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Absorption and penetration of left-hand polarized waves related to polarization reversal
causing electron cyclotron resonance
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Propagation and absorption of electromagnetic waves with electron cyclotron resonance (ECR) frequency
are investigated for the case of inhomogeneously magnetized plasmas, when the left-hand polarized wave
(LHPW) is selectively launched. The LHPW with axisymmetric-azimuthal and second-order radial modes is
absorbed near the ECR point at any radial position, which is caused by the polarization reversal to the
right-hand polarized wave. On the other hand, it is clarified that the LHPW with fundamental radial mode
penetrates the ECR point without polarization reversal. In addition, it is theoretically suggested that polariza-
tion reversal can partially occur in the plasma column for the case of nonaxisymmetric modes.
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I. INTRODUCTION

Propagation and absorptions of electromagnetic waves in
magnetized plasmas have been investigated for a long time,
because the waves embrace interesting physics and afford
good possibilities of wide-range applications. Especially,
electromagnetic waves with electron cyclotron resonance
(ECR) frequency have attractive characteristics for realizing
a thermonuclear fusion, as plasma sources for plasma pro-
cessing, and so on. In the field of the thermonuclear fusion,
ECR is indispensable for efficient electron heating [1] and
the formation of local-confining potential structure in
tandem-mirror devices [2,3]. On the other hand, ECR has
been considered to be effective for the production of plasmas
with high density, large diameter, lower electron temperature,
and uniform density profile in the field of processing plasma
[4-7]. Tt is obvious that wave propagation and absorption
decide the heating efficiency and plasma characteristics pro-
duced.

In the past, many studies of the whistler wave were car-
ried out for the case of weakly magnetized plasmas
(0,0 0> 1) [8-14] because the wave has right-handed po-
larization and is efficiently absorbed near the ECR point,
where w,, and o, are the electron plasma and cyclotron
frequencies, respectively. On the other hand, investigations
of wave propagation and absorption under the condition of
wp,./ w.,<1 have recently been carried out on purpose to
produce uniform plasmas [15,16]. These experimental results
showed that a left-hand polarized wave (LHPW), which is
considered not to be related to ECR, is locally absorbed near
the ECR point in inhomogeneously magnetized plasmas. In
order to explain the unexpected absorption, a polarization
reversal from the LHPW to a right-hand polarized wave
(RHPW) was theoretically suggested for the case of m=—1
mode by including the effects of radial boundaries and finite
electron temperature [17]. Here, m is an azimuthal mode
number and the authors of [17] insisted that the wave polar-
ization is changed along the radial axis; namely, the polar-
ization becomes right handed in some radial region. Al-
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though an experiment on polarization reversal was
performed in an ECR discharge [15], it was difficult to ob-
tain clear-cut experimental results because of the simulta-
neous realization of the purposes for both studying the wave
propagation and producing the plasma. Therefore, we re-
ported the experimental results for the case that the RHPW
or LHPW with small amplitude is selectively launched in the
steady-state plasma produced by a dc discharge [18-20]. In a
previous paper, we reported that the damping region of the
LHPW is more localized than that of the RHPW [18]. Then,
this phenomenon is considered to be useful for more local-
ized electron heating in high-temperature plasmas. However,
the damping mechanisms of the LHPW near the ECR point
have not been clarified, although radial boundaries have been
supposed to exercise some effects on it. Besides, theoretical
and numerical analyses are advanced for clarifying the ef-
fects of the boundaries in plasma waveguides [21-24].
Therefore, it is an important subject to unify the relationship
between the effects of the boundary conditions and the un-
settled problems, especially the unexpected absorption of the
LHPW near the ECR point.

Based on the above-mentioned background, the purpose
of the present work is to clarify the propagation and damping
mechanisms of the LHPW near the ECR point from the
viewpoint of the effects of the radial boundaries. We have
already reported on the damping mechanism of the LHPW
due to polarization reversal for the case of m=0 mode
[25,26]. However, it was observed that a part of the launched
LHPW is not absorbed, whose mechanism was not illumi-
nated and has not been released so far. Thus, in this paper,
we report the difference in the propagation mechanisms be-
tween LHPW’s with an axisymmetric m=0 mode, one of
which is absorbed near the ECR point and the other of which
passes the ECR point without absorption. Furthermore, we
theoretically discuss the characteristics of the polarization
reversals for the case of axisymmetric m=0 and nonaxisym-
metric m==+1 modes. In Secs. II and III, an experimental
setup and a dispersion theory are described. Experimental
results about the axisymmetric mode are presented in Sec.
IV, and the differences between the axisymmetric and non-
axisymmetric modes are discussed in Sec. V. Conclusions are
given in Sec. VL.
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FIG. 1. Schematic of experimental setup and external static
magnetic-field configuration.

