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The confinement properties of a low-f3 (average) potassium plasma produced by contact
ionization in a spindle cusp magnetic field were investigated. In this configuration, n, =~ 10%-
10°cm ™3, T, = T, =~0.2 eV, and the ions are weakly magnetized. Electron and ion densities,
space potentials, and plasma flow velocities were measured in the ring and point cusps. The
leak width of the escaping plasma was measured over a wide range of magnetic field strengths
and neutral pressures. The dependence of the leak width on neutral pressure and magnetic field
strength is accounted for by a simple model in which the plasma streams out of the cusps along
the magnetic field lines while diffusing across the magnetic field due to the combined effects of
neutral-particle collisions and Bohm diffusion. Measurements of broadband plasma noise

suggest the presence of ion acoustic wave turbulence.

I. INTRODUCTION

Magnetic field geometries containing cusps are widely
used in laboratory devices for basic plasma-physics studies,
due to their ability to confine large-volume uniform quies-
cent plasmas.' In addition, magnetic cusps are being investi-
gated for use in thermonuclear fusion plasma confinement
schemes,”™ ion-beam sources,” and plasma-etching reac-
tors.® The efficiency of such devices depends on plasma
losses through the cusps.

Of particular interest are the profiles of plasma escaping
through the cusps (characterized by their full width at half
maximum (FWHM)—the so-called cusp leak width), the
plasma flow velocity in the cusps, and the electrostatic po-
tentials in the cusps. These properties have been examined
quite extensively in low-3 discharge devices,>*’~* and nu-
merous interpretations have been given. The interpretations
include considerations of electrostatic effects,>*! neutral-
plasma collisions,>*!' turbulence,>*!* and the presence of
high-energy primary electrons.

We have recently conducted an investigation of the con-
finement of an argon discharge plasma in a magnetic spindle
cusp,'* in which we measured ion and electron densities,
space potentials, and flow velocities in the ring and point
cusps over a wide range of plasma density, neutral pressure,
and magnetic field strength. Our results suggested that elec-
trostatic fields inhibited the flow of ions across the magnetic
field, in accordance with the findings of other experi-
menters.”® The dependence of the leak width upon the mag-
netic field and neutral pressure was accounted for by a sim-
ple model in which the plasma streams out of the cusps at the
ion acoustic speed while diffusing across the magnetic field
due to the combined effects of neutral-particle collisions and
Bohm diffusion.

Our results suggested that in typical discharge cusp ex-
periments, diffusion of particles due to Bohm diffusion and
neutral-plasma collisions are of comparable magnitude, and
the relative importance of these processes depends upon the
magnetic field strength and neutral pressure. Since the mag-
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netic field strength varies in a cusp geometry, one could even
have the more complex situation where Bohm diffusion is
the dominant mode of cross-field particle transport in the
regions of high magnetic field, while at the same time neu-
tral-plasma collisions are responsible for most of the cross-
field particle transport in the low-field regions. The ability to
minimize the effects of neutral-plasma collisions is limited
by the difficulty of maintaining a discharge at pressures be-
low ~107° Torr. Furthermore, such low-pressure dis-
charges contain relatively high concentrations of primary
electrons,'® which may also affect the plasma dynamics and
complicate the Langmuir probe measurements. At high neu-
tral pressures, where Bohm diffusion is less important, the
flow of plasma along magnetic field lines is also affected by
collisions, adding a further complication. Finally, the vol-
ume production of plasma by primary electrons, which
themselves have a characteristic leak width dependent upon
their energy and the magnetic field strength, will presuma-
bly have some effect upon the leak widths.

By investigating the confinement of an alkali-metal
plasma produced by contact ionization, we were able to es-
sentially eliminate the effects of collisions and also to elimi-
nate the effects of primary electrons and the resultant vol-
ume production of plasma. Potassium was chosen since its
ion mass (39) is nearly the same as that of argon (40). The
absence of primary electrons simplified the measurement of
the plasma potential, since the floating potential of a cold
probe was relatively close to the plasma potential.

