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Abstract

Magnetoplasma thruster is one of the attractive plasma engines for space propulsion in future
manned deep space exploration. Usually two helical antennas are equipped to produce and heat
plasmas with separate radio frequency sources. It is presented in this paper that a helical antenna,
which is used to launch one wave mode in one direction so far, exhibits bi-directional nature,
where the waves with different mode numbers are launched and couple with electrons and ions
selectively in opposite directions. A two-dimensional numerical calculation is performed to pre-
dict wave propagation and power absorption in a non-uniform hydrogen plasma immersed in a
non-uniform external static magnetic field, based on the hot plasma theory. It is confirmed that
appropriate choice of the excitation condition of the antenna can select axial propagation direc-
tion of specific wave modes and consequently select a species that absorbs power from generated
waves. A small-scale experiment is performed to confirm the prediction of the calculation. By
measuring a change in electron and ion temperatures due to the wave launch from the helical an-
tenna, it is found that both the production and heating at different axial positions are accom-
plished simultaneously by one antenna showing that another type of the radio frequency driven
magnetoplasma thruster would be achieved.
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1. Introduction

Radio frequency (RF) driven magnetoplasma thruster is one of the electric propulsion systems, in which high
density plasmas, produced by helicon waves (HW) launched from one RF system at a frequency w such that
w/Q; >1 with Q; being the local ion cyclotron frequency, flow downward to the ion cyclotron range of fre-
quencies (ICRF) heating section where the other RF system is used to excite ion cyclotron waves (ICW) at
/Q; ~1. The ICRF waves resonantly interact with ions and accelerate them in the direction perpendicular to
the external magnetic field. A magnetic nozzle, which is a region where the magnetic field diverges, converts
the perpendicular velocity of ions into the parallel velocity to create a thrust [2] [3]. The amounts of the thrust or
the velocity of exhaust plasmas can be varied by controlling the RF powers in the two RF systems relatively or
independently.

RF-driven magnetoplasma thrusters often employ helical antennas as launchers of HW and/or ICW, probably
due to the fact that they can generate right- or left-rotating RF fields with respect to the static magnetic field se-
lectively by choosing the helicity of the antenna [4]. It is well known that the right-rotating RF field preferably
couples to HW and the left-rotating one to ICW [5] [6]. In doing so, it is the field component of one axial direc-
tion that is used as the source of HW or ICW [3].

The helical antenna may, however, be capable of launching RF fields in positive and negative axial directions
simultaneously. Furthermore, it is expected that when the helical antenna launches the right-rotating RF field in
the positive axial direction, the left-rotating RF field is launched in the negative axial direction and vice versa.
This bi-directional simultaneous launching of different fields is attractive for simplifying the RF systems toward
a compact magnetoplasma thruster.

The above discussion about HW or ICW excitation by the rotating RF field is based on the cold plasma theory
in a uniform medium. Usually in such thrusters the static magnetic field is non-uniform as well as the plasma
density, and consequently, the theory of plasma waves in uniform configuration cannot be applicable for calcu-
lating wave fields and power absorption profiles. Arefiev et al. [7] showed a calculation of wave fields in cold
plasma of one-dimensional non-uniformity including nonlinear effects. Prediction of wave fields and power ab-
sorption in a realistic configuration of a device requires at least two-dimensional calculation on the basis of the
hot plasma theory in non-uniform medium.

In this paper we present a two-dimensional calculation of wave propagation and power absorption in a non-
uniform plasma immersed in non-uniform static magnetic field [8] based on the linear hot plasma theory. Bi-
directional property of the helical antenna is investigated numerically by using a simple model antenna that ap-
proximates the helical antenna. An experimental device is constructed, in which a helical antenna and some di-
agnostics are located in a diverging magnetic field. We present the experimental evidence of bi-directional cha-
racteristics of the helical antenna that the RF fields of different kinds are launched in opposite directions through
the measurements of plasma production and ion heating. As a result both the production and heating are accom-
plished simultaneously by one antenna showing that another type of the radio frequency driven magnetoplasma
thruster would be achieved.

