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An Experimental Study of Electrostatic Ion Cyclotron Waves
in a Two-Ion Component Plasma

D. M. SuszcyNskY, N. D’ANGELO, AND R. L. MERLINO

Department of Physics and Astronomy, University of Iowa, Iowa City

Two-ion component electrostatic ion cyclotron (EIC) waves are studied in a single-ended Q-machine
containing variable concentrations of Cs* and K* ions. Measurements of the excitation and
propagation characteristics of the waves are presented and compared with available theories. The
waves are internally excited by drawing an electron current along the magnetic field to an 11-mm
exciter disk. Both Cs* and K* EIC waves can be simultaneously excited over a large range of relative
ion concentrations. The EIC wave features are found to depend on the relative ion concentrations. As
the light ion (K™*) concentration is increased, the frequency of the heavy ion (Cs*) mode shifts toward
its cyclotron frequency. Likewise, the frequency of the light ion mode approaches the light ion
cyclotron frequency as the heavy ion concentration is .increased. The critical drift velocity for the
excitation of the heavy ion (Cs™) mode is more strongly dependent on the relative ion concentrations
than that of the light ion (K*) mode. These results are of interest in the context of EIC wave excitation

in the ionosphere.

1. INTRODUCTION

Electrostatic ion cyclotron (EIC) waves were discovered
in 1961 in laboratory work in a Q-machine [D’Angelo and
Motley, 1962] and later given a theoretical interpretation by
Drummond and Rosenbluth [1962], who developed a Vlasov
theory for current-driven EIC waves in a homogeneous,
collisionless, magnetized plasma. Motley and D’Angelo
[1963] obtained, from fluid theory, a dispersion relation of
the simple form

=04+ K4 C? (1)

where w is the angular frequency of the wave, @, is the ion
gyrofrequency, C, is the ion-acoustic speed, and K | is the
component of the propagation vector, K, normal to the
magnetic field. Equation (1) is valid in the long-wavelength
regime, K p, < 1, where p, is the ion gyroradius, and is
appropriate in the interpretation of the laboratory results.

Since the early 1960s a large amount of laboratory work
has been performed on EIC waves [e.g., Levine and Kuckes,
1966; Dakin et al., 1976; Krumm and Alport, 1984; Cartier et
al., 1985; Hatakeyama et al., 1985; Suszcynsky et al., 1986;
Pécseli et al., 1988; Stern, 1988; Alport and Van Niekerk,
1988].

In the more recent years, work on EIC waves has also
been motivated by observations of the waves in the high-
latitude ionosphere [e.g., Martelli et al., 1977; Bering, 1983,
1984; Bering et al., 1975; Kintner et al., 1979; Fejer et al.,
1984; Providakes et al., 1985; Reed, 1980; Haldoupis et al.,
1985].

The Earth’s ionosphere, however, contains a mixture of
several positive ion species, e.g., H", O, NO*, with
concentrations varying according to altitude. Thus it has
become necessary to understand the excitation of EIC
waves in multispecies plasmas by performing laboratory
experiments in plasmas with more than one positive ion
component. A theory for such a situation, of direct applica-
tion to the case of the Earth’s ionosphere, was presented by
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Kindel and Kennel [1971], using the kinetic theory devel-
oped earlier by Drummond and Rosenbluth [1962]. More
recent theoretical work has been performed by, e.g., Saty-
anarayana et al. [1985] and Ganguli et al. [1985].

As far as laboratory work is concerned, there have been a
few experiments on EIC waves in multi-ion-species plasmas,
in which the waves were externally launched. Ono et al.
[1980] investigated the parametric excitation of EIC waves in
a He*-Ne* plasma, using an external RF oscillator. Sugai et
al. [1982] launched waves in a He*-Ne* plasma using an
electrostatic antenna. They concentrated their investigation
on the effect of light minority ions with small concentrations
(~1%).

So far, only two experimental studies in two-ion compo-
nent plasmas have been reported, in which the EIC waves
were excited internally by passing a current through the
plasma. Rynn [1986] discussed his and Lang’s work in a
K™*/Ba* plasma, their main concern being the question of ion
heating by the EIC waves. More recently, Suszcynsky et al.
[1988a] have presented a short, preliminary account of their
studies in a Cs*/K* plasma, in which the relative concen-
trations of the two-ion species could be varied over a rather
wide range. They also developed a simple, resistive three-
fluid model to account for some of the observed wave
properties. This investigation has now been expanded and a
more detailed and comprehensive account is given here.