In order to compare the behavior of the potassium plas-
ma with that of the argon discharge previously studied, we
performed many of the same measurements. The plasma
density, potential profiles, and velocity of the escaping plas-
ma were measured in both the ring and point cusps. The
dependence of the electron and ion leak widths on plasma
density was determined over a wide range of densities. At
denstties sufficiently high that the plasma was quasineutral,
it was observed that the ion leak width was smaller than at
lower densities, presumably due to seif-consistent electric
fields. This behavior was previously observed in the argon
discharge plasma.'* The leak width measurements were
made over a large range of magnetic field strength so that the
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scaling could be determined. Neutral helium gas was added
to the plasma in order to investigate the effects of plasma-
neutral collisions; leak widths were then measured over a
broad range of neutral gas pressure and magnetic field
strength to determine the scaling laws in the presence of
plasma-neutral collisions. As in the argon discharge, the ob-
served scalings could be accounted for by a model in which
plasma streams out of the cusps at the ion acoustic speed
while diffusing across the magnetic field due to the combined
effects of Bohm diffusion and neutral-plasma collisions.

In addition, we measured the spectrum of plasma oscil-
lations in the ring cusp for different magnetic field strengths.
The scaling of the prominent noise frequency with magnetic
field strength suggests that part of the observed noise is due
to ion acoustic waves.

The apparatus and experimental techniques are de-
scribed in Sec. II. In Sec. III we present the experimental
results, which are then discussed in Sec. IV. The results and
conclusions are summarized in Sec. V.

1. EXPERIMENTAL APPARATUS

The experimental apparatus is shown in Fig. 1. A cylin-
drical stainless-stee]l chamber, 90 cm in length and 60 cm in
diameter, was evacuated to a base pressure of ~5x 1077
Torr. The chamber contained two water-cooled coils of 17
cm inner diameter, which produced a spindle cusp magnetic
field using currents up to 1000 A. Each coil was made of six
turns of 6.35-mm (}-in.) copper tubing in a Teflon insulating
sleeve enclosed in an aluminum sheli which was connected
electrically to the grounded chamber. The maximum field
produced in the center of the ring cusp was 160 G, while the
maximum field in the center of the point cusp was 260 G.

An alkali-metal plasma was produced in the center of
the chamber by contact ionization of potassium vapor on a
hot tungsten foil, the same method of plasma production
employed in Q machines.'® In order to reduce the vapor
pressure of the potassium, two cylindrical copper cold plates

covered much of the inner surface of the chamber. The cold
plates were cooled to ~5°C by circulating a refrigerated
solution of 39% propylene glycol in water through 6.35-mm
(1-in.) copper tubing that was soldered to the cold plates.
Further details of the apparatus have been described else-
where.’

In order to avoid possible effects on the plasma behavior
due to the voltage drop across the directly heated tungsten
foil, the heating current to the tungsten foil was pulsed on
and off at 60 Hz. This permitted measurements of the plasma
during the heating off-cycle when there was no voltage drop
across the foil. Typically, 70 A at 5 V were passed through
the foil for 4, s, followed by 1}, s during which no current
was passed through the foil, producing an average heating
power of 175 W.

