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Abstract: Electric propulsion which has low thrust power ratio cannot be used in the
manned mission because the exposed time by cosmic rays must be short. The concept of RIPAL
is completely electrodeless and get thrust by electromagnetic acceleration. In this work, we
obtained distributions of the electron density and the thrust by using a double probe and a
horizontal pendulum type thrust measurement. From these data, we clarified the relationship
between the static magnetic field and the thrust.

Nomenclature

A = area of target, m’
B = magnetic flux density, T
d = diameter of a xenon ion, m
FE = electric field, V/m
e = elementary charge, C
F = force, N
7 = current density, A/m’
K. = rate constant, m’s™
k = Boltzmann constant
M = mass of a xenon ion, kg
m = mass of an electron, kg
Ne = electron density, m™
n; = ion density, m?
Nn = neural particle density, m™
p = pressure, Pa
Ry = total resistance, 2
Te = electron temperature, K
T = radial distance, m
1% = electron velosity, m/s
z = axial distance, m
AR, = resistance of microscopic ring, (2
As = area of microscopic rectangle, m’
n = resistivity, Qm
v = collision frequency of electron, s™
Qu = hall parameter

LIntroduction

IGH power electrodeless thrusters are developped all over the world. In electrode thrusters, electrode erosion
rarely limits lifetime and the quasi-neutral plasma is exhausted, eliminating the need for a cathode. There is
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Figure 1. The concept of RIPAL.

Figure2. The sectional view of discharge
chamber. The length and diameter of the
discharge chamber is 75 mm and 80 mm.

some research and development of electrodeless
Coil propulsion. For example, VASIMR " uses electrothermal
acceleration and PIT ? and FARAD ¥ use induction
acceleration. Magnetic nozzle thrusters ¥ and HEAT
are propulsion systems that use helicon plasma.
However, none have achieved high propulsion efficiency
in steady operation.
Among them, RIPAL (Radio-frequency Inductive
o . Plasma Accelerator with Low-aspect Ratio Plasma)
Figure 3. A picture of dischaege chamber. was proposed by Yaginuma et al. ®~®, which is an
electrodeless propulsion system using inductive
acceleration of RF plasma. Figure 1 shows the principle of thrust generation of RIPAL and Figure 2 and Figure 3
show a sectional view and picture of discharge chamber. There are two stages of thrust generation of this propulsion
unit, which consists of the ionization phase and the acceleration phase. In the plasma ionization phase, 13.56 MHz is
applied to the plasma ionization coil wound around a glass cylinder. The propellant in it flowing from the upstream
side is ionized by RF to generate plasma. In the plasma acceleration phase, while plasma is being generated, several
hundred kHz is applied to the plasma acceleration coil attached to the bottom surface of a glass cylinder. An induced
current j is induced in the plasma and the Lorentz force ' = j X B is generated by the interaction with induction
magnetic field B produced by the coil to accelerate the plasma. In previous research, an induced current density j is
measured by a magnetic probe ®. The current rotates in azimuthal direction and its quantity is about 2 - 4 kKA.

Induction acceleration is a condition close to collisionless plasma, so it can solve the frozen flow loss that is
a problem of electrothermal acceleration. In addition, RIPAL uses a variable magnetic field, which can solve the
problem of separation from the magnetic nozzle and HEAT problem. PIT and FARAD are the driving forces similar
to RIPAL. Using the interaction between the variable magnetic field and the induced current is the same, but with
PIT, the capacitor increases when the power is increased, and with FARAD, the plasma generator and plasma
accelerator are separated, resulting in increased plasma loss. RIPAL generates plasma at radio frequency, so no
capacitor is required. In addition, since the generation part and acceleration part are the same, plasma loss is reduced.
Considering these facts, RIPAL is a powerful propulsion system that solves the problems encountered in previous
studies and achieves high power thrust.

Yaginuma experimentally demonstrated thrust generation by the proposed principle using a 1 kW class test ©.
However, high thrust and propulsion efficiency have not yet been achieved ® ~®. The main problem of RIPAL is its
low thrust. In order to increase that, it is necessary to increase the low electron density which is currently about 8.0
x 10" m?. Strengthen the static magnetic field in a discharge chamber is the most effective way to achieve the high
electron density. However, the relationship between the thrust and the static magnetic field has not been clarified in
this system.

Therefore, in this study, the static magnetic field is changed by using ferrite and neodymium magnets placed on
the side or bottom of the propulsion system, and experimentally clarify the relationship between the thrust and the
static magnetic field.

in

I1.Analytical model
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In order to increase the thrust, it is necessary to increase the azimuthal current. If the electron density is
increased by increasing the static magnetic field, the azimuthal current is expected to increase. On the other hand,
the axial static magnetic field becomes resistant to the azimuthal current. In order to evaluate these effects together,
the equation of the azimuthal current is calculated from the equation of motion and the generalized Ohm's law.

