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The properties of electrostatic ion-cyclotron waves excited in a single-ended cesium Q machine
with a nonuniform magnetic field are described. The electrostatic ion-cyclotron waves are
generated in the usual manner by drawing an electron current to a small exciter disk immersed in
the plasma column. The parallel and perpendicular (to B) wavelengths and phase velocities are
determined by mapping out two-dimensional wave phase contours. The wave frequency f
depends on the location of the exciter disk in the nonuniform magnetic field, and propagating
waves are only observed in the region where fR £, where £, is the local ion-cyclotron frequency.
The parallel phase velocity is in the direction of the electron drift. From measurements of the
plasma properties along the axis, it is inferred that the electron drift velocity is not uniform along
the entire current channel. The evidence suggests that the waves begin being excited at that axial

position where the critical drift velocity is first exceeded, consistent with a current-driven

excitation mechanism.

I. INTRODUCTION

Electrostatic ion-cyclotron waves have been observed in
laboratory plasmas' and in the auroral region of the magne-
tosphere,? while their presence in the solor corona® and in
the Io plasma torus at Jupiter® has been suggested. This in-
stability was first excited in a Q machine® by drawing a cur-
rent to a small, positively biased disk, along the axis of a
magnetized plasma column. Electrostatic waves with a fre-
quency slightly in excess of the ion-cyclotron frequency were
excited when the electron drift velocity exceeded about ten
times the ion-thermal velocity and propagated radially
outward from the current channel. The properties of these
electrostatic ion-cyclotron waves were accounted for by
Drummond and Rosenbluth,® for the case of an infinite, ho-
mogeneous, collisionless, magnetized plasma with a uniform
electron drift along the B field. Since the initial experiments,
ion-cyclotron waves have been the subject of numerous labo-
ratory studies in which detailed comparisons with theory’
were undertaken and measurements of ion heating associat-
ed with the instability® were also made.

Ton-cyclotron waves observed in the auroral region have
also been associated with the presence of double layers,® and
have been regarded as a possible acceleration mechanism for
energetic (keV) H* and O™ ions (so-called conics) that are
observed, at times, to flow upward along the diverging mag-
netic field lines into the magnetotail.’® The first theoretical
study of ion-cyclotron waves appropriate to the auroral re-
gion was presented by Kindel and Kennel."! Theoretical and
observational studies continue to investigate the excitation
mechanism(s) for the auroral electrostatic ion-cyclotron
waves.

Following the initial discovery® and theoretical® inter-
pretation of ion-cyclotron waves, certain apparent discre-
pancies between Drummond and Rosenbluth’s theory and
new experiments were pointed out by Levine and Kuckes. '
In particular, their experiments'? showed that the critical
drift velocity increased with increasing electron tempera-
ture, in contradiction to the predictions of the (collisionless)
Drummond and Rosenbluth theory.® Levine and Kuckes'?
were thus led to seek an alternative excitation mechanism for
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theion-cyclotron waves other than the current-driven mech-
anism. They suggested that the oscillations were destabilized
by a negative resistance associated with the sheath in front of
the positively biased exciter disk. However, the experiments
were not performed under completely collisionless condi-
tions, and when the current-driven theory was extended to
include ion—ion collisions,'? the predicted dependence of the
critical drift on electron temperature was found to account
for the experimental results of Levine and Kuckes.

For the reasons indicated above, the mechanism'? based
on a negative resistance associated with the disk sheath has
been largely discounted. Recently Hatakeyama et al.,*
based on their experiments in a nonuniform magnetic field,
have suggested that the electrostatic ion-cyclotron instabil-
ity is excited by a localized two-dimensional potential struc-
ture around the collecting disk. Their conclusion is based on
the observations that (a) when the current-collecting disk
was moved in regions of nonuniform magnetic field, or (b)
when a local magnetic variation limited to the disk region
was introduced, the electrostatic ion-cyclotron instability
appeared along the entire current channel with a frequency
approximately equal to the ion-cyclotron frequency deter-
mined by the (local) magnetic field strength at the position of
the collecting disk. This two-dimensional sheath excitation
mechanism was further investigated by Schrittwieser ez al.'®
in a single-ended Q machine in which the usual disk collector
was replaced by two concentric electrodes (a disk and a ring).
In addition to the electron current drawn to the disk, large
radial electric fields could be generated by biasing the disk
relative to the ring. They found that the electrostatic ion-
cyclotron instability was not excited when a strong two-di-
mensional sheath was present around the electrodes. The
instability appeared only when the axial electron current ex-
ceeded the “conventional threshold,” irrespective of the
presence (or absence} of large radial potential gradients.