The bias of the hot foil (with respect to the grounded
chamber) affected the plasma production. When the foil was
biased positively ( > 1 V), very little plasma was produced.
When the foil was grounded or biased negatively (between O
and — 20 V), the resultant plasma density was fairly high
(10%-10" cm™?), the electron and ion density profiles de-
pended little upon the bias voltage, and the plasma potential
roughly followed the bias on the foil. In this case, a net elec-
tron current of a few milliamperes flowed through the plas-
ma from the hot foil to the chamber walls, while for a positi-
vely biased foil a much smaller net ion current flowed from
the hot foil to the chamber walls. The electron current flow
increased when the foil was biased more negatively. The flow
of this current through a layer of contaminants on the
chamber wall surface may be responsible for the voltage
drop between the chamber and the plasma, whose potential
roughly followed the bias of the hot foil. The possibility that
the voltage drop occurred in a plasma sheath appears to be
less plausible since such a sheath would prevent ions from
reaching the chamber walls and recombining when the plas-
ma potential is very negative, in apparent contradiction with
results (to be described later) indicating that the ions flowed
from the hot foil, out of the cusps, to the chamber walls.
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We also studied the case when the foil was heated with a
dc voltage of ~4 V. There was little difference between the
plasma produced with a dc-heated foil and a pulse-heated
foil, provided that the bias of the center of the foil (with
respect to the grounded chamber) was the same in both
cases.

In the remainder of our studies, one side of the tungsten
foil was grounded, and the other side was pulsed with a posi-
tive voltage. Under these conditions very little plasma was
created during the time when the foil was being heated, mini-
mizing the possible influence of the foil-heating voltage on
the measured plasma behavior. The resultant plasma density
in the ring cusp (as measured by a Langmuir probe) as a
function of time is shown in Fig. 2. When the heating cycle
ended, the plasma density rose quickly (on a time scale of the
ion transit time of ~ 107 *s). The plasma density then slow-
ly decreased as the foil temperature dropped, leading to a
20% decrease in plasma density over , s. Since this time
scale is long compared with an ion-transit time, the plasma
behavior during the heating off-cycle should be similar to
that of a steady-state plasma. The typical densities were in
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the 10%~10"° cm ~7 range, comparable to densities in labora-
tbry argon discharge devices. The electron and ion tempera-
tures were ~0.2 eV, while the plasma noise level, deter-
mined from fluctuations in the electron- or ion-saturation
currents drawn by a Langmuir probe and circuitry with a
frequency response up to ~ 300 kHz, was én/n = 5-15 %.
We did not make any measurements of noise levels at higher
frequencies (w ~ @, , the electron plasma frequency).

The plasma behavior was highly reproducible from one
pulse to the next. As a result, the plasma properties at a given
moment during the heating off-cycle were studied by using a
sample and hold circuit triggered by a 60-Hz pulse with a
width of ~0.1 ms. The part of the off-cycle that was sampled
could be varied; little change of behavior (except for the
gradual decay of plasma density) was observed throughout
the off-cycle.

The major diagnostic used in this investigation was the
Langmuir probe, typically a tantalum disk of 1.5 or 3 mm
diam. Because of the limited spatial variation of the plasma
potential ( ~ — 4 to — 2 V) and electron temperature, the
relative ion density (as a function of position) was deter-
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mined by measuring the probe current with the probe biased
at — 9V, while the electron density was determined with the
probe biased at 0 or + 9 V. By observing the plasma proper-
ties with one probe while changing the bias on another
probe, we determined that the probes did not significantly
perturb the plasma.

lll. EXPERIMENTAL RESULTS

We begin the presentation of the experimental results by
showing, in Fig. 3, an overall three-dimensional perspective
view of the relative electron density (i.e., electron saturation
current) throughout the cusp. A similar plot for ions was
also obtained. The density was largest near the hot foil,
where the electrons and ions are produced. The escape of

plasma through the ring and point cusps is evident, as is the
confinement of plasma to a neighborhood of the axis and the
midplane (the symmetry plane midway between the coils).
The plasma displays a high degree of symmetry with respect
to rotations about the axis, in spite of the lack of azimuthal
symmetry in the hot-foil geometry. This may reflect the rela-
tive ease of cross-field plasma flow in the low magnetic field
region near the hot foil as well as the presence of azimuthal
particle drifts (E X B and Vn X B) which tend to equalize the
density.