By using a current density j , a magnetic field B and a pressure p , the equation of motion in bulk plasma is

Mmlz)V =jx B —Vp, 1)

where M is the mass of a xenon ion and n; is the ion density. j x B is the Lorentz force and Vp is the slope of
pressure. This equation shows that the total thrust includes those due to pressure and those due to Lorentz force, and
the Lorentz force is proportional to the magnitude of the current density. The current density can be discribed from
the Ohm's law as
enenj +j x B=en.(E+V x B)+ Vp, )

where e is the elementary charge, n. is the electron density, i is the resistivity, F is the electric field and V' is the
electron velosity. Assuming that By = 0 and E is dominant over V' X B and Vp , we have

. 1

= aran” ©

In order to increase the azimuthal current density, it is necessary to reduce the resistivity 79 which is
2 mv 2
e =n(1+ ) = -5 —(1+ ), @
€

where m is the mass of the electron, v is the collision frequency of the electron and Qg is the hall parameter of the
static magnetic field. The collision frequency and the hall parameter are written as

V= nnKiz,en + niKiz,ei )
eB

Qp=—, (©)
mv

where n, and n; are density of neural particles and ions, and K. . and K;. ¢; are the rate constant between an
electron and neural paticles and between an electron and ions. K. en is calculated from momentum transfer cross
sections for elastic electron scattering”, and K. ; is written as

64

Kiz,ei == InA W)

24,3
16medm2v3,

d is a diameter of a xenon ion, vy, is the thermal velosity, €o is the dielectric constant of vacuum and In A is the
coulomb logarithm.

The resistivity include both the static magnetic field and the electron density. The static magnetic field increases
the resistivity but the electron density reduces it. By calculating the resistance in every experiment, the relationship
between the static magnetic field and the thrust becomes clear.

Assuming that the resistivity in the azimuthal direction is constant and the distance from the center axis to a
microscopic rectangle with area As is r , the resistance of the ring at z , r becomes

27rr
AR, = 8
Rp =105~ ®
Assuming that all the resistances thus obtained are connected in parallel, the total resistance R,, is calculated as
1 1
R =2 AR, ®

2 1\
Rp = KS (Z %) . (10)

In this study, the relationship between the thrust and the total resistance is used to evaluate effects of the static
magnetic field. The calculation range of R, is 10 < |r| <25,0< z <50 in Figure 2.

III.LExperimental method

A. Vacuum system
The experiments in this study were conducted in a stainless steel vacuum chamber with @1.4 m and a length of 3.0
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Figure 4. Two-demensional measuring equipment FigureS. Thrust measurement equipment (CAD).
(CAD). The stage moves in vertical and horizontal The displacement of the target is measured with a
direction. laser displacement meter on the opposite side.

m. During the experiment, a cryopump with a pumping speed of 10000 L / s (N,) was operated at all times, and the
back pressure of the chamber during the experiment was 2.2 x 107 Pa.g

B. Discharge chamber

The discharge chamber consists of a plasma excitation coil, a high frequency power supply, and a matching
circuit. In the case of a plasma excitation coil, a 2 enameled wire is wound three times around a @90 glass tube. The
high frequency power supply applies a 13.56 MHz frequency and a maximum output power of 400 W to the plasma
ionization coil through a matching circuit. In this experiment, 400 W was introduced. Figure 2 shows a cross-
sectional view of the discharge chamber.

C. Acceleration circuit

The plasma acceleration circuit comprises a plasma acceleration coil, a high frequency power supply, and a
matching circuit. The plasma acceleration coil is attached to the bottom surface of the glass tube as a 10-turn planar
coil. A high frequency power supply applies a frequency of 100 - 999 kHz and a maximum output voltage of 2 kW
to the plasma acceleration coil through a matching circuit. In this experiment, the frequency is 522 kHz and input
power is 500 W.

D. Two-dimensional measuring equipment

The two-dimensional distribution measuring equipment is composed of a double probe, a motor driven biaxial
stage, a bipolar power supply, and a function generator. The motor driven biaxial stage is shown in Figure 4. The
probe curve was obtained by operating the bipolar power supply with the function generator. By attaching the double
probe to the stage, it is possible to obtain a two-dimensional distribution of the electron temperature and electron
density of the generated plasma. A double probe was prepared by placing a stainless-steel rod of @2 mm and length
500 mm in an insulating tube with an inner diameter of 3 mm, an outer diameter of 4 mm and a length of 400 mm
and fixing with an aron ceramic. The tip is a surface probe, and it is a circle of @2 mm. Two probes are spaced 2
mm apart so that the sheaths of the electrodes are not covered. The biaxial stage can be operated from an external
personal computer through a flange, and it operates according to the measurement program.