II. EXPERIMENTAL SETUP

Experiments are performed in the Qp-Upgrade Machine
of Tohoku University shown in the top of Fig. 1, which has a
cylindrical vacuum chamber about 450 cm in length and
20.8 cm in inner diameter. An inhomogeneous magnetic field
B presented in the bottom of Fig. 1 is applied by two parties
of solenoidal coils along the z axis. Since the ECR magnetic-
field strength for 6-GHz microwaves is 2.14 kG, the ECR
point is located at z=78 cm. The plasma is produced by a dc
discharge between an oxide cathode and a tungsten mesh
anode in low-pressure argon gas (90 mPa). As the plasma
column is terminated by a glass end plate, the electron ve-
locity distribution becomes Maxwellian. The electron density
and the temperature are measured by small Langmuir probes,
and the operating electron density and temperature at the
ECR point are fixed at 9x 10" cm™ (w,,/ . <1) and
3 eV, respectively. The formation of a clear boundary be-
tween the plasma and peripheral vacuum layer is realized by
using a limiter, which is located in front of the anode and has
a diameter of 6 cm.

The small-amplitude LHPW (frequency w/27=6 GHz,
power 150 mW) is selectively launched into the plasma in
the high-magnetic-field region by a helical antenna (z
=0 cm). The antenna is designed to operate at w/2w
=6 GHz in accordance with Ref. [27], where the diameter of
the helix, axial length, number of turns, and diameter of the
ground plane behind the helix are 1.6 cm, 12 cm, 10 turns,
and 3.75 cm, respectively. We have already reported that the
antenna selectively excites the LHPW [18]. We mention that
the antenna excites transverse-electric- (TE-) field modes in
the vacuum chamber when the plasma is not produced in the
column. The launched LHPW propagates toward the ECR
point satisfying the condition of w/w,.<1. The wave pat-
terns are obtained with an interference method by using a
mixer through balanced dipole antennas with folded balun,
which can receive each component of the wave electric field
E,, E,, and E_, respectively, and are terminated with 50 ()
lines. Here, the length of the dipole is selected to be 1.8 cm
according to the fact that the antennas have the best sensitiv-
ity for the case of this length. In addition, the amplitude
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squares of each component of the electric field—i.e.,
|E,|?, and |E |*—are measured with a power meter.
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II1. DISPERSION THEORY

A dielectric tensor K in cold and uniform plasmas is
given by

> K1 Ky O
w
?K_ -k Kk 0], (1)
0 0 K3

with kq, k,, and k3 defined by
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where w,;, o, 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,;, o, where w, and w, are the ion plasma and cy-
clotron frequencies. A dlsperswn relation of electromagnetic
waves in bounded plasmas is derived by using the Maxwell

equations as [28]
(VP + o+ WD) ks +K [k (y+K) - i5]=0,  (2)

where y= kﬁ— k1 and ky and k| are the wave numbers paral-
lel and perpendicular to a static magnetic field B, respec-
tively. The electric fields are assumed to propagate toward
the z direction, so the wave fields with azimuthal mode num-
ber m can be represented by

E =E(r)expli(kiz + mo— wr)], (3)

where the components of the electric-field vector E(r) are
derived as

E)=25PA) .. (4)
ko ks
wdA
E() = T kun) - moA s k), (5)
woA
Efr)=- ’szkz Ik, r) - m(kir) 6)

Here = y- K%/Kﬁki, o= )/+k2 ,and A and J,, are an am-
plitude constant and Bessel function of order m, respectively.
Here, E, and E, in cylindrical coordinates correspond to ex-
perimentally obtained E, and E, in rectangular coordinates.
The perpendicular wave number &, is determined by radial
boundary conditions when the radii of the plasma column
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FIG. 2. (a) Interferometric wave patterns of E, (dashed line) and
E, (solid line) observed at the radial center of the plasma column.
(b) Long (LW) and short (SW) wavelength components decom-
posed from the wave patterns in Fig. 2(a) by using Fourier analysis.

and the vacuum chamber are comparable to the wavelength.
Although the parallel wave number k; is also affected by
axial boundary conditions, we can neglect its effects because
the parallel wavelength is much less than the axial length of
the plasma column in our experimental configurations.
Moreover, the effects of the inhomogeneous magnetic-field
configuration should be included in the above-mentioned dis-
persion theory, which has already been described in Ref.
[26].