In comparison with the profiles obtained in an argon
discharge spindle cusp,'* the plasma density on the axis
drops more rapidly as one moves away from the center of the
device. This difference in behavior apparently results from
the fact that the potassium plasma is produced only on the
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FIG. 4. Electron current profiles taken with a 3-mm disk Langmuir probe
moved across the ring cusp at 7 = 14 cm. (a) Linear plot and (b) semilog
plot.
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hot foil, while volume production of argon plasma occurs
throughout the regions populated by primary electrons. In
this sense, the potassium plasma is similar to laser-produced
plasmas in cusps'® in that the plasma expands from the cen-
ter.

In Fig. 4(a), we present typical profiles of the electron
saturation current drawn by a Langmuir probe as it was
moved across the ring cusp. The ion profiles were similar. As
the magnetic field was increased (by increasing the coil cur-
rent), the plasma profile became narrower. The profiles are
plotted on a semilogarithmic scale in Fig. 4(b), showing that
the narrow profiles observed with large magnetic field
strengths adhere closely to the shape
n(z) = ngexp( — 2|z|/d), except in the immediate vicinity
of the midplane. The presence of the foil support and nozzle
(on the left-hand side in this figure) apparently caused a
slight lack of symmetry with respect to reflections in the
midplane (z— — z); however, the surface area of the foil
support protruding into the plasma was much less than the
loss area at the spindle and point cusps.

A. Quasineutrality

As in the previously studied argon discharge spindle
cusp,'* similar electron and ion profiles could only be at-
tained at sufficiently high density. The dependence of elec-
tron and ion leak widths upon density (via the dimensionless
parameter w,, /@, « \[r—z: , where w,, /w,, is the ratio of the
electron plasma frequency to the electron gyrofrequency in
the center of the cusp) is shown in Fig. 5. The density was
varied by changing the temperature of the hot foil while
holding all other parameters constant. For w,, /0, <0.2,
the electron and ion leak widths were very different and the
ion leak width was on the order of the ion gyrodiameter (5.2
cm), while for @, /w,, > 0.5 the ion and electron profiles are
similar, consistent with quasineutrality. For w,,, /o, <0.1,
the measured electron leak width was nearly equal to the
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FIG. 5. Leak widths (full width at half maximum) of electron and ion pro-
files in the ring cusp vs 0, /., , With a magnetic field of 110 G in the center
of the ring cusp. The plasma density was varied by changing the hot-foil
temperature.
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probe diameter; thus the actual electron feak width may be
smaller than measured. At sufficiently high densities (@, /
@, > 0.5), the ion leak width was smaller than that at lower
densities, suggesting that self-consistent electric fields re-
duce the cross-field ion transport. For the quasineutral case,
the electron and ion leak widths depended only slightly upon
the density (d «n%?). The remainder of our investigations
describe the case in which the density was sufficiently high to
ensure quasineutrality.

B. Leak widths

The scaling of the ring cusp leak width (FWHM), d,
with magnetic field is shown in Fig. 6. [In Figs. 6-8, and
12(b), m denotes the slope of the line. ] The observed depen-
dence d«<B~'? is not consistent with any gyroradii
(d < B ~') and is the same scaling observed previously in an
argon discharge spindle cusp'* at the lowest pressures inves-
tigated, when the effect of plasma-neutral collisions was re-
duced.

To investigate the effects of collisions on the leak width,
neutral helium was introduced into the vacuum chamber.
The helium was not ionized and increased the rate of plasma-
neutral collisions. The scaling of the ring cusp leak widths
with neutral pressure, for two different magnetic field
strengths, is shown in Fig. 7. For sufficiently high pressures,
the leak width was broadened and scaled approximately as
d < P'?. For the lower magnetic field strength, the leak
width became comparable to the coil separation at high pres-
sures, and the plasma was apparently constrained mechani-
cally by the coils.