The effects of various nonuniformities (e.g., the finite
width of the current channel) were already known since the
first laboratory experiments on the electrostatic ion-cyclo-
tron instability and, more recently, from, e.g., the work of
Hatakeyama and Sato.!® Some of these effects have recently
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been considered in the nonlocal theories of, e.g., Ganguli and
Bakshi,!” and Bakshi, Ganguli, and Palmadesso.'® They find
that if the width of the current channel is reduced to a few ion
Larmor radii the instability is completely quenched.'® A sys-
tematic test of this “filamental quenching” phenomenon has
been previously described.'®

Here we report on our investigations of the excitation
and propagation of ion-cyclotron waves in a nonuniform
magnetic field. The experiments were performed in a single-
ended Q machine that contains, in addition to the usual uni-
form magnetic field region, a region of nonuniform B field.
The electrostatic ion-cyclotron wave frequency was mea-
sured for various positions of the current-collecting disk in
the uniform and nonuniform field region. In this geometry
measurements of the radial and axial propagation character-
istics were made to determine parallel and perpendicular
wavelengths and the direction of the wave phase velocity.
The results show that the critical drift mechanism may still
be applicable, and suggest an explanation for the dependence
of the wave frequency on disk position.

A description of the apparatus and measurement tech-
niques is given in Sec. II. The experimental results are pre-
sented in Sec. III, and the implications of these results are
discussed and summarized in Sec. IV.

Il. EXPERIMENTAL APPARATUS

The experiment was performed in a single-ended Q ma-
chine shown schematically in Fig. 1(a). The plasma is pro-
duced by surface ionization of cesium atoms sprayed onto a
hot (~2200 °K) tantalum plate 6 cm in diameter (under elec-
tron-rich conditions) and is confined radially by an axial
magnetic field variable up to 5 kG. The magnetic field is
nonhomogeneous near the end of the device and its strength
decreases rapidly with increasing z as one moves into the end
chamber, where the plasma is terminated by a large, cold,
electrically floating end plate as shown in Fig. 1(b). The ion-
cyclotron instability is excited by biasing a movable metallic
exciter disk at ¥, =~1-2 V above the plasma potential to
draw an electron current along the axis of the device. It is
detected either in the electron-current oscillations of the disk
itself or in the ion-current oscillations of various (axially and
radially movable) disk Langmuir probes, 0.8 mm in diame-
ter. Propagation measurements were made by triggering a
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dual-beam oscilloscope on the exciter disk current oscilla-
tions (at a fixed location) and observing the spatial change in
phase seen on a movable probe. Typically the plasma density
n is in the range (10°~10'%) cm —3, with plasma temperatures
T, = T;=0.2 eV. The chamber walls are cooled below 0 °C
to keep the neutral cesium vapor pressure below 106 Torr.

