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Alfvén wave excitation and ion heating experiments were performed in a fast flowing plasma. When
rf waves in the ion cyclotron range of frequency were excited by right- and left-handed helically
wound antennas, shear and compressional Alfvén waves with azimuthal mode number m=-1 and
m=+1, respectively were excited. The dispersion relations of the propagating waves were obtained
experimentally and compared with the theoretical ones, including the Doppler effect of the plasma
flow. Strong ion heating was observed in the fast-flowing plasma when rf waves were launched by
the right-handed helically wound antenna in a magnetic beach configuration. The plasma thermal
energy W, and the ion temperature 7; drastically increased during the rf pulse. This large increase
was observed under lower-density conditions, where the ratio of the ion cyclotron frequency to the
ion-ion collision frequency becomes high. The resonance magnetic field was affected by the
Doppler shift due to the fast-flowing plasma. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2178774]

I. INTRODUCTION

Recently, plasma flow has been recognized to play an
important role in the behavior of space and fusion plasmas,
such as the violent activities near the solar surface and the jet
formation observed in active galactic nuclei.' The effect of
high-speed plasma flow on the stability and transport of plas-
mas is a current topic in the field of fusion plasmas.2 Inten-
sive research to develop a fast-flowing plasma source with a
high particle flux and a high heat flux is required for basic
plasma physics as well as various industrial and space appli-
cations.

Electric propulsion systems utilize plasma as the exhaust
matter and are one of the key elements of future space ex-
ploration projects.S’4 The development of a high-power den-
sity plasma thruster with a higher specific impulse and a
larger thrust is needed for manned interplanetary space
thrusters. One feature of advanced space propulsion systems
is their ability to vary the specific impulse by modulating
propellant utilization and thrust performance. The ability to
control the ratio of the specific impulse to the thrust at con-
stant power will allow for optimum interplanetary trajecto-
ries, and will result in shorter trip durations than with fixed
specific impulse systems.

One of the key technologies of the Variable Specific Im-
pulse Magnetoplasma Rocket (VASIMR) project underway
at NASA, is to control the ratio of the specific impulse to the
thrust at constant power.s’6 The rocket provides a helicon
plasma source and a combined system of ion cyclotron heat-
ing and a diverging magnetic nozzle, where a flowing plasma
is heated by ion cyclotron range of frequency (ICRF) heating
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and the plasma thermal energy is converted to a flow energy
in the magnetic nozzle. This means that the magnetic nozzle
effect and ICRF heating in fast-flowing plasma are two key
issues for the development of an advanced space thruster.

Plasma acceleration in a divergent magnetic nozzle has
been successfully demonstrated in a HITOP device using a
magneto-plasma-dynamic arcjet (MPDA). The MPDA is one
of the representative space thruster devices and is also uti-
lized as a source of supersonic plasma flow.” The plasma
produced in the MPDA is accelerated by the Lorentz force
J. X By, where J, is the radial component of the discharge
current and B, is the azimuthal component of the self-
induced magnetic field. The ion acoustic Mach number M; of
the exhausted plasma, which is defined as the ratio of the
plasma flow velocity to the ion acoustic velocity, has been
observed to be nearly unity. In an externally applied diver-
gent magnetic nozzle configuration, a supersonic plasma
flow with M; of up to 3 has been obtained in the far down-
stream region of the MPDA, where no J, X B acceleration is
exerted.® It has also been demonstrated that the subsonic
plasma flow exhausted from the MPDA can be converted
into a supersonic one (where M; exceeds unity) using a
Laval-type magnetic nozzle attached in front of the MPDA
muzzle.”"°

However, an efficient method of heating ions of a flow-
ing plasma using rf waves is crucial for realizing an ad-
vanced thruster. Although ion heating in magnetically con-
fined plasma has been precisely investigated both
theoretically and experimentally in many researches, few at-
tempts at wave excitation and direct ion heating in fast-
flowing plasmas using rf waves have been carried out. Heat-
ing the ions in a fast flowing plasma might be difficult partly
because the short transit time of a single passage of ions

© 2006 American Institute of Physics
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through the heating region, and partly because of the modi-
fication of the ion cyclotron resonance due to the Doppler
shift.