The paper is organized as follows. Section 2 contains a
short summary of theories of the EIC instability, which are
relevant to the present experiments. Section 3 describes the
experimental arrangement and, in particular, the technique
used to determine relative ion concentrations. Section 4
presents the experimental results on the excitation of the
““heavy’’ and *‘light’’ ion modes. Of particular interest is the
experimental determination of the critical drifts required to
excite either mode, at different relative Cs* and K* concen-
trations. Finally, section 5 contains the conclusions.

2. THEORETICAL SUMMARY

Kindel and Kennel [1971] discussed the EIC instability in
the context of an ionospheric-magnetospheric plasma, point-
ing out that this instability has the lowest threshold among
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several current-driven instabilities. Their treatment, how-
ever, was appropriate only to situations in which particle
collisions could be altogether neglected. This restricted the
validity of their analysis to altitudes well above the F region
density maximum. Excitation of EIC waves at much lower
altitudes, where collisions are frequent, was also discussed
using a fluid theory [e.g., D’Angelo, 1973; Chaturvedi, 1976].
In Chaturvedi’s approach, the EIC instability appears as a
resistive instability in which electron collisions provide the
dissipation and prevent the instantaneous rearrangement of
the electrons to a Boltzmann distribution in the potential of
the wave. Electron collisions thus provide the destabiliza-
tion of the waves, while collisions of the ions with the neutral
gas atoms are stabilizing. Bridging these two extreme treat-
ments of the EIC instability is the one provided by Saty-
anarayana et al. [1985]. They used a kinetic treatment rather
than a fluid model, with the addition of a collision term of the
BGK type, with a strength that depends on altitude through
the collision frequencies of ions and of electrons. This
approach has the advantage that the entire altitude range
between 100 km and, say, 600 km could be examined. As
compared to the fluid model of Chaturvedi [1976], it has the
advantage of not being restricted to the approximation K | p,
< 1 and thus applies to cases [e.g., Fejer et al., 1984] in
which K, p; > 1. In Satyanarayana et al. [1985], however,
only single-ion EIC waves are treated, assuming that the
entire ionosphere between 100 km and 600 km consists, e.g.,
either of O™ ions or of NO* ions. Although, strictly speak-
ing, their calculations are thus applicable only to plasmas
with single ion species, one can still draw some qualitative
conclusions from their results, regarding a multispecies
plasma. For instance, it is predicted, in agreement with
Kindel and Kennel [1971], that when H*, O™, O5, and NO*
are present, the EIC waves of the heavier species are more
easily destabilized by parallel currents.

In an attempt to provide ourselves with a simple fluid
analysis of EIC waves in a plasma consisting of electrons
and two positive ion species, we have adapted the approach
of Chaturvedi [1976] to the circumstances of our laboratory
experiments. We use the continuity and momentum equa-
tions for the electrons, the light ions (L) and the heavy ions
(H). The magnetic field is taken to be uniform, B = B, and
the plasma uniform and charge quasi-neutral, n, = n, + ng.
In a preliminary calculation it was assumed that both ion
species were cold, T, = T, = 0 [see Suszcynsky et al.,
1988a]. In the present calculations, both ion species are
allowed finite temperatures. The electrons have a tempera-
ture 7,, the electron inertia is neglected, and we consider
electron motion only parailel to B. We assume that the
electrons have a uniform zero-order drift v,,,Z and include a
resistive term —wy,m,_n,v,pZ in the electron momentum equa-
tion, where v, is the electron collision frequency. Performing
the usual linearization, one arrives at the dispersion relation

Kg _ aLKi
KkT, — ivom(w — Ku,p) my(ef — QF — K205)
R Le ellle 2VeD L L xYL

aHKi
7 J 77
my(o® — Qy — Kvg)

2

where m,, m,; , my, are the electron, light ion, and heavy ion
masses, 1, and (), the light and heavy ion gyrofrequencies,
a; and ay = 1 — o, the fractional concentrations of light and
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Fig. 1. Dispersion relation for EIC modes in a two-ion compo-
nent plasma with mass ratio 3.4 for various values of the heavy ion
concentration ay = 1 — a;.

heavy ions, K, the component of the propagation vector
perpendicular to the magnetic field and w = o, + iy the
(complex) wave frequency. Also, v2 = xT,/m; and v%, =
KT /my,.