lil. EXPERIMENTAL RESULTS

As already stated in Sec. II, ion-cyclotron waves were
excited by drawing current to a metallic disk, movable along
the axis of the device and biased slightly above the plasma
space potential. The instability was detected either in the
current oscillations of the disk itself or by means of various
(axially and radially movable) Langmuir probes. Figure 2isa
plot of the oscillation frequency, as detected by the (movable)
exciter disk or by a probe fixedatz = — 47.5 cm, for various
positions of the exciter disk in the uniform and nonuniform
magnetic field regions. The ion-cyclotron frequency at the
exciter disk location is also shown for comparison. When the
disk is located in the high (almost uniform) B region, the
observed frequency is ~ 10% higher than the ion-cyclotron
frequency, in general agreement with previous experiments’
performed in uniform magnetic fields. However, when the
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FIG. 2. Wave frequency versus exciter disk (0.64 cm radius) position (X).
Oscillation frequency detected by a fixed Langmuir probe in the center of
the main chamber, z = — 47.5 cm (@). The arrow indicates the disk posi-
tion at which excitation of the fundamental mode ceases. The solid line is
the local ion-cyclotron frequency.
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disk is located in the nonuniform field region, the observed
frequency may be as large as 2-3 times the local ion-cyclo-
tron frequency. Thus, in our case, it is no longer true that the
waves are invariably excited with a frequency slightly above
the local ion-cyclotron frequency at the location of the disk.
We also note in Fig. 2 that the same frequency is observed in
the disk current oscillations and on the fixed Langmuir
probe located, within the current channel, in the high-B re-
gion.

‘As the exciter disk is moved to regions of lower B field,
the ratio, 7,(z)/7.(z) < 1/YB, of the ion gyroradius to the
radius of the current channel increases. Experimentally we
found that when the width of the current channel becomes
comparable to the local ion gyroradius near the position of
the disk, excitation of the instability ceases. For the particu-
lar conditions of Fig. 2, the arrow indicates the location at
which excitation of the fundamental mode ceases. This is an
example of the filamental quenching accounted for in the
nonlocal theory of Bakshi er al.'® Further examples of this
effect, for various disk diameters and magnetic field
strengths, have been previously presented.'®

The information given in Fig. 2 does not, by itself, allow
us to determine whether excitation of the instability occurs
near the disk (with a frequency f, however, that can be as
large as 2-3 £, 4 ) OF somewhere well upstream of the disk,
with f=f, .., where z* is some suitable upstream position.
Further observations of the wave properties (to be reported
next) appear, however, to be consistent with the latter hy-
pothesis.

A. Wave propagation measurements

For a fixed exciter disk position, the propagation prop-
erties of the ion-cyclotron waves were determined by com-
paring the phase of the oscillations on a movable Langmuir
probe with the phase of the disk current oscillations. The
perpendicular and parallel wavelengths, as well as the direc-
tion of the parallel phase velocity, were determined by mov-
ing the Langmuir probe both radially and axially. As an
example, results obtained from moving the probe radially at
z = 2.0 cm, for a disk location of z = — 1.5 cm, are given in
Fig. 3. Evidently, the waves propagate radially outward
from the current channel. Phase plots similar to Fig. 3, al-
though not always of this quality, were made for different
axial positions of the probe, so that constant phase contours
could be constructed.

The equiphase contours are shown in Fig. 4, with sever-
al B field lines superimposed. The wave fronts are labeled by
their respective phase angles, with wave propagation in the
sense of increasing phase angle and a change by 360° equiva-
lent to one wave period (for this case 7= 27 usecor f= 37
kHz). Ahead of the disk the waves propagate primarily radi-
ally although with a clear, finite component of the propaga-
tion vector along B. The earliest phases are observed up-
stream of the disk, indicating axial propagation toward the
disk, i.e., in the direction of the electron drift. Behind the
disk the waves tend to become acoustic-like. An especially
significant feature in the data of Fig. 4 is the absence of wave
propagation in the high-B region, namely at axial positions
upstream of z=~ — 10 cm. At the observed frequency of
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FIG. 3. Phase of the ion current oscillations on a Langmuir probe versus its
radial position at z= + 2.0 cm for a disk location of 2, = — 1.5 cm.

f=137kHz, f=f, at z= — 10 cm, indicating that wave
propagation is possible only in regions where f> f,;. Oscilla-
tions within the current channel (but no propagating waves)
are observed in the upstream region where f<f;, and the
phase contour labeled 100 is extended upstream of z~ — 10
cm to indicate this.

