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Propagation and absorption of electron cyclotron wave are investigated for the case in which a
left-hand polarized wave (LHPW) is selectively launched in inhomogeneously magnetized and
bounded plasmas. The LHPW is observed to be unexpectedly and sharply absorbed near the electron
cyclotron resonance point. The unexpected absorption of the LHPW is clarified to be caused by a
polarization reversal from the LHPW to a right-hand polarized wave. It is found that the polarization
reversal point dominates the absorption region of the electron cyclotron wave, which is observed to
be changed by controlling the plasma radius, i.e., radial boundary condition. These phenomena can
be well explained in terms of the dispersion relation in bounded plasmas. © 2005 American Institute

of Physics. [DOI: 10.1063/1.2103547]

I. INTRODUCTION

Electron cyclotron waves are important plasma waves in
the fields of basic plasma physics, plasma application, ther-
monuclear fusion, and so on. Localized electron cyclotron
resonance (ECR) heating has been hoped to be the most ef-
fective method for the formation of thermal transport barrier
in tandem-mirror devices,'~ where strong electron heating in
the perpendicular direction against magnetic-field lines are
demanded. Although sufficient confinement has not been at-
tained by using ECR in the devices so far, the heated hot
electrons can efficiently ionize neutral gases and produce
ions. Making use of this knowledge, ECR is utilized for ion
production in an ion engine system for propulsion of
satellites,4 and ion beam sources for various experiments of
atomic physics, nuclear physics, and so on.”® The wave
propagation and absorption play important roles in these ap-
plications. It was reported that an absorption region of the
wave power affects the efficiency of the electron heating in
an ECR discharge, where the localized wave absorption pro-
motes the high electron temperature.7 Although the localized
wave absorption is considered to be necessary for efficient
and strong electron heating and yield efficient ion produc-
tion, the Doppler shift effect by high energy electrons was
reported to expand the resonance region, i.e., wave absorp-
tion region is broadened in an ECR discharge.8 Thus, wave
characteristics with more localized resonance region are ex-
pected to yield stronger electron heating and more efficient
ion production. When the wave propagations in the ECR
discharges utilized for the ion thrusters and the beam sources
are taken up, on the other hand, the effects of boundary con-
ditions should be taken into account because the wavelength
of the microwave is comparable with the length or diameter
of plasmas and devices.

From the viewpoint of plasma physics, a right-hand po-
larized wave (RHPW) has been investigated for a long
time,*"! because the RHPW is efficiently absorbed near the
ECR point. On the other hand, a left-hand polarized wave
(LHPW) has been known to be absorbed at w=w,, due to
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Landau damping,12 where w/27 and w,,./27 are wave and
electron plasma frequencies, respectively. Moreover, recent
experimental results demonstrated that the LHPW in a
bounded plasma is also unexpectedly absorbed near the ECR
point just like the RHPW."*" In order to explain the unex-
pected absorption of the LHPW, a polarization reversal from
the LHPW to the RHPW was theoretically suggested16 and
experimentally investigated for the case of a partially filled
plasma-waveguide in an ECR discharge.14 But, the polariza-
tion reversal has not been clearly observed and its physical
mechanism has not been clarified. In our previous paper,15
the experimental results demonstrated that the absorption re-
gion of the LHPW is more localized than that of the RHPW.
Although the mechanism has not been clarified yet, we be-
lieve that the localized LHPW absorption can lead to the
localized and strong electron heating, because the wave
electric-field strength of the LHPW at the ECR point is larger
than that of the RHPW, which starts to damp farther from the
ECR point compared with the LHPW. Therefore, it is very
important to understand the absorption mechanisms and
characteristics of the LHPW near the ECR point.

Based on these backgrounds, the purposes of the present
work are to clarify the absorption mechanisms and to under-
stand the absorption characteristics of the LHPW near the
ECR point. In this paper, the first observation of the polar-
ization reversal and absorption mechanisms of the LHPW
due to the polarization reversal in bounded plasmas are re-
ported. The polarization reversal is found to be explained by
the dispersion relation including the effect of a radial bound-
ary condition, which fixes a wave number perpendicular to
the magnetic-field lines. Its effect yields a different disper-
sion relation and wave polarizations from that in unbounded
plasmas. A brief result of this work has been reported
carlier.'” In Sec. II, an experimental setup is described. A
theory of dispersion relation is mentioned in Sec. III. Experi-
mental results are presented in Sec. IV. We discuss the results
in Sec. V, and conclusions are given in Sec. VL.