Equation (2) can be separated into real and imaginary
parts, namely,
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where
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In the above,

, «T,
Cj=—
my

s kT,
The roots of equation (3) determine which wave modes are
possible and are shown in Figure 1 for R = 3.4 (the case of
Cs* and K* ions). We have assumed T, = T, = T,, as
appropriate to our experimental conditions, and vary the
heavy ion concentration, a,,, between 0.05 and 0.95. Evi-
dently, two EIC modes are possible, one with w, = Q, (the
heavy ion mode) and the other with w, = €, (the light ion
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Fig. 2. Schematic diagram of the Q-machine. EIC waves are excited by drawing an electron current to the exciter
disk (11 mm diameter). Variable concentrations of Cs* and K* are produced by independently controlling the neutral

flux output of each atomic oven.

mode). As the light ion concentration, o, = 1 - ayy, is
increased, the frequency of the heavy ion mode moves
closer to its gyrofrequency. In a similar manner, as the
heavy ion concentration is increased, the frequency of the
light ion mode moves closer to its gyrofrequency. This
behavior of the frequency, for both modes, is in line with
similar predictions from kinetic theory [Kindel and Kennel,
1971]. Both theories give nearly the same o/, for small
values of d = C,K,/€),, but show a different behavior for d
= 1. This discrepancy for large d is, of course, well known
for a single-ion plasma.

As far as fluid theory is concerned, a prediction (see
equation (4)) that can be made for the growth rate, v, is that
instability should occur (y > 0) when v,, > /K, i.e., for
waves with a parallel (to B) phase velocity less than the
electron zero-order drift (see, for example, Chaturvedi
[1976]). Again, electron collisions are shown to be destabi-
lizing. A more complete analysis would require the inclusion
of the (damping) effect of ion-ion collisions.

We close this section with a brief discussion of the critical
electron drifts required for excitation of the light and heavy
ion modes, as provided by a kinetic theory treatment [e.g.,
Kindel and Kennel, 1971; Guzdar et al., 1987]. Figure 4 of
Kindel and Kennel shows how the critical drifts vary, in an
H™"-O" plasma, as the heavy ion concentration a;, = ng,/n,
varies from ~0.01 to 1. At low heavy ion concentrations, the
light ion mode is more easily destabilized. The contrary is
true for heavy ion concentrations in excess of ~15%. The
critical drift for the light ion mode has only a very mild
increase with increasing concentration of ng,/n,, up to
values of ng,/n, ~0.5-0.6. On the other hand, the critical
drift for the heavy ion (O*) mode decreases rather rapidly
with increasing O* concentration in the same range of
ho./n,. The case examined by Kindel and Kennel [1971]
corresponds to a heavy ion-light ion mass ratio, R, equal to
16. Guzdar et al. [1987] have examined the case of a two-ion
species plasma in which the heavy ion is NO* and the light
ion is O*, with a mass ratio R = 1.9. The behavior of the
critical drifts is very similar to that shown by Kindel and
Kennel [1971] for O"-H*, except that ‘“‘crossover” (equal
critical drift for heavy ion and light ion mode) occurs at a
larger value of ay,.

3. EXPERIMENTAL SETUP

The experiments were performed in a single-ended Q-
machine [e.g., Motley, 1975], a schematic diagram of which

is shown in Figure 2. A tantalum plate of 6-cm diameter is
heated by electron bombardment to a temperature of
~2300°K and thus emits a large number of thermionic
electrons. Cs and K neutral atoms are sprayed onto the plate
by Cs and K atomic beam ovens, which provide indepen-
dently variable fluxes of the alkali metals. The Cs and K
atoms are surface ionized on the tantalum plate and a plasma
column is formed, ~1 m long, which is confined radially by
a magnetic field up to ~4 kG. The plasma column is
terminated either by a metallic cold endplate, which is
electrically floating, or by the front plate of a mass spectrom-
eter (see below). Langmuir probes are used as the main
diagnostic tool.

