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Conversion of Comyressional Alfven Waves into Ion-Cyclotron Waves
in Inhomogeneous Magnetic Fields
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Axisymmetric compressional Alfven (fast) waves, which propagate into a region of in-
creasing magnetic field in a cylindrical plasma, are observed to be converted into ion-
cyclotron (slow) waves via ion-cyclotron resonances.

PACS numbers: 52.35.-g, 52.50.6j

The mode conversion of Alfven waves or their
resonant coupling has received much attention be-
cause of the relevance to the origin of micropul-
sations in the magnetosphere, "and to the addi-
tional plasma heating to thermonuclear tempera-
ture. The main idea of Alfvbn wave heating is to
use the Alfvbn wave "resonance" and the result-
ing mode conversions in an inhomogeneous den-
sity plasma, as proposed by Hasegawa and Chen'
and by Tataronis and Grossmann. In recent
years, the importance of the two-ion hybrid reso-
nance on fast-wave damping has been observed in
several tokamaks, ' ' and has received consider-
able theoretical analysis. ' ' When the minority-
ion concentration is sufficiently high, the tunnel-
ing and mode conversion of the fast wave occur
in the vicinity of the ion-ion hybrid resonance
and lead to wave damping by both the electrons
and the resonant ion species. However, instead
of these extensive studies, few observations of
mode conversions related to Alfvbn waves have
been made so far.

In this Letter, we report the observation of a
conversion of Alfv0n waves which occurs in an
inhomogeneous magnetic field; i.e., the compres-
sional (fast) Alfvhn waves propagating along a
static mirror magnetic field are found to be con-
verted into ion-cyclotron waves via the ion-cy-
clotron "resonance layer, " at which substantial
plasma heating can be expected.

The experiments were carried out in the TPH
device of Nagoya University which has been de-
scribed in detail previously" (chamber diameter,
15 cm; chamber length, 2 m). In this device,
with linear or mirror magnetic field configura-

tion, a quasisteady (-1 ms), current-free, high-
density streaming plasma has been established
by developing a pulsed magneto-plasma-dynamic
(MPD) arcjet with an anode of 3-8 cm diameter.
In this experiment, a 5-cm-diam anode was used.
Plasma parameters were measured with an HCN
laser interferometer (x = 337 pm), a spectrom-
eter, double probes, magnetic probes, and dia-
magnetic loops. Typical plasma parameters are
as follows: electron and helium-ion tempera-
tures T, =T,-™4eV; plasma density n, -4x 10'
cm '; ionization degree ~ 70%%uo, p value -

1%%uo. In-
homogeneous magnetic fields were produced by
modifying the configuration of the magnetic coils.
Axisymmetric compressional waves were launched
with use of a Helmholtz-like coil (6.8 cm diam
x 6.8 cm) placed outside the plasma column. This
coil is very inefficient for the excitation of shear
Aifv0n waves. Wave magnetic fields (b, compo-
nent) were detected by a small magnetic probe
(5 mm diameter) which can be moved along the
field 8 and were analyzed by means of fast Fou-
rier transform in order to obtain an auto- or
cross-power spectrum and correlation functions.

As is well known, axisymmetric compression-
al waves propagating along a uniform field 8 in-
cur a low-frequency cutoff in a plasma with a
conducting wall boundary. The cutoff frequency
is estimated as &u

*= 3.83V„,/y, for the uniform-
plasma case" or &

* =4.68V„Jr, for the parabol-
ic-density case,"where VA, is the Alfvbn veloc-
ity at the center of the column and z, is the radi-
us of the conducting chamber (in our case r, = 7.5
cm). The cutoff frequency, however, is not sharp-
ly defined if the finite resistivity or the existence
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of neutral gas is taken into account; in this case the fast waves sti1.1 can propagate below (d* with
strong attenuation rates and a phase velocity much faster than V~0. We call this domain the "quasi-
evanescent region (QER)." If we approximate the inhomogeneous density profile in the radial direc-
tion by a central homogeneous plasma column of radius r~ surrounded by a vacuum annulus of thick-
ness r, r-» we obtain the dispersion relation of the fast wave extending into the QER by making use
of the relation given by Woods':

[&k kp (1+M&k +t'5~~k .)Hs(k +k ) kA [1+t'5~(k +k )]j:k (k +k )~

where 0 is the ratio of the wave frequency to the
ion-cyclotron frequency, k„ is the Alfv0n wave
number, and s and 5 are terms related to the
percentage ionization and resistivity of the plas-
ma. The values of k, are estimated from the
boundary conditions" at r =r, and z =z~. In Fig.
1, theoretical curves including the attenuation
rate for an effective plasma radius of r~ = 3.5 cm
are presented and compared with the experimen-
tal results which were obtained in the case of a
uniform field B.