© 2005 American Institute of Physics
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FIG. 1. Schematic of experimental apparatus and static magnetic-field
configuration.

Il. EXPERIMENTAL SETUP

Experiments are performed in the Q-Upgrade Machine
of Tohoku University as shown in Fig. 1, which is a linear
device with vacuum chamber about 450 cm in length and
20.8 cm in diameter. The inhomogeneous magnetic field B
presented in Fig. 1 is applied by two parties of solenoidal
coils. A coaxial bounded plasma with peripheral vacuum
layer is produced by a direct current discharge between a
barium oxide (BaO) cathode and a tungsten mesh anode in
low pressure argon gas (90 mPa). The plasma column is
terminated by a glass endplate located on the opposite side of
the plasma source. The formation of clear boundary between
the plasma and the vacuum layer is realized by using a lim-
iter, which is located just in front of a tungsten mesh anode
and also enables the plasma radius r, to be controlled in the
range of 2.5-4 cm. Radially and axially movable Langmuir
probes are set in order to measure plasma parameters and
their radial and axial profiles. The typical electron density
and temperature at the radial center of the plasma column
are n,=9x10""cm™ and T,=3 eV at z=78 cm, where
z=0 cm is defined as an axial position of a microwave ex-
citer which is described below. Figures 2(a) and 2(b) show
the radial and the axial profiles of electron density n, for
r,=4 cm, respectively. It is found in Fig. 2(a) that the radial
profile is uniform within the range of +3 cm, which is in
agreement with the expected radius at z=78 cm. That is to
say, the plasma radius is narrowed along the inhomogeneous
magnetic-field lines. In addition, it is confirmed that the elec-
tron density is not zero at the edge of the plasma column,
i.e., the outside of the limiter, which is caused by the radial
diffusion. Figure 2(b) indicates that the electron density in
the downstream region slightly increases compared with that
in the upstream region because of the reduction of the cross
section of the plasma column.

A microwave (6 GHz, 150 mW) is selectively launched
toward the ECR point (B=2.14 kG, z=78 cm) as the LHPW
in the high magnetic-field region by a helical antenna (z
=0 cm). The helical antenna is designed to operate at 6 GHz
with the theory in Ref. 18. The diameter of the helix, the
axial length, the number of turns, and the diameter of the
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FIG. 2. (a) Radial and (b) axial profiles of electron density measured by the
Langumuir probes at (a) z=78 cm and (b) r=0 cm.

ground plane behind the helix are 1.6 cm, 12 cm, 10 turns,
and 3.75 cm, respectively. When the magnetic-field direction
is changed, it was reported that not the LHPW but the
RHPW can be excited."” The wave patterns are obtained with
an interference method by using a mixer through movable
balanced dipole antennas with folded balun, which can re-
ceive each of the components of the wave electric field, i.e.,
E,, E,, and E, respectively, and are terminated with 50 Q
lines. In order to protect the antennas from the thermal dam-
age, these are covered with ceramics. The length of the di-
pole antennas is selected as 1.8 cm according to the fact that
the antennas have the best sensitivity for the case of this
length. Here, we mention that the helical antenna is experi-
mentally confirmed not to generate harmonics, which is con-
sidered to generate the short wavelength components in the
interference method. In addition, shifting the phase of a re-
ceived signal by using a phase shifter, which is inserted be-
tween the dipole antennas and the mixer, can realize mea-
surements of time-series of electric field, because the
interferometric wave pattern signifies a snapshot of the
electric-field structure at a certain time. Moreover, spatial
profiles of the wave power P,,P,, and P, are measured with
a power meter.

lll. THEORY
A. Dispersion relation in bounded plasmas

We consider the azimuthally and radially uniform
plasma column, since the radial profile of electron density is
almost uniform as shown in Fig. 2(a). A dielectric tensor K
in cold plasmas is given by