Typical plasma parameters are an electron density, n ~
10° cm™3 to 10'' cm™3, electron and ion temperatures
(determined by the hot plate temperature) T, = T, =~ Tx.,
= (.2 eV and a base pressure in the vacuum vessel of ~1 x
1078 torr. In these conditions the electron and ion mean-free
paths for collisions with the neutral gas background are
much larger than the machine length. On the other hand, the
Coulomb collision mean-free path (e.g., e-i collisions) is ~60
cm at a plasma density # = 1 x 10° cm™> and ~6 cm at a
density of ~1 X 10'® ¢m™3. Thus a single electron, in
general, collides one or several times with ions over the
entire length of the plasma column. As is usual in this type of
experiment, the EIC waves are excited by drawing an
electron current along the axis of the plasma column to an
exciter disk of 11-mm diameter. The spectral properties of
the EIC waves are analyzed with an HP 3585A spectrum
analyzer.

Of special importance in the present experiment was the
determination of the Cs* and K™ relative concentrations. In
a preliminary set of experiments [Suszcynsky et al., 19884],
this was accomplished by raising the temperature of just one
oven at a time and attributing any increase in the ion density
as measured with a Langmuir probe, to an increase of the
partial density of the species emitted by that oven.

A different method, which was used as a check on the
technique just described, provided better determinations of
the relative Cs* and K™ ion concentrations. This method
consisted of using a magnetic mass spectrometer which was
designed and built for use in the Q-machine, and is described
in detail by Suszcynsky et al. [1988b]. Cs* and K* ions are
accelerated into the collection region of the spectrometer
through a series of three tantalum electrodes, at a 30° angle
to the B field, and then are selectively collected, depending



SusZCYNSKY ET AL.: ELECTROSTATIC ION CYCLOTRON WAVES IN Two-IoN PLASMAS

f* Csl Cs2 Cs3 KI  KI+Csl

0O 9 36 72 108 117 153
f( kHz )

Fig. 3. Typical power spectrum of EIC wave fluctuations for
B = 2500 G in a plasma consisting of ~20% cesium and ~80%
potassium. The primary EIC modes as well as a few combination
modes are identified.

on the size of their gyroradii, by a cylindrical collector.
Relative ion concentrations are determined to an estimated
accuracy of about 5-10% by measuring the collector current
as a function of the accelerating voltage.

4. EXPERIMENTAL RESULTS AND DiscussioN

As stated in section 3, the EIC instability is excited by
drawing an electron current to a metallic disk of 11-mm
diameter (thus with a radius several times the gyroradius of
the heavy-ion species, but smaller than the plasma column),
located on the axis of the plasma column and biased,
generally, at a few volts above the plasma potential. The disk
is located ~1 cm in front of an electrically floating, cold
endplate, ~90 cm from the hot plate. We detect the insta-
bility by observing the fluctuations in the current to the
exciter disk. Typically, the EIC wave amplitude, An/n, can
be as large as 30—40%.

A frequency spectrum of the current fluctuations is shown
in Figure 3, with B = 2500 G, n = 2 X 10'° cm™3, and roughly
an 80% K™ and 20% Cs™* ion composition. The two largest
spectral peaks in Figure 3 correspond to the Cs™ and K™
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Fig. 4. Frequencies of EIC modes as a function of the magnetic
field strength. The solid lines are the Cs* and K* EIC harmonics.
The dashed lines indicate sum and difference modes.
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Fig. 5. Evolution of the frequency spectrum as a function of
cesium ion concentrations for B = 3000 G. The primary EIC modes
are identified.

EIC fundamentals (Cs1 and K1) which are seen, under these
conditions, to be simultaneously excited in the plasma. In
addition to the Cs™ and K* fundamentals, we also observe
the Cs™ first (Cs2) and second (Cs3) harmonics. The ratio of
the observed frequency for the Csl and K1 modes is
consistent with the inverse ratio of the ion masses, Qg ./
Qcer = M /My, = 3.4. The K* and Cs* EIC mode
frequencies are ~20% higher than the corresponding gyro-
frequencies of fx, = 97.4 kHz and f,, = 28.6 kHz, at B =
2500 G, and the waves propagate radially outward from the
current channel.