The scaling of the ring cusp leak width with the magnet-
ic field strength for various neutral pressures is shown in Fig.
8. At sufficiently high pressures and low magnetic field, the
scaling d « B ™' was approximately obeyed. The observed
scaling d « P'/2B ~' for a plasma experiencing plasma-neu-
tral collisions is identical to the scaling observed previously
in an argon discharge spindle cusp.'*
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FIG. 6. Electron and ion leak widths in the ring cusp vs magnetic field
strength. (In this and the following figures, m denotes the slope of the line.)
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The electron and ion profiles in the point cusp were
qualitatively similar to those in the ring cusp and had com-
parable leak widths to the ring cusp profiles. The depen-
dence of the point cusp leak widths upon magnetic field and
neutral helium pressure was also studied. As in the ring cusp,
the scaling d « B ~!/2 was observed in the absence of helium
while the scaling d o« P /2B ~ ' was approximately obeyed at
sufficiently high pressures and low magnetic fields."’

C. Eiectrostatic potentiais

The observed Langmuir traces indicated that the float-
ing potential of a cold Langmuir probe is ~0.7 V lower than
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FIG. 8. Electron leak widths in the ring cusp vs magnetic field strength for
different values of neutral helium pressure.
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the plasma space potential. Thus the floating potential of a
cold probe provided, up to a small voltage offset (~ — 0.7
V), an accurate indication of the plasma potential. Measure-
ments of the potential structures using the floating potential
of a hot emissive probe agreed (up to an offset voltage of
~1-2 'V, which increased with emissive probe temperature)
with those measured using the cold-probe floating potential.
This provided further confidence in the accuracy of using the
cold-probe floating potential to measure the plasma space
potential.

A three-dimensional overall perspective view of the
cold-probe floating potential throughout the cusp is shown
in Fig. 9. The potential structures were qualitatively similar
to those measured previously in an argon discharge spindle
cusp'® and argon discharge line cusps,®® with potential
troughs providing cross-field confinement of ions. The po-
tential of the bottom of the troughs was several tenths of a
volt lower outside of the coils than in the center of the device,
consistent with an acceleration of ions to their acoustic ve-
locity as they flowed out of the cusp. The cross-field, ion-
confining potential structure and the potential variation of
the bottom of the point cusp trough are shown in Fig. 10.
The ring cusp potential trough was similar.!”

The average electric field strength in the trough was
determined by dividing the depth of the trough by its width
(full width at half maximum). The electric field strength
was calculated in this way for a wide range of neutral pres-
sure and magnetic field, as well as for the case when no heli-
um was present. In al} cases, the electric field strength agreed
within a factor of 2 with the value 44T, /ed, where d was the
jeak width measured under the same conditions.

D. Flow velocities

The plasma flow velocities in the ring and point cusps
were inferred from measurements of the propagation veloc-
ity of ion acoustic waves. The propagation velocity of ion
acoustic waves in a plasma in which the ions are drifting is
shifted by the ion-flow velocity. By subtracting the ion
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acoustic velocity C; from the propagation velocity of ion
acoustic waves, the flow velocity can be determined. All flow
velocity measurements were made when no neutral helium

gas was present.
Ion acoustic waves were launched into the point cusp

using a circular launching grid of 5 cm diameter and 1 X 1-

~/
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FIG. 9. Three-dimensional plot of the float-
ing potential of a 1.5-mm disk Langmuir
probe as it was moved through the vertical
plane containing the axis. This plot was tak-
en with a magnetic field of 130 G in the cen-
ter of the ring cusp and 210 G in the center of

the point cusp.