B K1 Ky 0
w
?K= — Ky K 0 . (1)
0 0 K3

with k|, k,, and k3 defined by
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where w,;, w.;, and €; are the plasma frequency, the cyclo-
tron frequency, and the sign of the charge for species j. The
terms related to ion motions can be neglected in the case of
0> w,;, 0., where w,; and w,; are the ion plasma and cyclo-
tron frequencies. A d1spers1on relation of electromagnetic
waves in bounded plasmas is derived by using the Maxwell

equations as"
(Y + 15+ Y2 ) iy + 12 [k (y+ k%) = k3] =0, (2)

where y= ku — K, kj and k, are the wave numbers parallel
and perpendicular to a static magnetic field B, respectively.
The electric fields are assumed to propagate toward the z
direction, so the wave fields with azimuthal mode number m
can be represented by

E =E(r)expli(kjz + m6— wt)], (3)

where the components of the electric-field vector are derived
as

E()= 252 ), 4)
I1K2K3
wd
E (r) kAJ’m(kLr) ‘Im(kir) (5)
KyK | Vi L
mwo
Efr)=-" ka (k)= 5 ), ©)
rKs

where 8= y—i3/Kk|+k%, 6=y+k*, and A and J,, are an
amplitude constant and Bessel function of order m, respec-
tively. Here, E, and E, in cylindrical coordinates correspond
to experimentally obtained E, and E| in rectangular coordi-
nates. In general, the perpendicular wave number k is de-
termined by radial boundary conditions. Although the paral-
lel wave number k; is also affected by axial boundary
conditions, the parallel wavelength is much less than the
axial length of the plasma column in our experimental con-
figurations, which allows us to neglect its effects.

It is well known that the wave polarization plays impor-
tant roles in cyclotron resonance phenomena. The above dis-
persion relation and electric-field components derive a polar-
ization index S as

S= |Er + ZEH| ) (7)

|E r— iE 0|
Here, 0<S<1 and 1<S< represent right-handed and
left-handed polarizations, and S=0, S=1, and S=% corre-
spond to circularly right-handed, linear, and circularly left-
handed polarizations, respectively. We mention that the wave
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polarization can become both right-handed and left-handed
following Eq. (7), which is determined by Egs. (5) and (6)
derived from the solution of Eq. (2), and depends on the
plasma parameters, i.e., electron density, magnetic-field
strength, and so on.

B. Effects of inhomogeneous B-field configuration

The wave frequency w/27 is constant and the static
magnetic-field strength B is varied when we consider the
spatial wave propagation in the z direction. Therefore, not
wave frequency /27 but the magnetic-field strength B(z),
i.e., electron cyclotron frequency w, /21, has to be regarded
as a variable in calculating the dispersion relation given by
Eq. (2) for an inhomogeneous magnetic-field configuration.
In addition, the inhomogeneity of some plasma parameters
due to the magnetic-field configuration should be considered.
The first is an axial profile of the electron density n,(z). We
define n,(z9)=n,, and B(zo)=B, at a certain axial point
z=z3. We neglect the electron and ion magnetic-mirror re-
flection caused by —uVB force in the converging magnetic-
field configuration toward the helical antenna, where u is the
magnetic moment. In addition, we assume that the perpen-
dicular component of electron initial velocity is much less
than the parallel one, i.e., viol vf()« 1, because the electrons
are accelerated along the magnetic-field lines for the case of
the DC discharge. The axial conservation principles of
charged particle flux, energy, magnetic moment, and mag-
netic flux derive a local electron density n,(z) as

Vo B(z) B(2)

= ~ . (@
ne(@) \/vﬁo+(1—B(Z)/BO)v2l B 0 teo ®)

By

The local electron density is not simply proportional to B as
shown in Fig. 2(b), because the experiments are done in the
collisional plasma. However, it is actually found that the
electron density increases with an increase in B, which im-
plies a validity of Eq. (8) to some extent. We assume the
ideal configuration in order to simplify the calculation of the
dispersion relation in Eq. (2).