For a more definitive identification of the EIC modes, we
obtained a frequency spectrum at various values of the
magnetic field and observed that these modes have frequen-
cies proportional to the magnetic field strength (Figure 4). In
addition to the Cs™ and K* EIC modes, we also observed a
low-frequency peak (marked as f* in Figure 3), correspond-
ing to the difference between the frequencies of K1 and Cs3.
Additional modes also appear at frequencies corresponding
to K1 — Cs2 =Csl + f*, Kl — Csl = Cs2 + f*, etc. It must
be noted that these ‘‘combination’ peaks were observed
only at densities not much larger than ~10'® cm™3. If the
density was increased by about a factor 10, even though the
relative ion concentrations were similar to those of Figures 3
and 4, the ‘‘combination’” peaks were not observed. We
have not been able to identify the nature of these peaks,
since phase measurements outside the current channel
proved very difficult. We do know, however, that they are
present not only in the exciter disk current but also in the
signals from Langmuir probes located in the plasma column
(or, at least, within the current filament) tens of centimeters
away from the disk.



8970

060 MMW

Cst CONCENTRATION

|
040 i T
1 1 1 1 1 1 1 1 i

50 100
FREQUENCY ( kHz)

150

Fig. 6. As the cesium concentration is increased, the potassium
fundamental frequency shifts toward fi . (B = 2200 G).

As seen in Figure 3, Cs™ and K* EIC waves can be
simultaneously excited when the two ion concentrations are
both appreciable. Questions arise as to the behavior of the
individual modes as the concentrations are varied. For
example, we typically observe that as Cs™ ions are intro-
duced into an initially pure K* plasma, there is a relatively
large range of Cs* concentrations for which both K* and
Cs* modes are observed. As the Cs* concentration is
further increased, a point is reached when the K* modes
disappear. A similar behavior is observed starting from a
pure Cs* plasma, although the Cs™ waves are observed at a
lower minor ion concentration than the K* waves. An
example of this concentration dependence can be seen in
Figure 5, which shows a series of five wave spectra, obtained
with a magnetic field of 3000 G, as the Cs* concentration is
varied over the range ~35% to ~85%. Evidently, as the Cs™
concentration is increased, the Cs* EIC modes become
more dominant until, at a Cs* concentration of ~85%, no
K* EIC mode is observed.

As remarked upon in section 2, one of the predictions of
both the kinetic theory and the fluid theory of EIC waves is
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Fig. 7. As the cesium concentration is increased, the cesium

fundamental frequency shifts away from f, , (B = 3360 G).
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Fig. 8. Experimental determination of heavy ion mode disper-
sion relation for several values of the heavy ion concentration. The
parameter d was controlled by varying the magnetic field strength.

that, as the light ion concentration is increased, the fre-
quency of the heavy ion mode moves closer to the heavy ion
gyrofrequency. Similarly, as the heavy ion concentration is
increased, the frequency of the light ion mode moves closer
to the light ion gyrofrequency. This prediction was tested by
observing, in two separate experiments, the frequency vari-
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K2
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IR PR
0 125 250
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Fig. 9. Evolution of the frequency spectrum as a function of
exciter bias for B = 2600 G. The primary EIC modes are identified.
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Fig. 10. The critical drift velocity, v,p/v, .4, for excitation of the
cesium fundamental as a function of cesium ion concentration.

ation of K1 (Figure 6) and Csl (Figure 7), as the cesium
concentration was varied in the range 0.40-0.60 and in the
range 0.65-0.80, respectively. Note that, as the Cs* concen-
tration increases, the frequency of the potassium fundamen-
tal (K1) decreases, while that of the cesium fundamental
(Csl) increases. This behavior is in agreement with the
predictions of section 2.

A partial test of the dispersion relation for the EIC modes
(Figure 1) was accomplished as shown in Figure 8. Here the
ratio /Q¢,, is plotted vs. the quantity d = C¢, . K, /Qcq.»
for four different concentrations of the Cs* ions. The param-
eter d was controlled by varying the magnetic field strength.
The component K, of the wave vector, obtained from wave
phase measurements, corresponded to a perpendicular
wavelength of ~1.7 cm. One observes in Figure 8 both the
expected increase in wave frequency with increasing d, and,
for any fixed d, a frequency increase with increasing Cs* ion
concentration.