2. Calculation of Wave Fields

2.1. Helical Antenna

Helical antennas are commonly used to launch waves in ICRF. One example of the helical antennas is shown in
Figure 1, where two rings on both sides are connected by two helical straps displaced by 180 degrees with re-
spect to each other.

Figure 1. Configuration of the helical antenna and expected wave fields.
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A pair of terminal points is located at the center of one ring or one strap in order to feed the RF current. The
pitch of the strap is in the right hand sense with respect to the external magnetic field B,, and therefore the an-
tenna in Figure 1 is called the right helical antenna. RF electric fields in the cylindrical coordinate (r,6,z) are
generally represented as

E =E,exp[i(mo+kz—at)], €))

where Ey is the complex amplitude, w is the wave angular frequency, m is the azimuthal mode number, and k is
the axial wave number. It is well known that the right helical antenna excites electric fields given by Equation
(1) with m = -1, and the left helical antenna with m = +1 in the direction of B,. Since the m = —1 fields are
left-hand polarized (E,), it couples to ICW, of which wave fields rotate in left-hand sense as they propagate in
the direction of Bg. The m = +1 fields, which are right-hand polarized (Eg), are suitable to launch HW in an ap-
propriate frequency range. In VASIMR [2] [3] two helical antennas are equipped: the left helical antenna is used
to generate plasmas by HW, and the right helical antenna to heat ions by ICW at the ion cyclotron resonance.

We note that the right helical antenna shown in Figure 1, which excites the m = —1 fields in the direction of
B,, excites m = +1 fields simultaneously in the direction opposite to Bo. This means bi-directional excitation of
the electric fields with different modes from a single helical antenna, and it can be used both to generate the
plasma and to heat ions.

2.2. Model for Wave Field Calculation

We calculate propagation, damping and power absorption of waves when the antenna excites m = =1 or +1
fields in a non-uniform plasma. Maxwell equations with a source term representing the antenna current density
are solved in an arbitrary non-uniform axisymmetric magnetic field and plasma density in the two-dimensional
r-z plane. The wave field E satisfies the equation:

2
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where w is the wave angular frequency, c is the velocity of light, z is the permittivity in vacuum, J, is the

antenna current density, and & is the dielectric tensor. For an axisymmetric external magnetic field B, with
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Here, wye is the plasma frequency, v; and v, are the thermal velocity of ions and electrons, respectively, and k; is
the parallel wave number determined by the local cold plasma dispersion relation [9] [10].

Equation (2) is solved numerically in a model device depicted in Figure 2. The device diameter is 100 mm
for =400 mm < z < 0, and 350 mm for 0 < z < 550 mm. The applied magnetic field strength on axis is schemati-
cally given in the lower part of the figure. It has a peak at some point and decays in both sides. RF waves are

=)



Y. Yasaka et al.

antenna

Faraday
cup

Metal
2 Bo chamber

0
-400

Figure 2. Schematic drawing of the model device and simplified
profile of the external magnetic field strength. The antenna consists
of three loops displaced by 90 degrees with respect to adjacent one.

launched from an antenna consisting of three axisymmetric current loops Ly, L,, and L3 located near z = —200 -
—100 mm.

It should be noted that the helical type antenna cannot be directly implemented since the calculation is in two-
dimensional. We approximate the current in the helical antenna by plural loop currents with azimuthal phase
difference along the axial direction. Approximate positions of a Langmuir probe and a Faraday cup, which are to
be used in the following experiments, are illustrated in the device.

2.3. Calculation Results

The current density in the helical antenna is approximated by

3
3, =2 23,8(r-r)8(z-z,)expi[m(6 -4 )-ot], 4

m k=1
where Jy, i, Z, and ¢ are the amplitude of the current, the radial position, the axial position, and the angle of the
azimuthal position of the k-th loop of the antenna, respectively [11], and w/2n = 1.8 MHz. We represent the hel-
ical variation by the discrete step change in the azimuthal angle of each loop, and consider only the azimuthal
component of the current. In this expression, when By is in the +z direction, m = +1 represents the right-rotating
field and m = —1 the left. The summation in m is taken for m = —1 and m = +1, which gives azimuthal variation
of Jy as cosé (apart from ¢) that is just the fundamental component of the current in the ring conductors at both
ends of the helical antenna and also the helical straps (neglecting axial current) shown in Figure 1. A collection

of appropriately phased circular antennas might also be employed in the real magnetoplasma thruster design.