The second is the perpendicular wave number k |, which
is determined by the radial boundary conditions at the con-
ducting vacuum wall and between the plasma and the periph-
eral vacuum layer for the case of partially filled plasma
waveguides. In our experimental configuration, since the he-
lical antenna can excite the transverse electric-field mode in
empty waveguides, the axial component E, of wave electric
field is absent in the peripheral vacuum layer. In the plasma
column, on the other hand, E, has a finite value. Conse-
quently, the boundary equation can be derived as E,=0, i.e.,
Ju(k a)=0, between the plasma and the vacuum layer
(r=a). The radial boundary position is axially varied along
the curved magnetic-field lines. When the perpendicular
wave number at 7=z, is defined as k | ;, the local perpendicu-
lar wave number & (z) can be written as

L= 5k ©)

The radial boundary position r=a cannot be exactly identi-
fied because of the finite electron density around the edge of
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FIG. 3. (a) Interferometric wave pattern of E, (solid line) and E, (dashed
line). (b) Long (LW) and short (SW) wavelength components decomposed
from the wave pattern in (a).

the plasma column as shown in Fig. 2(a). Thus, we use the
measured perpendicular wave number in the plasma column
as k| o

IV. EXPERIMENTAL RESULTS

Figures 3(a) and 3(b) show the interferometric wave pat-
terns of E, (solid line) and E, (dashed line) at the radial
center of the plasma column for r,=3 cm, and the long (LW)
and short (SW) wavelength components decomposed from
the wave patterns of Fig. 3(a) by using Fourier analysis, re-
spectively. Here, the solid arrow in Fig. 3(a) denotes the
ECR point and the digital high- and low-pass filters with the
border at k;/2mw=0.2 cm™!, which corresponds to the wave
number of 6 GHz microwave in vacuum, are used to decom-
pose to the LW and the SW. Figure 3(a) indicates that the
launched LHPW is absorbed near the ECR point just like the
RHPW. It is noted in Fig. 3(b) that the LW damps and the
SW grows around z=60 cm. Moreover, it is obviously ob-
served that the phase difference of E, to E| for the LW and
the SW is oppositely shifted. Therefore, we plot the axial
profiles of the electric-field vector of the LW and the SW in
Figs. 4(a) and 4(b), respectively, which are obtained from the
wave patterns of E, and E,. Figure 4 signifies that the polar-
ization of the SW is opposite to that of the LW. As the wave
propagates in the direction of the arrows shown as k in Fig.
4, it is identified that the polarization of the LW and the SW
are left- and right-handed, respectively. In addition, time-
series of electric-field vector of the LW and the SW are di-
rectly measured as plotted in Figs. 5(a) and 5(b) in order to
determine the polarization direction of the LW and the SW.
Here, the symbol 7 is the period of 6 GHz microwave and
the solid circles with arrow denote the rotating directions of
the observed vector. It is precisely observed that the polar-
izations of the LW and the SW are left- and right-handed,
respectively. The above-mentioned results lead to a clear-cut
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FIG. 4. Axial profiles of electric-field vector of (a) the LW and (b) the SW
in transverse plane against the magnetic-field lines.

observation that the LHPW damps and the RHPW grows
before the ECR point, that is to say, it is verified that the
polarization reversal from the LHPW to the RHPW occurs.
As a result, it is disclosed that the launched LHPW is ab-
sorbed near the ECR point.

Figure 6 gives the decomposed RHPW components with
the plasma radius r, as a parameter. The polarization reversal
point is defined as an axial point where the RHPW has a
maximum amplitude as indicated by solid arrows. It is found

that the polarization reversal point gradually shifts to the

o t=0 ® =T/8 A t=2T/8 A t=3T/8
O t=4T/8 & t=5T/8 Ot=6T/8 W t=7I/8
T T T T T T T T T T | ' I T
| (a)LW ! 4 F(b)SW ! 4
~ = . I o — - ’ =
E - A 10 ¢ ]
m>\ L | | A
@,
- /N 4 } -
L ‘ ®B | : -
o |
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0 0
E, (a.u.) E, (a.u.)

FIG. 5. Time-series of the electric-field vector in transverse plane against
the magnetic-field lines of (a) the LW and (b) the SW.
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FIG. 6. The RHPW components included in the observed wave patterns
with plasma radius r, as a parameter.

upper region of the wave propagation with an increase in r,,.
The polarization reversal is expected to be affected by the
radial boundary.