Finally, the question of the critical electron drifts for
excitation of the Cs* and K* EIC modes was addressed (see
section 2). The drift velocity of the electrons along the
magnetic field was varied by adjusting the bias on the exciter
disk. Figure 9 shows the evolution of the wave spectrum, at
a magnetic field of 2600 gauss, as the exciter bias was varied
between —2 V and +3 V (the space potential is, typically,
~—2 V). In this case the Cs* concentration was ~30%.

Figure 10 and Figure 11 show the variation of the critical
drift for excitation of the Cs* EIC mode and of the K*
mode, respectively, as a function of the Cs™ ion concentra-
tion. In both cases the magnetic field was 2200 G. The
critical drifts have been normalized to the electron thermal
speed, v, ,,. The determination of the critical drift velocity
for each mode consisted of measuring the current collected
by the exciter disk at a bias where the mode in question just
begins to appear in the frequency spectrum of the exciter
current oscillations. This current can then be related to the
critical drift velocity with a knowledge of the plasma density
and exciter area. As the Cs™ ion concentration increases
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from ~20% to ~80%, the Cs™* critical drift decreases by
about a factor 3, while the K* critical drift shows at best
only a very mild increase. The uncertainty in the measure-
ments is indicated by the scatter of the data points in Figures
10 and 11. Due to this rather large scatter it is difficult to
determine precisely the ‘‘crossover’’ point, namely, the Cs*
ion concentration at which the two critical drifts are equal.
“‘Crossover’’ appears to take place when the Cs™ ion
concentration is about 0.4 to 0.5.

The observed behavior of the critical drifts is as expected
on the basis of the theory summarized in section 2. The
observed ‘‘crossover’’ point also seems to be in line with
expectations for a mass ratio R = 3.4,

5. CONCLUSIONS

We have presented an experimental study of EIC waves in
a two-ion-species plasma. The plasma, consisting of elec-
trons, Cs* and K* ions was produced in a Q-machine with
independent Cs and K atomic beam ovens, so that the
relative ion concentrations could be varied over a rather
wide range. A fluid theory of EIC waves for such a plasma
has also been presented to guide in the interpretation of the
experimental results.

A concise summary of the experimental findings is as
follows:

1. Both Cs™ and K* EIC waves are present over a large
range of relative ion concentrations (however, the Cs*
waves are typically observed at lower minor ion concentra-
tions than the K* waves).

2. The frequency of the heavy ion mode shifts towards
the heavy ion cyclotron frequency as the light ion concen-
tration is increased. Likewise, the frequency of the light ion
mode approaches the light ion cyclotron frequency as the
heavy ion concentration is increased.

3. The critical drift velocity for excitation of each EIC
mode depends on the relative ion concentrations, although
the dependence for the heavy ion mode appears to be much
more pronounced than for the light ion mode (see Figures 10
and 11).
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1 1 1 1
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Fig. Ll. The critical drift velocity, v p/v. ,,, for excitation of the
potassium fundamental as a function of cesium ion concentration.
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4. For low total plasma densities (n < 2 x 10'° cm™3),
combination modes with frequencies given by sums and
differences of various Cs* and K* EIC wave harmonics
have been observed. It has proved difficult to establish the
nature of these combination modes, since phase measure-
ments outside the current channel were either impossible or
unreliable. At the same time, it was found that the combi-
nation modes were present, not only in the spectra of current
fluctuations on the exciter disk, but also in the signals from
Langmuir probes located in the main body of the plasma as
well. However, it is not clear whether these modes are true
plasma effects or are generated by, e.g., nonlinear sheath
characteristics of the exciter.

The present study shows general agreement with theoret-
ical predictions on EIC waves in multi-ion plasmas. Thus the
relevant theories may now be applied with more confidence
to actual ionospheric situations. In particular, point 3 above,
concerning the critical drifts, may be useful as a diagnostic
tool for determining the strength of field-aligned currents in
those cases in which only one ion EIC mode is detected,
although the plasma contains several species of ions.
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