Another interesting question is the variation, with axial
position, of the perpendicular wavelength 4, . In Fig. 5 the
perpendicular wavelength A,, obtained from radial phase
plots similar to those shown in Fig. 3 but with the disk locat-
ed at z= + 12 cm, is plotted versus z. For this particular
case, the measured A, (open circles) increases from ~2 cm
near the disk to ~6 cm at z~ — 3 cm. Beyond z=~ — 3 cm
no wave propagation is observed. For comparison, the 4,’s
computed from the usual dispersion relation for electrostatic
ion-cyclotron waves, i.e., »* = 0% + k2C?, where w is the
measured wave frequency, @, the ion-cyclotron frequency,
C, the ion-acoustic speed, and k, = 27/4,, are shown as the
solid curve in Fig. 5. The appropriateness of using this dis-
persion relation in our nonhomogeneous magnetic field ge-
ometry is discussed in Appendix A, where it is shown that if
the paralle] wavenumber k, and its spatial derivatives are
negligible, then the uniform B-field dispersion relation re-
mains approximately valid, with w,; and k,, however, both
being functions of z, i.e.,

o’ ~aj{z) + Cki(2). (1)
Note that Eq. (1) predicts that the perpendicular wavelength
is a real quantity only for axial positions at which f>f,,, i.e.,
where, in the experiment, propagation outward from the
current channel is observed.

The A,’s computed from Eq. (1), with o = 27f=27
X 27.4 kHz, and with o_;(z) obtained from the measured val-
ues of the magnetic field strength, are in good agreement
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with the measured wavelengths. The valueof 7, = T, = 0.2
€V used in the computation is probably somewhat low and a
better fit is obtained if slightly higher values are used. We
have also considered the possibility that a Doppler-shift
term should be added in the dispersion relation, since in our
diverging magnetic field geometry we expect an (accelerated)
plasma flow toward the low-B region, i.e., in the direction of
the parallel phase velocity of the waves. Further discussion
of the acceleration effect is given in Appendix B, but experi-
mental evidence of the accelerated plasma flow is already
present in the data of Fig. 4. On axis, behind the disk, the
waves propagate essentially as ion-acoustic waves, so that
SA = v = C, + v;,, being theion flow speed. Estimating
A to be =6 cm, and with f= 37 kHz, we find v, = /4,

2.2X 10° cm/sec. With C, =~0.6 X 10° cm/sec, one finds that
v; = U, — C,=~1.6X10° cm/sec, giving a Mach number
( M=v,/C,) equal to 2.7, in agreement with estimates from
Eq. (B4). If we take the flow speed to be v =~ 10° cm/sec ahead
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FIG. 5. Axial variation of the perpendicular wavelength for a disk located at
zp = 12 cm. The A, ’s were obtained from phase plots, as in Fig. 3. The solid
curve shows the 4, ’s obtained from Eq. (1) for the (constant) wave frequency
f=27.4 kHz and the measured B field values.
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of the disk, then, as an upper limit to the Doppler shift there
(where 4, 220 cm), we obtain (k - v)/27 < 5 kHz. The effect
of this Doppler shift would mostly be to displace the com-
puted A, curve in Fig. 5 somewhat to the right. ;

Figure 6 shows an axial profile of the ion-cyclotron wave
amplitude, n/n, near the axis obtained by moving a small
Langmuir probe along z, for a fixed disk position of zj,

= — L.5 cm. The wave amplitude is small in the region
where f=f,(z) and increases monotonically toward the
disk, typically reaching values of ~30%.

The electrostatic ion-cyclotron wave amplitude and fre-
quency also depend on the bias voltage of the disk. Figure
7(a) shows the variation of the observed wave frequency with
Vp — &pv, the disk bias, ¥}, relative to the plasma space
potential, ¢y, , for various fixed disk locations. In each case
the observed frequency is above the local £, at the disk posi-
tion, and generally increases with increasing bias. For the
furthest upstream disk position ( — 12.2 cm), the frequency
is independent of the bias. The wave amplitude at the disk is
also shown in Fig. 7(b), for a disk located atz = 2.3 cm, as a
function of (V, — dpr ).