The axial profiles of received wave power P, (solid
lines) for the same conditions as Fig. 6 are presented in Fig.
7 with r, as a parameter. For each plasma radius, it is found
that the wave power is absorbed near the ECR point, where
we direct our attention to the absorption region of the wave
power. Derivatives —dP,/dz are presented as dashed lines in
Fig. 7 for estimation of absorption region, where -dP,/dz
means absorption degree of the wave power. Figure 7 de-
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FIG. 7. Axial profile of received microwave power P, (solid line) and
derivatives —dP,/dz (dashed line) with r,, as a parameter.
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FIG. 8. Radial profile of E_ (solid line) and the calculated Bessel function of
order zero (dashed line) with r, as a parameter.

notes that the absorption region moves to the upper region of
the wave propagation and is broadened with an increase in
r,.

' The results shown in Figs. 6 and 7 signify that the ab-
sorption region becomes more localized when the polariza-
tion reversal occurs more closely to the ECR point, and that
the polarization reversal point is dominated by the plasma
radius, i.e., the radial boundary condition. The plasma col-
umn is expected to affect the perpendicular wave number k |,
which is determined by the radial boundary conditions.
Therefore, the radial profile of E,, which gives the azimuthal
mode number m and the perpendicular wave number k, ac-
cording to Eq. (4), is measured for each plasma radius. The
measured radial profiles of E, are presented in Fig. 8 as solid
lines. The symmetries of the obtained radial profiles of E, for
each r, give m=0 and allow us to fit the obtained profiles by
the Bessel function of order zero. The dashed lines in Fig. 8
are curves fitting the radial profile of E, with the Bessel
function Jy(k,r) of order zero, where k, =1.20, 1.15, and
1.1 cm™! for r,=2.5, 3, and 4 cm, respectively. It is clarified
that the perpendicular wave number k, varies when the
plasma radius r, is changed. The mechanisms of the results
presented in this section are discussed in Sec. V based on the
perpendicular wave numbers obtained from Fig. 8.

V. DISCUSSION

In this section, we discuss three observed phenomena.
The first is related to a mechanism of the polarization rever-
sal, which is described in Figs. 3-5. The experimentally ob-
tained dispersion relation of the LHPW and the RHPW com-
ponents, i.e., the LW in the high magnetic-field region and
the SW growing near the ECR point in Fig. 3(b), are plotted
in Fig. 9(a) as closed and open squares, respectively. The
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FIG. 9. (a) Calculated dispersion relation (solid line) in bounded plasmas
together with the experimental one of the LHPW (closed square) in the high
magnetic-field region and the RHPW near the ECR point (open square). (b)
Calculated polarization index S corresponding to the dispersion relation in

(a).

obtained dispersion relations of both the LHPW and the
RHPW are in good agreement with the theoretical dispersion
relation (solid line) given by Eq. (2) for the case of experi-
mentally obtained k,,=1.15cm™ and m=0 at z=40 cm.
Figure 9(b) indicates the theoretical polarization index S cor-
responding to the dispersion curve shown in Fig. 9(a). The
value of S is larger than unity in the range of w/w.<0.85,
that is to say, the wave polarization is left-handed in the high
magnetic-field region. As the wave approaches toward the
ECR point (0/w,=1), S becomes smaller than unity. It is
proved that the polarization reversal from the LHPW to the
RHPW can be explained by the dispersion relation including
the effect of k|, i.e., radial boundary, and the effects of the
inhomogeneous magnetic-field configuration. Although the
helical antenna can in principle excite the left-hand circularly
polarized wave, it is conjectured that the restriction of the
radial boundary, i.e., dispersion relation in bounded plasmas,
makes the wave polarization left-elliptic-handed.