The Alfvén wave is a typical low-frequency wave propa-
gating along a magnetic field line. It is a hydromagnetic
wave first predicted by Alfvén in the 1940s (Ref. 11) and has
been found to play a crucial role in MHD phenomena in
space plasmas. The shear Alfvén wave, which is a slow wave
at o/ w,; <1, is a left-handed circularly polarized wave, and
is also called an ion cyclotron wave near w/w_. =1, because
thermal ions resonate with the wave and are heated by ab-
sorbing the wave energy. It is important in both plasma phys-
ics and geophysics to investigate methods of Alfvén wave
excitation and the characteristics of wave propagation in fast-
flowing plasmas with the ion acoustic and the Alfvén Mach
number, M; and M ,, of nearly unity.

In laboratory plasmas, several excitation methods have
been proposed to excite shear Alfvén waves in suitably dense
and magnetized plasmas with the azimuthal mode number

m=—1, excited inductively by a Nagoya-type-III
antenna,lz’13 a helical antenna,m’15 and other antenna struc-
tures.

We made the first attempt at the ion heating in a super-
sonic plasma flow produced by a MPDA using a pair of
loop-type antennas to excite Alfvén waves.'®'7 In that study,
we found that the plasma thermal energy measured by the
diamagnetic loop coil increased when the rf waves were
launched in the nonaxisymmetric azimuthal mode (m==1)
in a beach-heating configuration. Recently, Chang Diaz et al.
reported ion heating in the plasma exhausted from a helicon
plasma in a VX-10 device. They used a half-turn or a helical
antenna and obtained evidence of ion heating; a change in
the rf antenna loading resistance and in the ion energy dis-
tribution, as measured by retarding energy analyzers.lg’19
Theoretical research has also been performed for the
VASIMR project.20 Although helicon plasmas are feasible
for continuous operation, the charge-exchange energy loss
from the neutral gas deteriorates the heating efficiency in
thin plasmas.

In the present experiments, a pulsed MPDA is installed
on a HITOP device with a large volume and length in order
to minimize the charge-exchange collision effect between en-
ergetic ions and neutral atoms. Preinjected neutral gas is re-
duced using a fast-acting-gas valve. The effect of the neutral
gas produced on the end plate of the HITOP device by the
surface recombination of the injected plasma is kept as low
as possible. A helically wound antenna is used to excite the rf
waves more efficiently and the ICRF heating experiments are
performed in a fast-flowing plasma with an M; value of
nearly unity.

In Sec. III, the wave magnetic field measured by mag-
netic probes (B-dot probes) and the spatial structures of the
wave magnetic field variation are presented. The dispersion
relations of the wave propagating in a fast-flowing plasma
are also discussed. In Sec. IV, ion heating experiments with
single-pass interaction between the excited waves and the
flowing plasma are presented. The effects of ion heating are
evaluated using a diamagnetic coil and electrostatic energy
analyzers. The dependence on the magnetic field, electron
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FIG. 1. A schematic of the HITOP device.

density, and ratio of the ion-ion collisional frequency to the
ion cyclotron frequency is also discussed.

Il. EXPERIMENTAL SETUP
A. HITOP device

The experiments were carried out in the HITOP device
at Tohoku University. It consists of a large cylindrical
vacuum chamber (diameter D=0.8 m, length L=3.3 m) with
eleven main and six auxiliary magnetic coils, which generate
a uniform magnetic field of up to 1 kG, as shown in Fig. 1.
Various magnetic field configurations can be implemented by
adjusting the external coil current.>1%%" A high power, qua-
sisteady MPDA is installed at one end-port of the HITOP as
a source of a fast-flowing plasma. It has a coaxial structure
with tungsten rod cathode (10 mm in diameter) in the center
and an annular molybdenum anode (30 mm in diameter).
Discharge currents 1, of up to 10 kA are supplied by a pulse-
forming network (PFN) system with a quasisteady duration
of 1 ms. The current I, is kept nearly constant during the
discharge with a typical voltage of 200-300 V and can be
controlled by varying the charging voltage of the capacitor
banks of the PFN power supply. It can generate highly ion-
ized, high density (more than 10?° m~3), fast-flowing plas-
mas with M; of up to 3 in an axial magnetic field B, of up to
1 kG. The plasma density and the flow velocity increase al-
most linearly with 7,. Plasma densities below 10'® m=3were
obtained by inserting an electrically floated metal-mesh elec-
trode downstream of the MPDA. The typical plasma flow
velocity was 10—30 km/s with M; of nearly unity. Helium or
argon gas was used as the working gas in the experiments.
The x, y, and z axes are shown in Fig. 1, where the origin of
the z axis is set at the tip of the MPDA cathode.