The question of how the wave frequency can depend on
the exciter disk position and yet be consistent with a “critical
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FIG. 6. Ion-cyclotron wave amplitude 81n/n versus z for a disk located at z,,
= — 1.5 cm. Typically 6n/n~30% near the exciter disk.
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disk versus disk bias for z, = 4 2.3 cm. The disk radius was 0.95 cm.

drift” excitation mechanism will be addressed after some
additional measurements pertaining to wave excitation are
presented. Before proceeding we summarize the results on
wave propagation as follows.

(1) Propagating ion-cyclotron waves are observed only
in regions where the observed frequency is greater than f.
In these regions the waves propagate primarily radially
outward from the current channel. The axial propagation is
in the direction of the electron drift, with increasing ampli-
tude along the drift.

(2) In regions where the magnetic field is nonuniform,
the perpendicular wavelength changes to maintain a con-
stant wave frequency as o, varies, thus satisfying the ap-
proximate dispersion relation given in Eq. (1).

(3) For a disk located in the nonuniform B region, the
wave frequency increases with increasing disk bias voltage
and approaches the frequency observed when the disk is in
the uniform B region.

B. Wave excitation

The wave propagation properties described under Sec.
111 A already suggest that, in order to clarify the wave exci-
tation mechanism, we look in greater detail at the situation
prevailing in a region extending some 15-20 cm upstream
from the disk, rather than at a much more restricted region
in the immediate vicinity of the disk, such as the sheath that
must be present when the disk is biased at a few volts above
the plasma potential. Perhaps the most cogent reason for
doing so is the observation that, generally, the waves first
appear some 15-20 cm ahead of the disk and that they exhib-
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it a parallel phase velocity directed foward the disk, together
with a wave amplitude that increases monotonically along
the electron drift. To understand the general plasma condi-
tions that may be conducive to wave excitation, we per-
formed several sets of measurements of the space potential
and of the plasma density upstream from the disk.

Figure 8 shows a series of radial scans of the floating
potential measured by a Langmuir probe, the axial position
of the probe being varied in steps between z = — 32 cm and
z = 11.5 cm. The disk location in this case was zy;,, = 12 cm.
For an electron temperature T, ~0.2 eV, scans of the float-
ing potential are practically equivalent to scans of the plasma
potential. With the disk bias ¥, = + 2 V of Fig. 8, a central
current filament clearly appears from this type of measure-
ments and is indicated in the figure by the dotted lines. In
general, the radial E fields at the edges of the current channel
are small, as can be inferred from any one of the radial poten-
tial scans in Fig. 8. The largest E fields must occur within a
sheath of at most a few millimeters, just in front of the disk
and well away from the axial position at which wave excita-
tion first appears and the wave frequency equals the local
gyrofrequency.

Information as to the plasma density in the region ahead
of the disk was obtained also by means of a Langmuir probe.
Figure 9 shows a series of radial scans of the ion-saturation
current to a negatively biased probe ( — 6 V), the axial posi-
tion of the probe being varied in steps betweenz = — 8 cm
and z= + 6 cm. The disk location in this case was zg,

= + 8 cmand the disk was biased at V', = + 6 V to collect

electrons. A density depression near R = O cm is evident in
Fig. 9 on each of the radial profiles and is more pronounced
as one moves closer to the disk. The density depression is
absent when the disk is left electrically floating.