The second is related to the growth of the RHPW near
the ECR point as shown in Fig. 3(b). In Sec. IV, we insisted
that the growth is caused by the polarization reversal from
the LHPW, based on the result that the growth occurs simul-
taneously with the damping of the LHPW. However, we
should now discuss the relation between the wave amplitude
E and the group velocity v, since it is possible that the wave
amplitude grows due to a decrease in v,, which can be de-
rived from the energy flux conservation (ngzzconst). That
is to say, there is doubt that the RHPW around z=60 cm is
derived from the noiselike SW component around z=40 cm.
The axial profile of the electric-field amplitude E., (solid
line) calculated from the dispersion relation in Fig. 9(a) un-
der the restriction of the energy flux conservation is pre-
sented in Fig. 10 together with the experimental electric-field
strength E,,, (open square) obtained from the wave pattern
in Fig. 3(b). The theoretical curve certainly shows that the
electric-field enhancement could occur near the ECR point
due to the strong reduction of U, On the other hand, the
experimentally observed enhancement of the RHPW occurs
on the high magnetic-field side enough ahead of the theoret-
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FIG. 10. Theoretical electric-field strength E, (solid line) obtained from the
energy flux conservation for the case of the dispersion relation in Fig. 9(a)
and experimentally obtained electric-field strength E, (open squares) of the
SW in Fig. 3(b).

ical position of the growth. Therefore, there is no possibility
that the observed growth of the RHPW is due to the reduc-
tion of v,. We assert again that it is caused by the polariza-
tion reversal obeying the dispersion curve in Fig. 9(a).
Finally, we discuss the effects of the plasma radius on
the polarization reversal point and the wave absorption re-
gion in Figs. 6 and 7. The measured perpendicular wave
number at z=40 cm are k, =1.20, 1.15, and 1.10 cm™! for
rp:2.5, 3, and 4 cm as shown in Fig. 8, respectively, and it is
confirmed that the wave is affected by the radial boundary.
By using these values, the calculations of the dispersion re-
lation given by Eq. (2) are carried out. The calculated dis-
persion relation and polarization index S for rp=2.5, 3, and 4
cm are presented in Figs. 11(a) and 11(b) as dashed, solid,
and dotted lines, respectively. It is found that the parallel
wave number k; becomes larger with an increase in r, in Fig.
11(a). Then, our attention is focused on the polarization in-
dex S for each plasma radius in Fig. 11(b). It is noticed that
w/w,., at the polarization reversal point becomes smaller
with an increase in r,, i.e., is shifted to the high magnetic-
field region. Here, the polarization reversal point stands for
the position where the polarization index is converted from
S§>1 into S<1. The dependency of the polarization reversal
point on r, is consistent with the observed one in Fig. 6. We
now consider the relation between the polarization reversal
point and the absorption region. When the polarization rever-
sal occurs in a higher magnetic-field region for larger r,,

the wave has a larger k; as shown in Fig. 11(a). Then, the

Ck” / ..

FIG. 11. Calculated dispersion relation and polarization index for the case
of r,=2.5 (dashed line), 3 (solid line), and 4 cm (dotted line).
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Doppler shift effect acts more conspicuously and the start
position of the wave absorption moves to the high magnetic-
field region, because the electron cyclotron resonance condi-
tion of the wave can be described as w—kjy,=w,, and elec-
tron temperature is actually finite, where v, is the axial
velocity of electrons and kp, is negative. Thereby, the ab-
sorption region moves to the high magnetic-field region
and is broadened with an increase in r,. The above-
mentioned fact indicates that the LHPW with large k&, can
yield more localized electron heating due to the localized
wave absorption.

VI. CONCLUSION

Propagation and absorption of electromagnetic waves in
the range of electron cyclotron resonance (ECR) frequency
are experimentally and theoretically investigated for the case
in which the left-hand polarized wave (LHPW) is selectively
launched into the inhomogeneously magnetized and bounded
plasmas with the helical antenna. It is for the first time dem-
onstrated that the polarization reversal from the LHPW to the
right-hand polarized wave (RHPW) occurs near the ECR
point. The polarization reversal can be explained by the dis-
persion relation including the effects of the radial boundary
and inhomogeneous magnetic-field configuration. In addi-
tion, the effects of the radial boundary on the wave propaga-
tion and absorption are experimentally examined by chang-
ing the plasma column radius, namely, perpendicular wave
number against the static magnetic-field lines. As a result, the
polarization reversal point gets closer to ECR point and the
wave absorption region becomes more localized with a de-
crease in the plasma radius. The phenomena can also be
understood theoretically by the dispersion relation in
bounded plasmas, indicating that the existence of the radial
boundary localizes the absorption region of electron cyclo-
tron wave in laboratory plasmas. The localized absorption of
the LHPW could be utilized for localized and strong electron
heating, and the resultant efficient ion production.
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