The plasma flow characteristics are measured using sev-
eral diagnostic tools installed on the HITOP device. The
electron temperature 7, and density n, profiles are measured
using a movable Langmuir probe. The ion temperature 7; is
measured using an electrostatic energy analyzer. The plasma
thermal energy W, is measured at Z=2.23 m using a dia-
magnetic loop coil with a diameter of 400 mm. The spatial
profiles of M; and n, along and across the field lines are
measured using a movable Mach probezz’23 and an array of
13-channel Mach probes set at 1.7 m downstream of the
MPDA outlet on the HITOP. The time-varying magnetic
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FIG. 2. A schematic of a right helical antenna.

fields associated with the excited waves in the plasma flow
are measured directly using a movable magnetic probe array,
consisting of 11 ch chip-sets of magnetic probes arrayed ra-
dially. Each probe has three sets of mutually perpendicular
pick-up coils for measuring three components of the mag-
netic field variation AB,, AB,, and AB.. The probe signals
(B dot signals) and the diamagnetic coil signal are transferred
to differential amplifiers and integrators and are stored in
digital data recorders.

B. Helical antenna and rf power source

We prepared two types of helically wound antennas to
excite rf waves in the plasma. Figure 2 shows a schematic of
a half-turn right-handed helically wound antenna 160 mm in
diameter and 400 mm in length. There are two winding di-
rections for the conductor. One is the right-handed helical
winding, clockwise along the B, field, and this type of an-
tenna will be called a right helical antenna henceforth; the
other will be called a left helical antenna. Our intention is to
use the right and left helical antennas to excite rf waves
downstream of the antenna, preferably with the azimuthal
mode numbers m=-1 and +1, respectively.I4

The electric field of the waves is expressed as follows:

E=Eyexpi(k;z+mb— wrt). (1)

One of the antennas was set at Z=0.6 m downstream of
the MPDA. The antenna current was supplied by inverter-
type power sources operated in a pulsed mode, as shown in
Fig. 3. We are able to change the oscillating frequency by
controlling the external oscillator. One of the rf sources can
excite oscillating currents with frequencies from 20 to
160 kHz in order to measure wave propagation in the plas-
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G4

capacitor
for resonance

G1 I—'—l G3
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100 F %Ig | | %
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FIG. 3. An electric circuit diagram of the rf power supply.
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mas. The other can excite rf power of up to 15 kW with
frequencies from 100 to 400 kHz, and the rf power is used
mainly for ion heating.

ll. ALFVEN WAVE EXCITATION IN A FAST-FLOWING
PLASMA

The Alfvén wave is a typical low-frequency wave propa-
gating along a magnetic field line.** At frequencies below the
ion cyclotron range of frequency w./2m, (w<wo,
< ,,w,,), the dispersion relation of the Alfvén wave propa-
gating in a uniform plasma along the external magnetic field
B is expressed as follows:

w2=k,2,vj<1 + ﬂ) (2)
where k/, is the field-aligned component of the wave number
k, and V, is the Alfvén velocity. The Alfvén velocity is ex-
pressed as follows:

V= BIN wonm, (3)

where, u is the permeability, n; is the ion density, and m; is
the ion mass. The notations + and — in Eq. (2) refer to a fast
(compressional) wave and a slow (shear) wave, respectively.

In a plasma moving along a uniform magnetic field, the
dispersion relation should be modified by taking into account
the effect of the Doppler shift. This is done by replacing w
with w—k,U, where U is the plasma flow velocity. Then the
dispersion relation is expressed as follows:

(w—k//U))

Wy

(0= kyU)*= k%,v/i( 1+ (4)
Now, we introduce the following normalized parameters:
V=w/w,, K=k,c/w, and the Alfvén Mach number M,
=U/V,. By using the relation w.;/w,=c/V,, where c is the
velocity of light, Eq. (4) can be expressed as follows:

(Q; - KM,)* = K°[1 £ (Q; - KM 4)]. (5)
Then, we obtain
2

5 2MAJ_rI(+\e"K2+4). (6)