The observation of a density depression when the disk is
biased to collect electrons is not new. It has, in fact, been

\\
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Buax= 3.4 kG
T T Zp= 12em
! \EL "oisk = 0-95 ¢cm
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D
CURRENT
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FIG. 8. Radial plots of the floating potential of a Langmuir probe for var-
ious axial positions between z = 11.5 cm toz= — 32 cm. The dotted lines
join the edges, in each plot, of the central current channel that is revealed by
this type of measurement. For clarity each plot is displaced vertically (not to
scale).
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FIG. 9. Radial scans of the ion-saturation current to a negatively biased
Langmuir probe at various axial positions. The density depressions appear
near R = 0 when the exciter disk is biased to collect electron current.

reported by several authors**?! for a plasma immersed in a
uniform magnetic field. What our present observations sug-
gest, however, since the depression is more pronounced clos-
er to the disk, is that a density cavity exists (presumably relat-
ed to the removal of electrons to the disk), which extends
from the disk into the high-B region. The density depression
is present even for bias voltages of the disk somewhat below
the critical voltage for wave excitation, but it rapidly in-
creases in depth near the disk and affects the axial density
profiles farther ahead of the disk as the bias voltage is in-
creased. This behavior may be associated with the rapid in-
crease in wave frequency with increasing bias voltage, as
shown in Fig. 7.

We think that the observation of a density cavity, in our
present nonuniform-B configuration, is important since it
suggests that the electron drift velocity along the current
channel is not constant. It would, instead, increase mono-
tonically within the cavity as one moves closer and closer to
the disk. In this situation the Drummond and Rosenbluth®
condition for wave excitation, v, p, > v, would first be ful-
filled at a position approximately 15-20 cm ahead of the
disk, and propagating waves would only be observed from
that position onward toward the disk, with a parallel phase
velocity directed toward the disk (see end of Sec. III A).
That, indeed, v, ;, increases monotonically as one moves
along the current channel closer and closer to the disk, can
be seen as follows.

Let I, = en(zjv, , 4 (z) be the total current collected by
the disk, where A (z)is the cross-sectional area of the current
channel. We assume the total current along the channel to be
the same at any z and equal to [, and also that 4 (z) can be
directly computed from the disk area and from the known B
field configuration, i.e., A4(z) =Ayy B /B(2). We esti-
mate the density n(z) from the measured profiles of the ion-
saturation current I,(z) (e.g., Fig. 9) through

L) <nizvf2)d, ,
where v,(z) is the ion flow speed and 4, is the area of the
Langmuir probe. Also, v;(z) = C; M (z), where C, is the
acoustic speed and M (z) the Mach number of the flow. Here
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M (z) can be determined from the measured axial profile of
B, using the relation (B4) derived in Appendix B. It follows
that the z variation of v, ;, is expressed by

Vep(2) <Ip M (z)B(2)/1(z) (2)
in which all quantities of the rhs are measured quantities,
except M (z) which is computed as in Appendix B.

Normalized plots of the drift velocity computed from (2)
are shown in Fig. 10 for several disk biases. As expected, v, ,,
increases monotonically toward the disk and, at any z, with
increasing disk bias. As we argued above, wave excitation
would first occur where v, , = v, , and this position would
then set the wave frequency. The arrows in Fig. 10 indicate
thelocations where, for each disk bias, the wave frequency f
equals the local f,;. All this is consistent with the observa-
tions summarized at the end of Sec. III A, in particular with
points (1) and (3). With reference to point (3), note that, if
wave excitation begins at the location where f= f,,, then
the increase in frequency from 19.5 to 24.5 kHz as V,, is
increased from — 1.4to + 14.2 V (Fig. 10) appears entirely
reasonable on the basis of the measured axial variation of the
drift velocity.

Unfortunately, we could not determine with great accu-
racy the absolute v, 5,’s in Fig. 10, primarily because of un-
certainties in the determination of the absolute plasma den-
sity in the presence of a supersonic and axially variable flow.
However, the estimated values of v, ;, at the locations where
f=f. (see arrows in Fig. 10) were in the range v,
=(10 — 30y, r, where v, 1 is the ion-thermal speed. These
v, p’s are of the same order as predicted by Drummond and
Rosenbluth® for the critical drift in a uniform plasma im-
mersed in a uniform magnetic field. We do not know
whether a substantial change of the critical drift should be
expected when the magnetic field is not homogeneous.