Next we present the experimental evidence on
the conversion of compressional waves in the
QER. Figure 2 shows the measured plasma den-
sity and mirror field along the axis of the col-
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!umn from the wave coupler. The axisymmetric
waves launched into the QER from the coupler at
s =0, where the applied frequency is below ~*,
first propagate with the fast phase velocity ap-
proximately in agreement with the prediction for
uniform field B. After passing through the posi-
tion where + = &a„(ion-cyclotron frequency), the
phase velocity drastically slows down in a con-
tinuous way as shown in Fig. 3(a), where a co-
herency defined by the absolute cross- and auto-
power densities of the received and reference
signals is also shown. Figure 3(b) shows the
variation of the wave amplitudes normalized by
that of the reference signal, and the variation of
the longitudinal refractive index N = kc/&a aver-
aged over 2 cm which is calculated from the
dashed line in Fig. 3(a). The data shown in Figs.
3(a) and 3(b) are consolidated in Fig. 3(c). One
should note in Fig. 3(b) that the measured refrac-
tive indices deviate largely from that of the pre-
dicted fast mode at the transition layer and then
turn to that of the slow mode. Another deviation
near the throat of the mirror field is also ob-
served, which may be mainly attributed to the
limited validity of the WEB approximation at long
wavelength. The maximum N at nearly z =40 cm
corresponds to the maximum wave number of
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FIG. 1. Dispersion relation of m = 0 compressional
(fast) and shear (slow) Aflven waves. The circles refer
to the real part and the triangles to the imaginary part
of the wave numbers. The solid and dashed lines repre-
sent, respectively, the theoretical real and imaginary
parts of the wave numbers for a plasma radius of 3.5
cm, resistivity of p~~ =5.0X 10 0 m, p&=2&]~~, plasma
density of 4.0X10 4 cm, and 8 =2.8 kG. P'=u, */2n de-
notes the cutoff frequency for a parabolic density pro-
file.

~2
I—
IJJ

I

4

w

0
0

I I

20 40

DISTANCE FROM COUPLER Z(cd)

0
60

FIG. 2. Variation of the plasma density n and steady
magnetic field B as the wave propagates into the mirror
field.
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FIG. 2. (a) Variation of the phase shift of the b, component (m = 0 mode, 1.22 MHE) and of the coherency between
the received and reference signals. (b) Variation of the amplitude of the 6, component and of the longitudinal re-
fractive index {kc/~). The solid curves represent the theoretical longitudinal refractive indices (L.R.I.) of slow
and ihst waves which are calculated from Eg. (I) by using the values of the local plasma density and of the magnetic
field shown in Fig. 2. (c) A(z) sin(kz) as a function of the distance z, where A(z) is the relative amplitude of b»
shown in (b).

= 1.0 cm ', which approximately coincides
with the value calculated from Eq. (1) for slow
Alfvbn waves. One can therefore expect the oc-
currence of an ion-cyclotron resonance" of the
fast wave propagating through the QER. This
measured maximum wave number is compatible
with the predicted one of the ion-cyclotron wave
at resonance which is between O.S and 1.2 cm '
for the case of finite perpendicular wave number.
The resonant positions move toward stronger
(weaker) fields B for higher (lower) wave fre-
quencies, and a slight reflection before entering
the resonant layer was observed, depending on
the applied frequency and the profile of the field
J3. Such conversion into slow waves is accom-
panied by less attenuation or even amplification
of the wave amplitude at the resonant layer; this
may be due to the decrease of the phase velocity"
or the increase of the perpendicular plasma tem-
perature T»""though the present experiments
lack the measurement of T~ at the resonant lay-
er. The possibility of plasma heating can be pre-
sumed from another point of view, i.e. , the
smaller coherency of the cross correlation func-
tion at the resonant layer as shown in Fig. 3(a).

The same type of measurements were also
done for the ~ =+ 1 (right-hand rotation) fast

wave excited by a helical coupler, " There ex-
ists no cutoff for the ~ =+1 mode propagating in
a cylindrically bounded plasma, so that a Helm-
holtz-type or a single-loop coupler for nonaxisym-
metric waves generates simultaneously both the
~ = - 1 slow and m =+ 1 fast modes of frequency
below co,&, but the helical coupler used here can
successfully launch only the preferred mode as
described in the literature. " Figure 4 shows the
measured phase-distance relation for the ~ =+ 1
fast wave and its coherency. One can see no
drastic changes in phase velocity around the res-
onant layer. This suggests that the ~ =+1 fast
wave can hardly be converted into the slow wave
as it experiences no evanescent layer, propagat-
ing with less attenuation rate in an increasing
field B." As another possible consideration, the
~ =+ 1 (or gpss

= —1) slow wave, which is also gen-
erated, cannot be observed because of the pres-
ence of the &pe =+ 1 fast wave which propagates in
the same range of frequency. We plan to meas-
ure the power spectrum of the propagating wave
in k space in order to clarify this problem.

In conclusion, we have observed the mode con-
version of the azisymmetric Q =0) compression-
al waves to ion-cyclotron waves in a cylindrical
plasma confined by a steady mirror field. The
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the resonant point due to reflection of the fast
wave can be expected in a mirror field.

The authors would like to express their grati-
tude to Professor N. Sato of Tohoku University,
Professor H. Ikegami and Professor M. Fuji-
wara of Nagoya University for their encourage-
ments, and Mr. S. Kishimoto for preparing the
TPH machine. This work has been carried out
under the co1laborating research program at the
Institute of Plasma Physics, Nagoya University.
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FIG. 4. Variation of the phase shift of the b» com-
ponent (m =+1 mode, 1.22 MHz) and of the coherency
between received and reference signals. Solid lines:
calculated from Eq. (1).

experiment suggests that in addition to many pro-
posals concerning mode conversions in the vicin-
ity of the ion-ion hybrid resonance, one can ex-
pect another type of conversion for one species
of ion in an inhomogeneous field B such as mir-
ror or tokamak type devices at the frequency w

The conversion efficiency cannot be dis-
cussed at present, but the conversion described
here may be useful for heating plasma in an actu-
al device since the fast wave launched from an-
tennas couples much better than the slow wave in
a large size plasma and repeated transits through
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