Q=

Equation (6) is the dispersion relation of a compressional
(+) and a shear (—) Alfvén wave in a flowing plasma with the
Alfvén Mach number M A.25

The right helical antenna tends to excite rf waves which
propagate downstream and azimuthally in the counterclock-
wise direction with m=—1. This corresponds to a slow wave,
a shear Alfvén wave, in the low-frequency region. The left
helical antenna, on the other hand, tends to excite rf waves
which propagate downstream and azimuthally in the clock-
wise direction with m=+1, which corresponds to a fast
wave, a compressional Alfvén wave.'*

In order to identify the propagating rf waves excited by
the two types of antenna (right and left helical antennas), we
measured the wave amplitudes and phase shifts using mag-
netic probes in a uniform magnetic field configuration. By
changing the excitation frequency f,;, the wavelength was
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FIG. 4. The dispersion relations of the propagating wave in an argon
plasma. rf waves are excited by the right (open circles) and left (closed
squares) helical antennas. B=0.79 kG (uniform). The solid and dashed lines
are the calculated dispersion relations of the shear (m=-1) and compres-
sional (m=+1) Alfvén waves propagating downstream of the antenna in a
uniform plasma, respectively, with the Alfvén Mach number M ,=0.13.

obtained from the phase difference between the two mag-
netic probe signals located in the downstream region, at
Z=1.03 m and 1.43 m.

Figure 4 shows the dispersion relations observed under a
uniform magnetic field of 0.79 kG, where the ion cyclotron
resonance frequency (f,,=w./2m) is 30 kHz for argon
plasma. The dispersion relations of the shear and compres-
sional Alfvén waves are calculated using Eq. (5) and are
shown in Fig. 4 with an Alfvén Mach number M, of 0.13,
which corresponds to the experimental condition.

The wave excited by the right helical antenna agrees
well with the dispersion curve of the shear Alfvén wave at
w/w.;<1.5 and coincides well with that of the compres-
sional wave at w/w,;>2. The wave excited by the left heli-
cal antenna corresponds well to the dispersion curve of com-
pressional wave for all frequency ranges.

Figure 5 shows the spatial structures of the time-varying
magnetic field associated with the waves. The time evolu-
tions of the field structure indicate the behavior of left- and
right-handed, circular polarizations in the core region,
which correspond to the azimuthally propagating modes with
m=—1 and m=+1, excited by the right helical antenna under
the conditions o/w,=1 (f4=30kHz) and o/w,=2.6
(ft=80 kHz), respectively.

IV. ION HEATING THROUGH A SINGLE-PASS
INTERACTION BETWEEN THE RF WAVES
AND THE FLOWING PLASMA

Ion heating experiments were performed in a magnetic
beach configuration in order to couple the excited rf waves
with the flowing plasma. Figure 6 shows an axial profile of
the magnetic field strength and the locations of the rf antenna
and the diamagnetic coil. The upstream magnetic field By,
was kept constant and the downstream magnetic field Bj, was
varied to form a magnetic beach configuration as well as a
uniform magnetic field. The right helical antenna was used to
launch slow waves (ion cyclotron waves) at o/, ;<1 and
the waves propagated downward in the magnetic beach con-
figuration, approaching w/w.=1.

Phys. Plasmas 13, 057103 (2006)
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FIG. 5. The spatial structures of the time-varying magnetic field associated
with the waves excited by the right helical antenna. (a) /w/ =1(f;
=30 kHz) and (b) w/w,=2.6 (f+=80 kHz). Ar plasma. Uniform magnetic
field of 0.79 kG.

Figure 7 shows the typical waveforms of the discharge
current [/, and the observed diamagnetic coil signal W,
which corresponds to the component of the plasma thermal
energy perpendicular to the magnetic field. When the rf
waves were excited, W, drastically increased as shown in
the figure.

The ion temperature 7; was measured by electrostatic
energy analyzers (EEA) set at the diamagnetic coil position
of Z=2.23 m. The EEA consists of a metal plate with a small
circular hole and three grids. Ions pass through the small
hole and are reflected by a retarding voltage applied between
the grids. By making the normal of the hole parallel and
perpendicular to the plasma flow, we were able to obtain
both components of the ion temperature, 7}, and T}, .