It is well known that wave polarization plays important
roles in cyclotron resonance phenomena. The above disper-
sion relation and electric-field components derive a polariza-
tion index S as

S= |Er+ lE0| ) (7)
|Er —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
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).

IV. EXPERIMENTAL RESULTS

Figure 2(a) shows the interferometric wave patterns of E,
(dashed line) and E, (solid line), where the solid arrow at z
=78 cm represents the ECR point of 6-GHz microwaves.
The observed wave patterns indicate the damping of the
launched wave near the ECR point in spite of the selective
launch of the LHPW, which has been considered not to be
related to ECR. We have confirmed that the wave is not
standing but traveling in the z direction by shifting a phase of
the received signal, which evidences that the dissipation of
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FIG. 3. (Color online) r-z profile of the RHPW component de-
composed from the interferometric wave patterns, which indicates
that polarization reversal to the RHPW simultaneously occurs in the
whole plasma column.

the wave near the ECR point is due to not a reflection but an
absorption. Moreover, it is to be noted in Fig. 2(a) that the
wave patterns include both the long (LW) and the short (SW)
wavelength components and that a slight part of the LW
penetrates the ECR point. The LW and SW are decomposed
from the wave patterns in Fig. 2(a) by using Fourier analysis
and presented in Fig. 2(b). Figure 2(b) shows that the LW
damps and the SW grows around z=60 cm and that the wave
patterns of E, in the LW and SW are shifted to the left and to
the right of the wave patterns of E,, respectively. From these
phase differences between E, and E,, the LW and SW are
identified as LHPW and RHPW, respectively. Therefore, the
observed wave patterns evidence that the LHPW damps and
the RHPW grows around z=60 cm; i.e., polarization reversal
from the LHPW to the RHPW occurs. As a result of the
polarization reversal, the greater part of the launched LHPW
is found to be absorbed near the ECR point, because the
rotating direction of the wave electric field—i.e.,
polarization—is right-handed near the ECR point. The
LHPW penetrating the ECR point is discussed later.

Figure 3 presents the r-z profile of the electric field of the
RHPW components decomposed from the observed wave
patterns. Growth of the RHPW—i.e., the polarization rever-
sal to the RHPW—is observed to take place at any radial
position in the plasma column (r<3cm). Moreover, the
axial-polarization-reversal points are found to be homoge-
neously distributed in the radial direction, where the RHPW
grows and has a maximum amplitude. Although the polariza-
tion reversal from the LHPW to the RHPW was theoretically
reported for the case of m=—1 mode in the previous study,
the polarization was predicted to remain left-handed along
the axial axis at the plasma center in this theory [17]. The
comparison of a theory for m=+1 mode with our experimen-
tal results is discussed in Sec. V.

The radial profile of the axial component of the electric-
field amplitude squares |E,|? at z=40 cm is presented in Fig.
4(a) as a solid line for the identification of m and k, by
comparison with Eq. (4), which has a maximum power at the
radial center and becomes almost zero in the peripheral
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FIG. 4. (a) Radial profiles of electric-field amplitude squares
|E.|> (solid line) at z=40 cm together with the approximate curve
(dashed line) given by the Bessel function of order zero, which is
the superimposition of J,(0.50r) and Jy(1.15r). (b) Radial profile of
electron saturation current measured by the small Langmuir probe.
(c) Calculated Bessel functions J(0.50r) and Jo(1.157).