We first use one loop (J; =1, ry = 25 mm, z; = =130 mm, J, = J3 = 0) only in order to focus on propagation
and damping of fields of a specific azimuthal mode number in non-uniform plasma. The present two-dimen-
sional calculation gives profiles of physical quantities in the r-z plane represented by the shaded region in Figure 2
for the plasma composed of electrons, H* ions, and H, with the electron-neutral collision frequency v divided by
o being 0.05. Figure 3 shows the calculation results of (a) the assumed magnetic field strength |BO|, (b) the
assumed electron density n, of the hydrogen plasma, (c) the left circularly polarized field E,, (d) the right circu-
larly polarized field Eg, (e) the power absorption for ions Py, and (f) the power absorption for electrons Pegec
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Figure 3. Calculation results of (a) the assumed magnetic field strength |By|, (b) the assumed electron density n,
of the hydrogen plasma, (c) the left circularly polarized field E,, (d) the right circularly polarized field Eg, (e) the
power absorption for ions P;q,, and (f) the power absorption for electrons Pge. in the case of m = —1 mode. (a)

|Bo| ; (b) ne; () Ev; (d) Er; (€) Pion; () Petec:

in the case of m = —1 mode with the maximum magnetic field strength B,, = 1.5 kG. Here, the electric field am-
plitude is a complex number and its real part (Re) is plotted. Each frame represents the color contour map in the
r-z plane with the legend on the right. The profile of n, follows that of |BO| in the direction parallel to B, and
parabolic profile in the radial direction. For this magnetic field profile, the ion cyclotron resonance is located at z
=10 mm. It is found that E__ is large near the axis while Eg is small and exists around the plasma edge. RF pow-
er is absorbed by ions at the ion cyclotron resonance point as shown in (), and much smaller power is absorbed
by electrons.

It is clearly seen in (c) and (e) that E_ extends both sides from the antenna and strongly damped near z ~ 0 at
resonance, yielding the power absorption by ions. Since no resonance point exists in the left side of the antenna,
the wave field exhibits standing wave profile.

We use three loops of the antenna (z; = —250, z, = =200, z; = =150 mm, and ry = 25 mm), and set ¢; = —/2,
#2 =0, ¢3 = /2 to approximate the right helical antenna. In Figure 4 are plotted assumed |BO| , Re and Im parts
of E, (solid and broken blue lines), Im(Eg) (broken green line), Piq, (red line), and P (purple line) in the case
of (a) By//+z and (b) Bo//—z with the maximum magnetic field strength B, = 1.3 kG at z = =200 mm. We plot m
= —1 component for E, and Pj,,, and m = +1 component for Eg and P, since E, (Eg) is the main component of
the electric fields of m = -1 (+1) mode. All quantities are of on axis value except Pg. that isat r =1 cm.

The ion cyclotron resonance is located at the axial position of crossing point of By and horizontal dotted line
marked as w/w; = 1. We see in Figure 4(a) that the amplitude of E, is large on the right side of the antenna (in-
dicated as ANT) and it propagates towards the positive-z direction because the time dependence of E, is E.(t) =
Re(EL)cosmt + Im(E,) sinwt. The amplitudes of Re(E,) and Im(E,) are damped at one of the cyclotron reson-
ance points (positive side of the antenna) and, as a consequence, the wave power goes to ions as shown by large
increase in Pj,, at the resonance point of positive side of the antenna. The amplitude of Im(ER) is large at the
negative-z side of the antenna. The propagation direction of Eg is not clear since the standing wave is formed
between the metal walls of both sides. The value of P is slightly larger at the negative-z side than at the posi-

tive-z side.
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Figure 4. On-axis values of assumed |Bo|, Re and Im parts of E, (solid and broken blue lines), Im(Eg) (broken green line),
Pion (red line), and P (purple line, multiplied by 50) in the case of (a) By//+z and (b) Bo//—z.