The perpendicular ion-temperature component 7;, in-
creased from 3.9 eV to nearly 40 eV at the rf output power
P of 15 kW. The increments of 7;, and W, were almost
linearly proportional to P as shown in Fig. 8. The electron

MPDA M-antenna
l Z=0.43~0.83m

Diamagnetic coil
Y 7=2.23m

Plasma flow

o/ <1
<~ /0=

/0> 1
>

1 2
Z(m)

FIG. 6. The magnetic configuration and locations of the rf antennas and the
diamagnetic coil.
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diamagnetic coil signal W ,. He plasma. By=1 kG and Bp=0.575 kG. f,s
=236 kHz.

density n, and the electron temperature 7, were measured
using a Langmuir probe just after the rf were turned off, in
order to eliminate the oscillating field effect on the probe
measurement. The electron density was 0.3-0.5X 10! m3
and it decreased slightly during the rf excitation, whereas the
electron temperature nearly doubled. The increments of T;
and 7, were measured at different positions in the down-
stream region and are plotted in Fig. 9. Both temperatures
increased, not in the region just downstream of the rf antenna
but in the plateau region of the magnetic beach configura-
tion. The larger increase in T; than in 7, in the plateau region
indicates the preferential heating of ions in the flowing
plasma. The increment of W, was qualitatively consistent
with those of 7; and T,.

—14.6kW ||

40/ (b) ]

(eV)

Ti 1
N
o
o

0 5 16 15 20
Pre (KW)

FIG. 8. (a) The time evolutions of W, for various rf powers. (b) The de-
pendence of the ion temperature 7; as a function of the rf power. He plasma.
Jfr=236 kHz.
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In order to clarify the ion cyclotron resonance heating,
we varied the magnetic field Bp in the downstream region.
Figure 10 shows the dependence of AW, /W on the mag-
netic field B for three different rf frequencies. The magnetic
field configuration was of the magnetic-beach-type with a
constant By of 0.7 kG for f,;=80 and 164 kHz, and of
1.0 kG for f,;=238 kHz at the antenna position and a vari-
able Bj, at the diamagnetic coil position. The vertical solid
lines in Fig. 10 indicate the B}, corresponding to w/w. ;=1 for
each excited rf frequency. AW, /W, became large near the
Bp at w/w.;=1 for three different rf frequencies. It was also
observed that the peak shifted slightly to a lower B, than that
corresponding to w/w,=1, i.e., w/w, was higher than 1.
This shift was not caused by the diamagnetic effect, which
would make the resonance field shift to a higher Bj, al-
though the beta value in the present experiments was low.
The shift is in good agreement with the value predicted by
the Doppler effect of the fast plasma flow.

When the B, field is lowered to less than the value at
o/ w.;=1, the resonance position shifts to the steep diverging
region upstream of the plateau region. In this case, as shown
in Fig. 10 the heating efficiency becomes lower than with the
resonance in the plateau region. This indicates that the pla-

>1 = <
ol >1 olo =1 at Diamag. olo <t
6 80kHz 164kHz 237kHz
' ! ' & 80kHz
- I ;— O 164kHz
2 4p 'a | W 237Kz
- | | l.
2 [ Hyg
2 2 %iQ
I : ‘
o} L FIFY R O
0 02 04 06 08 10

B, (kG)

FIG. 10. The ratio of AW /W, as a function of the downstream magnetic
field Bp. He plasma. The solid lines correspond to w/w,;=1 for the wave
frequencies of f,;=237 kHz (closed square), 164 kHz (open circle), 80 kHz
(open triangle).
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teau region with a gradual field variation is very important
for the effective ion cyclotron damping of the excited waves
in a magnetic beach configuration.