vacuum layer. Figure 4(b) denotes the radial profile of the
electron saturation current /,, measured by the Langmuir
probe located at z=40 cm, which corresponds to the electron
density. The electron density has a finite value even in the
peripheral vacuum layer due to the radial diffusion. The ra-
dial profile of |E,|*> shown in Fig. 4(a) is attributed to the
designed helical antenna, which excites the TE-field mode in
the empty waveguide. The antenna characteristics originates
the condition £,=0 in the vacuum layer. In the plasma col-
umn, on the other hand, TE and transverse-magnetic- (TM-)
field modes cannot independently exist except for some spe-
cial cases. Therefore, EZ|2 is localized in the plasma column
as presented in Fig. 4(a). The radial profile of |E,|> of a
certain mode in the plasma column can theoretically be rep-
resented by the Bessel function of order m as shown in Eq.
(4). The experimental profile of |E.|? can be reproduced by
the superimposition of J(0.50r) and Jy(1.15r) as a dashed
line in Fig. 4(a). Thereby, two m=0 modes with &, =0.50
and 1.15 cm™! are considered to be simultaneously excited in
the plasma column by the helical antenna. Here, let us con-
jecture the radial position where k; is determined. The cal-
culated Bessel functions J,(0.50r) and J,(1.15r) are plotted
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in Fig. 4(c) as dashed and solid lines, respectively. It is found
that both Jy(0.50r) and Jy(1.15r) become zero at |r|
=4.8 cm, where the electron density is almost zero as shown
in Fig. 4(b). Therefore, k| is considered to be determined by
the boundary condition (E,=0) at r=+4.8 cm. Based on the
above-mentioned consideration, it is identified that the
modes with k, =0.50 and 1.15 cm™" are n=1 and n=2 modes
formed in the range of |r|<4.8 cm, where n is the radial
mode number.

The calculated dispersion relations of n=2 mode are pre-
sented in Fig. 5(a) as solid lines together with experimental
ones of the LHPW (open square) with large amplitude in the
upper region (z<60 cm) of the wave propagation and of the
RHPW (open circle) near the ECR point (55 cm<z
<78 cm), which are obtained from the decomposed wave
patterns in Fig. 2(b). The experimental results of both the
LHPW and RHPW are in good agreement with the calculated
dispersion curve of the slow wave (bold line). The calculated
polarization index S corresponding to the dispersion relation
in Fig. 5(a) is presented in Fig. 5(b). The calculated S of the
slow wave (bold line) shows that the wave polarizations are
left-handed (S>1) and right-handed (S<1) in the range of
0w/ 0.,<0.85 and w/w.>0.85, respectively. Thus, the ob-
served polarization reversal to the RHPW is clarified to oc-
cur obeying the dispersion relation including the effects of
the radial boundary between the plasma and the peripheral
vacuum layer. We mentioned that a part of the LHPW can
penetrate the ECR point without absorption as seen in Fig. 2.
This residual LHPW cannot be explained by the dispersion
relation of n=2 mode in Fig. 5(a). Then, the calculated dis-
persion relations of n=1 mode are compared with the experi-
mental dispersion relation of the residual LHPW (g
>78 cm), which are plotted in Fig. 5(c) as solid lines and
solid squares, respectively. The experimental dispersion rela-
tion is in good agreement with the calculated curve of the
fast wave (bold line). The polarization index of the fast
wave, which is shown in Fig. 5(d) as a bold line, always
designates the left-handed polarization (S>1). Therefore,
the LHPW of n=1 mode is found to pass through the ECR
point, because polarization reversal to the RHPW never oc-
curs. In our experimental configuration, the value of w/w,, at
the position of the microwave exciter—i.e., the helical
antenna—is about 0.75 as shown in Fig. 1. Since the helical
antenna generates the LHPW and the waves with left-handed
polarization at w/w.,=0.75 are only the fast wave for n=1
and the slow wave for n=2 in the dispersion relation in Fig.
5, the excited n=1 and n=2 modes result in the formation of
the fast and slow waves, respectively.

V. DISCUSSION

Polarization reversal due to a radial boundary is observed
to occur at any radial position in the plasma column in our
experiments (see Fig. 3). Since Ganguli e al. suggested that
polarization reversal can occur only around the plasma edge
for the case of m==1 modes [17], the polarization reversal
in our experiments has characteristics different from the one
for m=+=1 modes. In this section, we discuss the
polarization-reversal characteristics in our experiments and

016405-4



ABSORPTION AND PENETRATION OF LEFT-HAND...

PHYSICAL REVIEW E 74, 016405 (2006)

1.5

(a) (b)

W/ 0,

Ck” / ., S

compare them with the polarization reversal for m==+1
modes by using the dispersion relation of Eq. (2).

So as to interpret the result in Fig. 3, the radial profiles of
the polarization index S of the slow wave for m=0 and n
=2 modes are calculated with w/w,, as a parameter, where
w/w,, corresponds to the axial position z. The calculated
results for the case of w/w,,=0.72, 0.86, and 0.97 are shown
in Fig. 6. For each w/ w,,, the polarization index S is found to
be homogeneously distributed along the radial axis. The po-
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FIG. 6. Calculated radial profile of polarization index S with
w/ w.,—Ii.e., magnetic-field strength B—as a parameter for the case
of the m=0 mode.