-3

mm? mesh, which was placed between the hot tungsten foil
and the point cusp at a distance of 3 cm from the center of the
tungsten foil. The disturbance launched from the grid was
detected by observing the ion current to a collecting probe in

the point cusp.
When a single pulse was coupled to the grid, the leading

- FIG. 10. Floating potential measurements
inthe point cusp. (a) Floating potential of a
1.5-mm disk Langmuir probe moved across

the point cusp (at z =12 cm) with a mag-

netic field of 210 G in the center of the point

cusp. (b) Floating potential of a 1.5-mm

disk Langmuir probe moved on axis in the
! point cusp under the same conditions.
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FIG. 11. Time of arrival of ion acoustic waves launched into the point cusp
with a magnetic field of 210 G in the center of the point cusp.

edge of the resultant plasma disturbance was broadened,
presumably due to enhanced Landau damping of the shorter
wavelengths. This made it impossible to accurately measure
the arrival time of the pulse at the probe. In order to circum-
vent this problem, a 1-V peak-to-peak 8-kHz sine wave was
applied to the grid, which had a dc bias of — 1.5 V, The time
of arrival of the peaks of the traveling sine wave were then
determined. The frequency of 8 kHz was chosen because it
was sufficiently high to allow an accurate determination of
the propagation time, yet it was sufficiently low so that the
probe signal due to the ion acoustic wave greatly exceeded
the direct coupling of the grid to the probe. The density per-
turbation due to the wave was 6n/n = 3%:; a filter was used
to improve the signal-to-noise ratio.

In Fig. 11, we display typical data showing the time of
arrival of these waves versus probe position in the point cusp.
The increase in the propagation velocity of the waves is not
due to anincrease in T, , which was nearly constant through-
out the device. Since the ion acoustic velocity
C, = {k(T, +3T,)/m;}"*= (1.4 + 0.2) X 10° cm/s for
T, =T; =0.2 4 0.05 eV, these data show the acceleration
in ion flow paralle] to the magnetic field from a velocity of
~0C, to ~1.8C,.

A similar investigation was carried out in the ring cusp,
using a cylindrical grid 8 cm in diameter, 4 cmin length with
a 33 mm’ mesh. The grid was placed around the hot foil
midway between the coils in an axially symmetric arrange-
ment. The data show an acceleration in the ion flow from a
velocity ~0.6 to ~1.3 C; as the ions flow out of the ring
cusps.'” The acceleration of ions to supersonic velocities as
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they flow through the cusps was observed previously in an
argon discharge spindle cusp.'*

The conclusion that the ions flowed out of the cusps at
theion acoustic velocity is further supported by observations
of the cusp plasma density versus time as the foil voltage is
pulsed off and on (see, e.g., Fig. 2). These observations indi-
cate that a time of 0.2 ms was required for the plasma density
to build up or decay when the foil voltage was pulsed off or
on. This indicates that plasma escaped with an average ve-
locity on the order of R /0.2 ms = 0.35 C, (where R is the
coil radius ), which is consistent with the acceleration of ions
up to a speed of ~C, as they flowed out of the cusps.

Measurements of the time of arrival of the wave peaks
were taken at various positions throughout the ring and
point cusps in order to determine the contours of constant
phase.” In the ring cusp, the contours of constant phase
coincided to a large degree with the surfaces of constant r,
consistent with outwardly propagating cylindrical waves. In
the point cusp, the contours of constant phase nearly coin-
cided with the surfaces of constant z, consistent with axially
propagating plane waves.

If there was a significant shear in the component of ion-
flow velocity parallel to the magnetic field, one would expect
ion acoustic waves to propagate faster along the field lines
where the ion-flow velocity was greatest. The propagation of
ion acoustic waves as cylindrical waves in the ring cusp and
plane waves in the point cusp suggests that there is little
shear in the component of ion-flow velocity along the mag-
netic field. However, the EXB and Vn X B drift velocities
vary throughout the cusp, so a significant shear in the azi-
muthal component of the electron-flow velocity might be
expected. Since the electric field and plasma density gradient
vary greatly over an ion gyrodiameter, the azimuthal ion
velocities cannot be as easily estimated by consideration of
these drifts.