It was found that strong ion cyclotron heating occurred
when the plasma density was lower than 10'® m=3. Figure 11
shows dependence of the ratio AW /W, on By, for three
different plasma densities. The magnetic field configuration
was of the magnetic-beach-type with a constant B, of 0.7 kG
at the antenna position and a variable Bj, at the diamagnetic
coil position. As is shown in Fig. 11, there is a clear indica-
tion of the ion cyclotron resonance only at the plasma den-
sity of 1n,=0.5% 10'® m~=. Under higher density conditions,
the ion-ion collision frequency v; becomes higher than the
ion cyclotron frequency f,; and the waves are damped not by
cyclotron resonance but by collisional damping. Ions cannot
gyrate in the Larmour motion between collisions, and there-
fore strong ion cyclotron heating does not occur. When the
ratio fi¢/v;; is low, AW /W, does not show a large differ-

o (a) Helium
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® o1’}
S
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-
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5
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FIG. 12. The ion-ion collision frequency v; as a function of the ion density
n; for (a) helium and (b) argon plasmas. 7;=4 eV is assumed. The right-hand
axis of the ordinate corresponds to the magnetic field where f.;=v;;.
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FIG. 13. The dependence of (a) W, (b) AW, and (c) AW /W, on n;. He
plasma. P ;=15 kW. f;;=236 kHz.

ence for different magnetic conﬁgurations.% Figure 12
shows the relations between v; and n; for helium gas and
argon gas. The right-hand axis of the ordinate shows the
magnetic field corresponding to the condition of f,.;=v;. The
condition that f¢/v;>1 is satisfied in the region above the
solid line.

We varied the plasma density from 10'7 to 10?° m~ and
measured the effect of the ion density on the ion heating.
Figure 13 shows the observed variations in W, AW, and
AW /W, for a wide range of n;. A tenfold rise in AW /W
was obtained for a low n; around 10'7 m™, where the ratio
S/ vi; is nearly 100. On the other hand, the 1ncrement of the
thermal energy AW reached its maximum at the higher den-
sity of n; (=10'8-10'" m~3). This is related to the variation of
the antenna-plasma coupling. The length of the half-turn he-
lical antenna used in the experiments was 0.4 m, which is
suitable for exciting waves with a wavelength of 0.8 m. We

3

measured the magnetic field intensity |B| of the excited wave
using a magnetic probe placed at Z=1.04 m. The propagat-
ing wavelength \,, was evaluated based on the phase differ-
ence between the two magnetic probe signals set at Z
=1.04 m and 1.44 m. In Fig. 14 |B| and \, are plotted as a
function of n;. The upper axis of the abscissas shows the
calculated values of A, for each ion density using the follow-
ing simple equation valid for low frequencies,

27
\/ — (7)
e #oni

When the excited wavelength is well matched with the
antenna wavelength at higher ion densities, the excited wave

)\// - VA/fcz
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FIG. 14. The magnetic field amplitude |B| and the wavelength N, of the
propagating wave as a function of n; He plasma. Py=15kW.
f=236 kHz.

amplitude is large. We were able to optimize the length and
diameter of the antenna for more efficient ion heating.

Although cyclotron damping is not effective at f¢/v;
<1 in higher-density plasma, the increment of the plasma
thermal energy is still observed. This collisional damping
mechanism also plays an important role in a high-density
plasma under lower magnetic fields. This heating scenario
seems to be feasible in space propulsion applications because
it is possible to eliminate large superconducting magnets to
produce a strong magnetic field.

The heated ion energy should be converted to flow en-
ergy by passing it through a divergent magnetic nozzle. The
experimental verification of the energy conversion will be
presented in a separate paper.

V. CONCLUSIONS

Alfvén wave excitation and ion heating in a fast-flowing
plasma for use in an advanced plasma thruster were investi-
gated experimentally. Waves near the ion cyclotron fre-
quency in the nonaxisymmetric (m==+1) mode were
launched by right- and left-handed, helically wound anten-
nas. Both the wave amplitude and phase shift were mea-
sured, and the dispersion relations of the propagating waves
were obtained. The right helical antenna excites a shear
Alfvén wave and the left helical one excites a compressional
wave at o/ w,;<1.5.

The plasma thermal energy W, and the ion temperature
T;, as measured using the electrostatic energy analyzer, were
observed to increase drastically when a slow wave was ex-
cited in a magnetic beach configuration. 7; increased from 4
to 40 eV at the rf output power P, of 15 kW. The magnetic
field dependence of the measured W, clearly indicated the
ion cyclotron resonance of thermal ions. The value of the
resonance magnetic field was affected by the Doppler shift
due to the fast-flowing plasma. This large increment of W

Phys. Plasmas 13, 057103 (2006)

was observed at low densities, at which the ratio of the ion
cyclotron frequency to the ion-ion collision frequency be-
comes large.
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