The double probe is swept to pass through all the lattices with z in the range of 0 to 80 and r in the range of -25
to 25, and at the same time the probe-to-probe voltage is swept from -150 V to 150 V with a function generator and
a bipolar power supply. The electron density and the electron temperature were calculated using the double probe
curve obtained at each point, and a distribution map was obtained by plotting it.

E. Thrust measurement

The thrust measurement is performed with a horizontal pendulum type thrust stand as shown in Figure 5. A 20
cm by 20 cm target is attached to one side of the arm of the horizontal pendulum and it is located 40 cm behind of the
exit where plasma is exhausted. The length of the arm is 50 cm and magnets is attached to the other as a damper,
and a torsion spring is attached to the center. The displacement of the target is measured with a laser displacement
meter on the opposite side, and the thrust is calculated from the calibration factor which measured before and after
experiment.
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Figure 7. Result of thrust measurement.
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Figure 8. The acceleration power is plotted on the
horizontal axis and the thrust increment is taken
on the vertical axis.

Figure 6. Results of the electron density
measurement. These are measured with 400 W of
the plasma generation power supply and 0 W of the
plasma acceleration power supply.

IV.Experimental conditions

In this study, the mass flow rate (15 sccm), the input for ionization (400 W), and the input for acceleration (0
— 400 W) were the same, and the experiment was conducted using only the magnetic field shape in the discharge
chamber as a parameter. Figure 6 shows the shape of the static magnetic field.

We use ferrite and neodymium magnets to change the shape and strength of the static magnetic field. In No.1
there is no magnet, in No.2 and 3 ferrite magnets are wound, and in No.4 and 5 neodymium magnets are wound on
a discharge chamber. Only in No.3 and 5 there is a ferrite magnet in bottom surface. In Figure 6 the static magnetic
field was solved under the axisymmetric assumption using the finite element method.

V.Result

The results of the electron density measurement were shown in Figure 6. They were measured with 400 W
for ionization and 0 W for acceleration. No.l which had no magnet was the lowest electron density. Focusing on
No.2 and No.4, the electron density became large as the static magnetic field became stronger. The same applied to
No.3 and No.5. In addition, in No.2 to No.5 the shape of the density distribution changed as the shape of the static
magnetic field changed.

The results of the total thrust measurement was shown in Figure 7. The input for ionization was put by 400W and
then the input for acceleration by 400W. The thrust of No.l at 400W, only for ionization, was the smallest, but the
rate of the thrust increase differed greatly with conditions.

The error of the thrust were the standard deviation of 3 times measurements and it was about 10%. The
calibration factors for three times were 0.85 N/m, 0.84 N/m, and 0.77 N/m, and they were also within the range of
about 10%. Therefore, the thrust error bar can be explained by the variation of the calibration factor.
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Figure 9. The relationship between the resistance Figure 10. Thrust by downstream electron pressure

at 400 W for acceleration under each experimental
condition. Error bars represent the standard
deviation of data measured 30 times.

value of each experiments and the thrust increment
with 400 W acceleration power.

The total thrust measured in Figure 7 can be separated as
Ftotal:Fi+Fa (11)

F; and F, are the thrusts generated from ionization and acceleration, respectively. Figure 8 represented F, , and
although the electron density of No.1 was the lowest, F, of it was the largest.

VI.Discussion

In Figure 9 the resistance was plotted on the horizontal axis and the thrust increment was taken on the vertical
axis. The thrust increment decreased as the resistance increased. From the experiment number, as the static magnetic
field was strengthened, the resistance became large, and as a result the thrust power ratio became small. In other
words, enlarging the static magnetic field lead to increasing the electron density, but the resistance also increased
and the thrust power ratio decreased.

The thrust measured by the thrust measurement equipment is written as

F =rw+ Apc.A 12)

where 1 is mass flow rate, v is velosity of plasma, p. is electron pressure and A is area of the target.

Electron pressure p. = n.kTe in z = 480, where the thrust measurement equipment was put, was measured by
using a double probe. The thrust by Ap. was calculated with target area 20 x 20 mm and the result was shown in
Figure 10. An error bar of each condition was overlapping, so it is difficult to find a significant difference in electron
pressure. However, focusing on No.l and No.5, there is a significant difference in F,, in Figure 9. From this, it can be
seen that when plasma resistance increased, Fa decreased, but the thrust by Ap. did not change.

Therefore, as the static magnetic field was strengthened, electron pressure did not change but velosity of plasma
became smaller. It means that the induced current density j decreases.

VII.Conclusion

In order to increase the thrust of RIPAL, we changed the static magnetic field and clarify the dependence of
thrust and static magnetic field. As the static magnetic field increases, the electron density increases, but the total
plasma resistance taking them into account increases. The thrust increment decreases as the resistance increases.
Therefore, enlarging the static magnetic field is inappropriate to increase the thrust in this system.
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