In a plasma produced by contact ionization, the number
of electrons and ions flowing from the hot foil into the plas-
ma need not be equal. Typically, we measured several mil-
liamperes of current flowing from the chamber walls to the
hot foil during the time period when the foil was grounded.
We can express this current as / = en (v, — v, )4, where 4
is the plasma loss area at the cusp (e.g., 4 = 27Rd for the
ring cusp) and v, and v;; are electron and ion drifts parallel
to B. Setting v, = C,, we estimate the parallel component of
electron drift velocity out of the cusp to be on the order of a
few times C,. This is on the order of the azimuthal VnXB
and E X B electron drifts expected in the cusps.

E. Plasma turbulence

The noise present throughout the potassium plasma
(without helium) was studied by observing the fluctuations
inelectron current drawn by a probe, biased at 4+ 9V, which
were interpreted as the result of fluctuations in the electron
density. Nearly identical fluctuations were observed when
the probe was biased to collect ton current and when the
floating potential was measured. This suggests that the tur-
bulence was electrostatic and was not excited by the probe
itself. The noise level was observed throughout the spindle
cusp for the full range of magnetic field strengths studied. In
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FIG. 12. Plasma noise measurements. (a) Spectra of electron-current fluc-
tuations drawn by a 3-mm disk Langmuir probe in the center of the ring
cusp for different values of the magnetic field. (b) Frequency of the peak in
the electron-current fluctuation spectra of (a) vs magnetic field strength.

all cases we observed a relative fluctuation level Sn/n
between 5% and 15%, using a probe and circuitry with a
frequency response up to 300 kHz. Similar noise levels and
frequencies were also observed when no magnetic field was
present, and when the device was operated in a nonpulsed
mode in which one side of the foil was biased negatively. We
did not make any measurements of noise levels in the elec-
tron plasma frequency range.

For a probe located in the middle of the ring cusp, the
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observed fluctuation level én/n decreased from ~15% to
~7% as the magnetic field strength was increased from 15
to 150 G. This may be primarily due to an upward shift in the
frequency of the noise, resulting in increased attenuation of
the signal in the circuitry. For a given magnetic field
strength, the absolute fluctuation level én was greatest
where the plasma density was greatest, while the relative
fluctuation level dn/n was greatest where n was least. (For
example, dn/n = 5% near the hot foil, 5n/n = 10% in the
middle of the ring cusp, and én/n = 15% in the ring cusp
several centimeters from the midplane.)

The spectrum of efectron current fluctuations drawn by
a probe in the center of the ring cusp, using circuitry with a
frequency response up to 100 kHz, is shown in Fig. 12(a) for
four magnetic field strengths. Similar spectra were observed
when the device was operated in a nonpulsed mode with one
end of the hot foil biased negatively and one end grounded.
The frequency range of this noise far exceeds the ion-cyclo-
tron frequency ( f; < 10kHz in all cases), and corresponds
to the frequencies expected from ion acoustic waves with
wavelengths on the order of the plasma dimensions. A spec-
trum taken in the nonpulsed mode with no magnetic field
present had a maximum amplitude at 8 kHz, the frequency
expected for an ion acoustic wave whose wavelength equals
the coil separation. The frequency of the local maximum in
the noise spectrum [denoted by arrows in Fig. 12(a)] is
plotted in Fig. 12(b). The frequency of this feature increases
approximately as B '/2.

fV. DISCUSSION AND INTERPRETATION OF RESULTS
A. Quasineutraiity

At low plasma densities, the effects of plasma-generated
electrostatic fields in the cusps will be negligible, so that the
ion leak widths may be much larger than the electron leak
widths. However, at sufficiently high densities quasineutral-
ity must be attained, resulting in similar electron and ion
leak widths. Our results, as well as previous discharge ex-
periments”'* and a numerical study,’® indicate that quasi-
neutrality is attained largely through the cross-field electro-
static confinement of ions.