IV. DISCUSSION AND SUMMARY

The results presented in Sec. III indicate that, at least
under the nonhomogeneous magnetic field conditions of our
experiments, the electron drift velocity is nof constant along
the entire current channel but varies significantly, especially
in the region near the exciter disk. This result, combined
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FIG. 10. Normalized axial plots (on axis) of the electron drift velocity for
several disk bias voltages ¥,. All plots are normalized to the vy, value at
z==6cmand ¥; = — 1.4 V. The arrows indicate the axial locations at
which the observed wave frequencies f equal the local f,,.
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with the observed propagation characteristics, suggests that
the ion-cyclotron waves are excited with a frequency which
is determined at the axial position where the electron drift
velocity first exceeds the critical value. The waves then prop-
agate radially outward, with parallel propagation toward the
disk in the direction of the electron drift. This latter feature is
difficult to reconcile with the possibility that the waves are
excited at the disk. Furthermore, the position where the
wave frequency equals the local f; is, generally, well up-
stream of the disk, although the largest E fields appear with-
in a few millimeters of the disk.

The position of initial wave excitation (where first
U, p > Ve ) i$ determined by various plasma parameters and
depends on the disk bias. In the presence of the current-
collecting disk, an axial density cavity is formed with an
extent that depends on the disk bias. For larger biases the
cavity extends further into the high-B region and waves of
higher frequency are excited. The wave frequency being ap-
parently determined at the position of initial excitation, the
waves continue to grow in amplitude as they propagate in the
direction of the electron drift. This is seen not only in the
axial profile of 8n/n (Fig. 6) but also in the dependence of
wave amplitude on disk bias [Fig. 7(b)]. Figure 7(b), together
with Fig. 10, suggests that at higher disk biases, excitation
first occurs farther from the disk, so that wave growth may
take place over a longer axial region.

It seems to us that our present results are well in line
with the excitation mechanism originally proposed by
Drummond and Rosenbluth® for a uniform plasma in a uni-
form magnetic field. Evidently, the nonuniformity of the
magnetic field must introduce certain modifications such as,
for instance, the axial variation of k, required for a constant
@ when w,, varies axially [Eq. (1)]. In addition, the nonlocal
effects discussed, e.g., by Bakshi ef al.'® have to be taken into
account. They were experimentally demonstrated as the “fil-
amental quenching” effect discussed at the beginning of Sec.
III.

The present interpretation of our results is also in line
with the recent work of Schrittwieser ez al.,'> who showed
that even in the presence of a strong two-dimensional sheath
around the exciter disk, the instability was only excited when
the axial electron drift velocity exceeded a certain threshold.

It seems difficult at this stage, in spite of our present
preference for the Drummond and Rosenbluth® excitation
mechanism, to categorically exclude other mechanisms
which have also been proposed (such as two-dimensional
sheaths at the disk'®), particularly in view of the fact that the
latter mechanisms have not yet been analyzed to the same
degree of thoroughness as the former.

One important point that has emerged from our obser-
vations is the axial nonuniformity of the electron drift, v, ; a
possibility that had apparently not been given much atten-
tion previously. Perhaps some of the previous work on elec-
trostatic ion-cyclotron waves should be partially reexamined
in light of this new observation.
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APPENDIX A:ELECTROSTATIC ION-CYCLOTRON (EIC)
WAVE DISPERSION RELATION IN A
NONHOMOGENEOUS B FIELD

We examine here briefly the question of why the disper-
sion relation for electrostatic ion-cyclotron waves in a uni-
form plasma in a uniform B field may continue to be approx-
imately valid in our nonhomogeneous B configuration.