When the direction of By is reversed so that By//—z, completely opposite phenomena are observed in Figure
4(b); the amplitudes of Re(E,) and Im(E_) are damped at the cyclotron resonance point on the negative-z side,
where P, is particularly large, while the amplitude of Im(Eg) is large at the positive-z side of the antenna and
Peec is asymmetrically larger at the positive-z side with respect to the center of the antenna. Figure 4 reveals that
the right helical-like excitation of the antenna generates m = —1 mode fields to the positive-z direction and m =
—1 mode fields to the negative-z direction in the case of By//+z, and vice versa in the case of By//—z. This
bi-directionality of selective excitation of the m = —1 and +1 modes leads to controlling the ion heating by E,
and the plasma production through electron acceleration by E, associated with Eg.

3. Experiment on Bi-Directional Excitation
3.1. Apparatus

It is found in the previous section that the RF field of m = —1 and +1 mode provides ion and electron heating,
respectively. It is usual to use the helical antenna with positive or negative pitch for each mode excitation. We
try to launch both the m = —1 and +1 modes from a single helical antenna and perform ion heating and plasma
production simultaneously.

The configuration of the experimental apparatus [12] is the same as shown in Figure 2 with the loop antenna
replaced by the helical antenna of right helical pitch in the +z direction that is shown in Figure 1. The ion satu-
ration current ljs corresponding to the plasma density is measured by a Langmuir probe (LP) located at z = —320
mm and the parallel ion temperature T; by a Faraday cup (FC) at z = 260 mm (see Figure 2). The electron tem-
perature T, can be measured by the Langmuir probe and the Faraday cup. The helical antenna is 200 mm long
and fed by a 2-kW RF amplifier at 1.8 MHz. Low density plasmas are first produced by using RF at 13.56 MHz
with hydrogen gas and introduced to the chamber from the left side as a base plasma. Then the 1.8 MHz RF
power is energized and time-dependent plasma parameters are measured.

3.2. Measured Parameters

Hydrogen gas is supplied to the device at a pressure of 1.6 x 10~ Torr, and the current in the magnetic coils set
to Iac =50 A, which amounts to B,, = 1.18 kG. Figure 5 shows the time variation of I;; as measured by LP after
switching on the base plasma at 0.2 ms and the 1.8-MHz RF at 1.2 ms for the magnetic field directed to (a) the
+z direction and (b) the —z direction. Timing of each pulse is illustrated at the top of the figure by the black line
for the base RF and the red line for the 1.8-MHz RF. It is seen that I;s increases by the RF pulse in the case (a)
but not in (b). The present right helical antenna is expected to excite the left (right) rotating RF field in the +z
(=2) direction. The RF field propagating to the —z direction (toward LP) is of m = +1 mode for the case (a) and
of m = —1 mode for the case (b). This explains larger increase in Iis with the RF pulse for the case (a) since the m
= +1 mode wave is expected to couple with electrons to enhance ionization.

Data from FC is given in Figure 6, where T; is plotted versus the magnetic coil current I5c with and without
the RF pulse for the magnetic field directed to (a) the +z direction and (b) the —z direction. The ion cyclotron
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resonance (B, = 1.18 kG) locates near the antenna for Iac = 50 A. It is evident that only in the case (a) T; in-
creases over the values for the base plasma with larger increment for the magnetic field closer to the ion cyclo-
tron resonance.

lon energy distribution function is obtained from the relation;

1 dig

f(Ve)= ;
(C) C—VP dVC

®)

where V¢ and I¢ are the retarding voltage and the current of the collector of FC, respectively, and Vp is the plas-
ma potential measured by LP [13]. The ion energy distribution function, i.e., the value of Equation (5) is plotted
as a function of V¢ in Figure 7 for (a) Bo//+z and (b) Bo//—z with Iac=50 A. In our device Vp is negative with
respect to a reference point, and the abscissa in Figure 7 that corresponds to the energy in eV spans from nega-
tive to positive. It is shown that with the application of 1.8-MHz RF f shifts toward higher energy side by 3 eV
or so and becomes broader in width in the case of (a), but not in (b). The ions are heated by the RF only when
the magnetic field direction is from the antenna to FC.

