chang-
ing the number of sheets (2 or 3 sheets each position of
magnet holder) using only PMs. Experimental conditions
are shown in Table 1 (measurement positions of the gas
pressure are shown in Fig.2). In the measurements, a L-
shaped Mach probe was used to scan the axial position.
Here, for flow measurement by this probe, we used the un-
magnetized model (model constant x = 1.26) [8,9].

4.1 Experiment (1)

Figure 5 (a) shows that n, using PMs only was higher
than the case of EMs only and also no magnetic field case
in most positions. Comparing the maximum value, 7, us-
ing PMs was about 1.8 times higher than other two cases.
In Fig.5(b), v; in the case of PMs was also higher than
using EMs and no magnetic field in most positions. The
maximum value of v; using PMs was about 2.2 (3.4) times
higher than that of EMs (no magnetic field). Thus, PMs
only had an effect of improving n. and v;, and it can con-
tribute to increases of the thrust.

4.2 Experiment (2)

Here, the number of PMs was increased from 2 to
3 sheets, and the magnetic field also became stronger by
about 1.5 times, as shown in Fig. 4. From Fig. 6 (a), n. did
not change regardless of the magnet number except z =
—500 mm position.

Figure 6 (b) shows axial profiles of v;, changing the
number of PM sheets. When the number of PM sheets
was increased from 2 to 3, v; also increased in region of z
= —400 ~ —100 mm and its maximum value was 2.2 km/s.

Table 1 Experimental conditions.

Parameters Experiment (1) Experiment (2)
Gas flow rate 25 sccm 50 sccm
Gas Gauge 1 0.62 Pa 0.90 Pa
pressure | Gauge 2 0.094 Pa 0.16 Pa
- w/o B PMs
External B + EMs (500 A) + 2 sheets each
+ PMs (2 sheets) | - 3 sheets each
RF power 2 kW
Measurement r 0 mm
position z -700 ~ -100 mm

According to the measurement by a high resolution mono-
chromator and Laser Induced Fluorescence (LIF) [10]
method in almost same condition, the maximum value of
v; in this region were 2.9 km/s and 2.6 km/s, respectively.
These three measurement methods have shown fairly good
agreements, although Mach probe data had slightly smaller
values. Here, the monochromator was Czerny-Turner
type MC-150 (wavelength range: 190 ~ 600 nm, grating:
2,400 lines/mm and resolution: 0.006 nm) made by Ritsu
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Fig. 5 Axial distributions of (a) n and (b) v;, changing the mag-
netic field configuration: no magnetic field, EMs and

PMs.
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Fig. 6 Axial distributions of (a) n. and (b) v;, changing the num-
ber of PM sheets (2 or 3 sheets in each position of magnet
holder).
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Ouyou Kougaku. In the LIF system, the tunable diode
laser was TA100 made by Toptica Co. (oscillating fre-
quency: 663.5 ~669.3 nm, wavelength width: 1 MHz and
maximum of output power: 500 mW).

Magnetic field gradient in addition to plasma pressure
gradient, is considered to change the ion velocity. If the
latter can be neglected, the force F shown below can act
on plasma in the axial direction,

F = —uVB, (D

where u is the magnetic moment of the gyrating particle.
From Fig. 3, the negative magnetic field gradient, whose
term is a few times larger than the pressure gradient one,
exists in the region of z > —400mm, and v; increased
monotonically. However, v; decreased in the region of z
= —200 ~ —100 mm partly due to effects of the smaller de-
creasing magnetic field gradient and the increased plasma
loss since the divergent magnetic field lines hit an inner
quartz wall surface.

5. Advanced Study

To reduce the wall losses of the plasma mentioned, we
are now studying a plasma generation and acceleration us-
ing the magnetic field in combination with PMs and EMs.
Although EMs are not suitable to make large B;, they can
modify the magnetic field shape and strength by chang-
ing their axial position and the current. As the first step,
we show one calculation result with the combined mag-
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Fig. 7 Magnetic field strength and its field lines in combination
with PMs and EMs.
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Fig. 8 Radial distributions of n. using both PMs and EMs, or
using PMs only.

netic field configuration, as shown in Fig.7. Large B, by
PMs is not changed, by generating a nearly uniform field
by EMs, and consequently the magnetic field lines do not
hit the wall. The maximum value of combined magnetic
field strength is 1.4kG on position of z = =393 mm and
r = Omm. Figure 8 shows experimental results of n. by
comparing the cases of the combination of magnetic fields,
PMs and EMs, and the field by PMs only. Here, gas flow
rate was 50 sccm, RF power was 3kW, and the measure-
ment positions were z = —275mm, and 7 = 0 ~60 mm. In
this axial position, wall losses of the plasma were consid-
ered to be greater with PMs only (see Fig. 3).

By adding EMs’ magnetic field to PMs’, n. increased
significantly. The maximum value of n. in the combined
magnetic field case is 5.4 x 10'> cm™ which is about 3.6
times higher compared to n. in the case of only PMs (3
sheets case), showing a possibility that wall losses of the
plasma were reduced and/or the total plasma confinement
was enhanced because of the stronger axial magnetic field.

6. Conclusion

To realize an electrodeless electric propulsion sys-
tem proposed, the magnetic field configuration by PMs,
suitable for plasma generation and acceleration, was de-
signed. By using PMs, we have investigated axial distri-
butions of n. and v;, important parameters of the plasma
thrust, and succeeded in increasing them than EMs only
by a few times: The maximum values attained were n,
=25%10%cm™3 and v; = 2.2km/s. We will make a
comparison study as to various plasma parameters, es-
pecially plasma flow, by using the method by the high-
resolution monochromator and LIF method in addition to
Mach probes.

Furthermore, as an advanced study, the combined op-
eration using PMs and EMs has been done. The maximum
value was 7. = 5.4 x 10'2 cm~3, which was about 3.6 times
compared to the n. in the case of PMs only, showing a
reduction of the wall losses of plasmas.

For the plasma generation in order to get target plas-
mas for acceleration, it is necessary to optimize this com-
bined magnetic field configuration to reduce the wall losses
of plasmas and the increase n. under the various experi-
mental conditions. From these findings, we will apply the
electromagnetic acceleration by RMF or m = 0 coils, using
the optimized target plasmas obtained.
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