FIG. 5. Calculated dispersion relations for (a)
n=2 and (c) n=1 together with the experimental
dispersion relation of the LHPW (open square) in
the upper region, the RHPW (open circle) near
the ECR point, and the LHPW (solid square) pen-
etrating the ECR point. (b), (d) Calculated polar-
ization indexes S corresponding to the dispersion
relations in (a) and (c).

larization is left-handed at any radial position for the case of
o/ w.,=0.72. In the cases of w/w.=0.86 and 0.97, on the
other hand, it is noted that the polarization at any radial
position simultaneously becomes right-handed. The calcu-
lated results can explain the observed phenomenon in Fig. 3,
which means that polarization reversal from the LHPW to
the RHPW simultaneously occurs at any radial position.

Figure 7 shows the calculated radial profiles of the polar-
ization index S for the case of the m=+1 mode with w/w,,
as a parameter, where the value of k, is the same as in Fig.
6. The shaded regions describe S <1; i.e., the wave polariza-
tion is right-handed. Figure 7 indicates that the wave polar-
ization around the radial center of the plasma column is
right-handed under all conditions for m=+1. It is confirmed
that the wave polarization varies along the radial axis for any
o/ w,,; e.g., the polarizations are right- and left-handed in the
range of r=0-1.5 cm and r=1.5-3.5 cm for w/w,,=0.72,
respectively. The result is essentially the same as the past
reports by Ganguli et al.[17]. Moreover, our attention is fo-
cused on its axial variation depending on the magnetic-field
strength. As w/w,., is closer to unity, it is found that the
shaded region is extended. That is to say, the wave polariza-
tion axially varies around r=1.8 and 3.5 cm; namely, polar-
ization reversal from the LHPW to the RHPW can theoreti-
cally occur around these positions for the case of the
m=+1 mode.
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FIG. 7. Calculated radial profiles of the polarization index §
with w/w,., as a parameter for the case of the m=+1 mode.

Next, the calculated radial profiles of the polarization in-
dex S with w/w,, as a parameter for the case of m=—1 mode
are presented in Fig. 8. The regions where the wave polar-
ization is right-handed are also shaded. Although the wave
polarization around the radial center of the plasma column is
left-handed for any w/w,,, the polarization turns out to be
right-handed at some radial positions. It is noticed that
the region where the polarization is right-handed widens
as the wave approaches to the ECR point. Therefore, the
wave polarization for m=-1 mode also axially varies—e.g.,
r=3.5 cm.

After all, polarization reversal from the LHPW to the
RHPW occurs at any radial position since the launched
LHPW has the m=0 mode in our experiments. According to
our theoretical analyses for the cases of m=0 and =1 modes,
it is expected that the characteristics of polarization reversal
from the LHPW to the RHPW depend on the excited azi-
muthal mode.

VI. CONCLUSION

The propagation and absorption mechanisms of high-
frequency electromagnetic waves near the electron cyclotron
resonance point are experimentally and theoretically investi-
gated for the case of an inhomogeneously magnetized
plasma, when the left-hand polarized wave is selectively
launched in the high-magnetic-field region by the helical an-
tenna. Our experimental results prove the polarization rever-
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FIG. 8. Calculated radial profiles of the polarization index §
with w/w,, as a parameter for the case of the m=-1 mode.

sal from the LHPW to the right-hand polarized wave at any
radial position in the plasma column for the case of m=0
mode and the resultant absorption of the launched LHPW
near the ECR point. The observed polarization reversal can
well be explained by including the effects of the radial
boundary between the plasma and peripheral vacuum layer.
The residual LHPW in the low-magnetic-field region after
the ECR point is found to be a fast wave, which is not con-
verted to the RHPW. After all, the LHPW with the funda-
mental radial mode (n=1) passes through the ECR point
without the polarization reversal, and the LHPW with the
second radial mode (n=2) is absorbed near the ECR point
due to the polarization reversal. In addition, our analyses
imply the existence of polarization reversal in the peripheral
region of the plasma for the case of m=+1 modes. As the
wave absorption profile is affected by the wave polarization
profile, our experimental and calculated results could play
important roles in the control of the electron heating and
acceleration profile.
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