This is again consistent with the characteristics of field excitation of the right helical antenna. The RF field
propagating to the +z direction (toward FC) is of m = —1 mode for the case (a) and of m = +1 mode for the case
(b), and the m = —1 mode RF that is left-circularly polarized can heat ions near the ion cyclotron resonance in
the perpendicular direction. The perpendicular energy is converted to the parallel energy in the diverging mag-
netic field and is observed by the parallel-aligned FC.

T, can be measured both by LP and FC. In Figure 8 left two graphs, (a) and (c), show T, measured by LP and
right two graphs, (b) and (d), measured by FC. Also, upper two, (a) and (b), are for the magnetic field directed to
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Figure 5. Time variation of I;; after switching on the base and 1.8-MHz RF for (a) By//+z and
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Figure 6. lon temperature versus the magnetic coil current Iac with and without the RF pulse
for the magnetic field directed to (a) the +z direction and (b) the —z direction.
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the +z direction and lower two, (¢) and (d), for the —z direction. In all four graphs T, is plotted as a function of
Iac. If we compare the increment in T, by the application of 1.8-MHz RF (the difference in the data values with
and without RF), the incremental value is relatively large in the cases of negative-z side with By//+z (upper left)
and positive-z side with By//—z (lower right). The m = +1 mode RF field that couples with electrons propagates
toward the negative-z direction (toward LP) for By//+z and positive-z direction (toward FC) for Bo//-z as dis-

cussed in Section 2.3. This explains larger increase in T, in the two cases in Figure 8.

We see from Figures 5-8 that the right helical antenna with By in the +z direction can enhance the plasma
production in one direction and can heat ions in the other direction simultaneously. This is the consequence of
bi-directional mode-selective wave excitation of the helical antenna. A straight antenna has no capability of

mode-selection, and bi-directional production and heating would not be obtained.
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Figure 7. Energy distribution function with (red) and without (blue) the RF for (a) By//+z and
(b) By//—z.
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direction and lower two, (c) and (d), for the —z direction. In all four graphs T is plotted as a
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These results lead to the possibility that a magnetoplasma thruster with variable specific impulse is composed
of only one helical antenna and one RF power source. The plasma production takes place at one side (say up-
stream side) of the antenna where the magnetic field is lower to allow HW propagation, and the ion heating
takes place at downstream side where the magnetic field is higher to fulfill ion cyclotron resonance condition.
We have confirmed in the experiment that the negative-z (upstream) side plasma with densities increased by the
1.8 MHz RF flows positive-z (downstream) side and exhausted through the magnetic nozzle. In reality Figure
8(a) and Figure 6(a) show the dependence on magnetic field strength of electron temperature at the negative-z
side of the antenna and ion temperature at the positive-z side, respectively. This is the direct indication that by
changing the magnetic field strengths in both sides of the antenna relatively, we are able to control the ratio of T,
to T;, namely, the plasma production to the ion heating. It is necessary to confirm the present findings with high-
er RF power, which is left for future experiments.

4. Summary

We have performed a two-dimensional numerical calculation of wave propagation and power absorption in a
non-uniform plasma immersed in a non-uniform external static magnetic field, based on the hot plasma theory.
It is confirmed that appropriate choice of the excitation condition of the antenna can select axial propagation di-
rection of specific wave modes and consequently select a species that absorbs power from generated waves even
in very non-uniform configuration.

We have presented the experimental evidence of bi-directional nature of the helical antenna where the plasma
production and ion heating take place by the RF fields launched in opposite axial directions. The right helical
antenna used in the experiment with By in the +z direction can enhance the plasma production in the negative-z
side and can heat ions in the positive-z side simultaneously. When By is changed to the —z direction, the location
of electron heating changes from the negative-z side to the positive-z side. This observation is consistent with
the numerical calculation that the helical antenna has bi-directional nature of wave excitation.

As a result both the production and heating are accomplished simultaneously by one antenna showing that
another type of the radio frequency driven magnetoplasma thruster would be achieved.
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