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We have observed the linear coupling between an electrostatic ion cyclotron wave and
an ion acoustic wave near the second-harmonic ion cyclotron frequency for propagation
of an electrostatic ion wave along a magnetic field, where the wave number perpendicu-
lar to the magnetic field k~ exists.

Recently, the propagation of electrostatic ion
waves in a magnetic field has been investigated
by many authors. ' ' For propagation oblique to
the magnetic field, Hirose, Alexeff, and Jones
investigated in detail the behavior of the wave
near the ion cyclotron frequency. ' Properties of
perpendicular propagation were also shown by
Qhnuma et al."and Ault and Ikezi' who detected
the collisional effect at the ion cyclotron frequen-
cy' and the collisionless one at its harmonics. "
The dispersive character of the ion mode propa-
gating almost parallel to the magnetic field near
the fundamental ion cyclotron frequency has been
reported by some authors. ' Levin and Qleson
show this character by coil excitation, ' in con-
trast to other reports (mesh excitation). In this
Letter, the propagation parallel to the magnetic
field is investigated in detail especially near the
ion cyclotron frequency and its harmonics.

The simplified experimental setup is shown at
the top of Fig. 1. The experiments are performed
with a qP machine' on an argon plasma produced
by a PIG plasma source. The plasma dimension
is about 4 cm in diameter and 10 m in length with
a density of 1.0@10"cm ' and an electron tem-
perature of 4.5 eV. The wave was excited by a
mesh (6 cm in diameter) aligned perpendicular to
the magnetic field, and was detected by another
one (2 cm in diameter) movable along the plasma
column. Wave patterns of parallel propagation
were displayed on an X-Y recorder by using an
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FIG. 1. Block diagram of the experimental setup,
and the typical wave patterns obtained by a lockin am-
plifier.

interferometer technique.
Typical experimental wave patterns are shown

at the bottom of Fig. 1. They show that two kinds
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FIG. 2. Normalized frequency ~/~,
&

versus the real
and imaginary part of the wave number 4

l~
parallel to

the magnetic field. The experimental results are plot-
ted as solid and open circles. The plasma density is
NO=1.0&&10 cm 3, and the wave number perpendicular
to the magnetic field is 4~=0.8 cm . The theoretical
curves are obtained from the dispersion relation of
electrostatic modes in a magnetic field.
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of waves coexist; the mode of shorter wavelength
is treated in this Letter. Figure 2 shows the ex-
perimentally obtained dispersion curve and the
factor of the wave damping for a magnetic field
strength off„=50 kHz (f„ is the cyclotron fre-
quency). The theoretical curves, which a,re also
drawn in the figure, are discussed later. The
perpendicular wave number k~ is nearly 0.8 cm ',
even if the wave frequency is changed. This was
determined by the fact that the wave is equiphase
in the radial direction of the plasma column. The
dispersive character of the dispersion curve in
the vicinity of the second-harmonic ion cyclotron
frequency is clearly observed in the figure. The
observed imaginary part of the wave number All
is shown to be larger at that frequency by a fac-
tor of 10-30% in comparison with those of nearby
frequencies. The weak dispersive character at
the fundamental ion cyclotron frequency in Fig. 2
becomes too weak in other magnetic fields to de-
duce some properties experimentally. As shown
in Fig. 3, the frequency +E at which the disper-
sive character of the dispersion relation appears
increases with a decrease in the strength of the
magnetic field (i.e., the ion cyclotron frequency).

In order to explain the experimental results,

FIG. 3. Top, dispersion curves of electrostatic
waves in a magnetic field. In {a) and (b), the ion tem-
perature is changed with f« =50 kHz and the plasma
flow Vg 0. Bottom, the frequency ~„(experimental and
theoretical), at which an ion acoustic mode couples
strongly with an electrostatic ion cyclotron mode, ver-
sus the ion cyclotron frequency. The plasma density is
%0=1.0&&10~ cm. 3.

we have computed the dispersion relation of elec-
trostatic waves in a magnetic field given by Lo-
mi.nadze and Stepanov' and Stix'.

1+ Q Q,' e I„(X)[1+n,Z(n„)]=0, (1)
j=e, i n = -'o

here

Ps

zT, /m, ' vT, /m,'.
with &u~„&u„., T, , m, , Z(n), and I„(X) the ion
plasma frequency, the ion cyclotron frequency,
the temperature, the mass of the jth component,
the plasma dispersion function, ' and the modified
Bessel function, respectively.
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Numerical calculations were performed near
the experimental conditions with a computer
(HITAC-8500) at our Institute. When the effects
of the plasma flow are neglected, the typical dis-
persion curves obtained by the theory are shown
with the ion temperature as a para. meter for f„.
= 50 kHz. The coupling of two modes is shown
between the ion acoustic mode and the electro-
static ion cyclotron mode. The coupling occurs
near the second-harmonic ion cyclotron frequen-
cy and appears strongly with low ion temperature
(i.e., T,/T, is large). The theoretical dispersion
relation is also shown with solid and dot-dashed
lines in Fig. 2 for the experimental conditions.
The experimental data are almost in accordance
with the theoretical curves. When the strength
of the magnetic field is changed, the frequency
at the coupling of the two modes changes as
shown in Fig. 3. The theoretical results are
clearly in accord with the experimental ones.
That is, the observed wave in Fig. 2 is thought
to be the ion acoustic mode for co ~ 2~„and the
electrostatic ion cyclotron mode for ~ ~2~„.. In
the transition region from one mode to another,
stronger dispersive effects are shown in both the
theoretical and experimental results. For the
frequency range of 2~„.& ~ ~co„, it may be due
to the method of wave excitation that the observed
wave is an ion acoustic mode in spite of the exis-
tence of the electrostatic ion cyclotron mode with
less damping than that of the ion acoustic mode.

We now discuss the mode of the larger wave-
length in Fig. 1. The phase velocity is about 8
times the phase velocity of the mode investigated
in this report, and is independent of the wave
frequency and the exciting voltage. That is, the
mode is not thought to be a pseudowave" with re-
gard to the value of the phase velocity, the dis-
per sion relation, and the behavior with the excit-
ing frequency. Further consideration of these
points is now in progress. Furthermore, the
mode is observed for both the frequency ranges
larger and smaller than the ion cyclotron fre-
quency. That is, the mode is not thought to be the
electrostatic ion cyclotron wave. The electro-
static property in this Letter is also ascertained
by the fact that the value of n'/IK, ,I=10' (Ref. 8,

p. 224) under our experimental conditions is
much larger than 1. We must next consider the
boundary effect, which is included in the perpen-
dicular wave number k~ in this Letter. The fre-
quency at which two modes couple is found to be-
come high with an increase in the perpendicular
wave number, i.e., the observed coupling be-
tween the ion acoustic mode and the ion cyclotron
mode is affected by the boundary.

From the investigation discussed above, the
stronger dispersive effect we have detected near
the second-harmonic ion cyclotron frequency can
be concluded to be due to the coupling between
the ion acoustic mode and the electrostatic ion
cyclotron mode.
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