The linearized ion continuity and momentum equations
read:

o,

nVev, =0, Al
6t+ oV 'V, (A1)
2 lvn —ammxe=0, (A2)
ot ney

where n, is the zero-order plasma density, C, is the ion-
acoustic speed,

Cs = {K[(T': + Te)/mi]}llz’
and n, and v, are the first-order density and ion velocity,
respectively. The B field is directed along the positive z axis
and its strength depends on the z coordinate (Z is the unit
vector along + z). However, the components of B perpen-
dicular to the z axis are neglected, an approximation valid
near the axis of our plasma column. With n,(r,t) = n,(re =",
v,(r,t) = vy(r)e ~“*, and £ (r) = 1/n, n,(r), we obtain:
—iwE+Vv, =0, (A3)
—iov, + C2VE —w (z)v, X2 =0. (Ad)
Taking the gradient of (A3) and using the vector relation
VZA=V(V-A)—VXVXA,
we obtain
and, inserting {A5) into (A4),
@*v, + CIV?, + C2VXV XV, — iww,(2)v,X2=0.
(A6)
We look for solutions of the form
vilr) =¥, exp{i[ K, (z}x + K. (z)z] } , (A7)
with ¥, a constant vector, and the K and K, components of
the propagation vector functions of the z coordinate.

With the (A7) choice of v,(r), the gradient operator be-
comes

v-»[iK, (z),OJ(Kz @ +2 dz’ ) ]

or, defining the vector

~ dk.
< (z)s(Kx 0K ) +2 ) ,

we have
v—iK(z),
and from (A6)
w* — (% + C2K}o? + C2K, 0% =0. (A8)
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Equation (A8) can be written as
0* — (@} + CIK %0 + Clo} K7 — Cll0” — o)
dK, \? d
X zz( ') +z—(K? ] =0.
[ dz dz &=
If K, and its spatial derivatives are negligible, (A9) becomes
‘=iz + CIK*2), (A10)

namely, the same dispersion relation obtained in the case of a
uniform B. Now, however, X (z} adjusts itself to the variation
of w,; with z, to keep » a constant.

(A9)

APPENDIX B: PLASMA FLOW IN A MAGNETIC LAVAL
NOZZLE WITH ELECTRICAL CURRENT

We give here some simple arguments to show that, in
our magnetic field configuration and in the presence of an
electrical current drawn to a disk located near the end of the
device, the relative electron-to-ion drift velocity, v, — v,
should increase continuously as one approaches the disk.
The magnetic field configuration of our device is a “Laval
nozzle” configuration, as discussed, e.g., in Andersen et
al.,” except for the fact that a current is now drawn to the
disk.

We can treat the steady-state operation of that portion
of our plasma which is denoted as the current filament, by

A (2)nv; = const , (Bla)
A (Z)nv, = const, (B1b)
dv, dn do

v, +— + kT, — == —pfnfly, —v,),
nmy; + o + «T; o +en = ne‘n“lv, —v,)

(B2a)

kT, P _en % peniy, —u,). (B2b)

dz dz

Here A (z) is the cross-sectional area of the current filament,
which is a function of z, the axial distance along the device, n
is the plasma density, ¢ is the electrostatic potential, T and
T, are the ion and electron temperatures, respectively, and 5
is the plasma resistivity. By defining the flow Mach number
Mas M =v,/C,, with

C, = (x[(T; + T.)/m;]}'"2,
we obtain from (B1) the following equations:

dM 1 dn .
M———=0, B3
dx+n dx (B3)
2
uﬂl:id_" (B4)
M dx A dx

These two equations are precisely the same as obtained by
Andersen et al.?* for the case of zero electrical current along

3073 Phys. Fluids, Vol. 28, No. 10, October 1985

B. Using (Bla) and (B1b), we write the total current to the
disk as

I=e(l —1,/I)Any, , (BS)
where I,, = endv,,. Also from (B2a) and (B2b), we have
T,
g _d_ _*T.idn I B6)
dz e n dz Az)

There are two contributions to the axial electric field, one
associated with the density gradient, the other with the pass-
ing of a current. In our experimental setup the second term is

much smaller than the first.
As for the electron-to-ion relative drift, v, — v,, it canbe

written as
v —v; =(L/I, — W, =C(L/I, -1)M(2). (B7)

Thus, under the Laval nozzle conditions of M (z) increasing
monotonically as one approaches the disk, the largest
(v. — v;)’s should occur near the disk.
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