Our earlier results in an argon discharge spindle cusp,'*
as well as the numerical studies by Clark,'® agree with a
model in which the transition to gquasineutrality occurs
when

d/Ap, = 10T,/T. , (1

where d is the electron leak width in the cusp and A, is the
electron Debye length in the center of the cusp.'* In the case
where T, = T, this corresponds to the standard criterion
that the Debye length must be smaller than the plasma den-
sity scale length in order to have quasineutrality. Writing d /
Ape = (d/r)(r./Ap.) and noting that r,/Ap, =,/
w,.., we can rewrite Eq. (1) as

Wpe /Wy = (1o /d)[10T,/T, . (2)
For the conditions illustrated in Fig. 5, T, =T, = 0.2
eV,B = 110G, andr. = 0.0} cm,sothatd /7., = 50. Equa-
tion (2) then predicts the transition to quasineutrality will
occur when w,, /., = 0.06, in qualitative agreement with
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the data. Thus, Fig. 5 can be interpreted as the attainment of
quasineutrality and cross-field confinement of ions due to
electrostatic effects when 4 5, <d.

B. Leak widths

The observed leak widths may be understood in terms of
a model in which plasma escapes from the cusp at the ion
acoustic speed while diffusing across the magnetic field.>"*
In this model the leak width is

d= (2DR/C,)"?, (3)

where D is the effective diffusion coefficient and R is the coil
radius. In general, the diffusion coefficient will be deter-
mined by neutral-particle collisions (i.e., classical diffusion)
and nonclassical diffusion (e.g., Bohm diffusion) and if we
assume that these processes are linearly additive, we may

write
r T, ckT,
D=DC+D= ce)(1+ l)+ e,
# ( T T, 16eB

where D, and D are the classical and Bohm diffusicn coef-
ficients and 7, is the electron-neutral collision time.?° For
the range of parameters investigated, diffusion due to Cou-
lomb collisions is negligible compared to Bohm diffusion. At
sufficiently low neutral pressures and high magnetic fields,
Bohm diffusion dominates and Eq. (3) predicts a leak width

R

for T, = T,. This expression agrees with the observed scal-
ing with the magnetic field in the low neutral pressure, high
magnetic field case, for which Dy > D, is expected. Numeri-
cally, the result of Eq. (5) (using B = B, /2 as the “aver-
age” magnetic field in the cusp geometry) agrees within a
factor of 2 with the observed leak widths. This is a reasonable
agreement in light of the approximations used to obtain Eq.
(3) and the uncertainty in the numerical factor () in the
Bohm diffusion coefficient.

We remark also that the exponential shape of the nar-
row profiles observed with a large magnetic field | Fig. 4(b) |
is expected under certain ideal circumstances when leak
widths are due to diffusion.’*"”

At sufficiently high neutral pressures and low magnetic
fields, classical diffusion dominates and Eq. (3) predicts a

leak width
d= Fﬁ( e )(1 + L ) wm/*(cT,)"?P'2B ",
CS TC Te -

(6)
for T, = T,, where o is the electron-neutral collision cross
section.

The scaling with pressure and magnetic field given by
this expression agrees with the observed scaling for suffi-
ciently high neutral pressure and low magnetic field. The
dependence upon ion mass and magnetic field predicted by
this equation has been previously observed in discharge plas-
mas.” The numerical valtue of the leak width calculated from
Eq. (6) agrees within a factor of 2 with the observed leak

widths, a reasonable agreement in light of the approxima-
tions used to obtain Eq. (3).

(4)

172
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C. Electrostatic potentiais

The electrostatic potential measurements indicated the
formation of negative troughs in the cusps, aligned along the
magnetic field. The potential in the troughs decreases in the
direction of plasma flow. These observations are in agree-
ment with the self-consistent potentials expected in order to
maintain quasineutrality. The electric fields parallel to B
prevent the rapid escape of electrons while those perpendicu-
lar to B provide cross-field confinement of ions.

Because of the high mobility of electrons along field
lines, we may expect a Boltzmann distribution of electron
density along a given field line (with the exception of sheath
regions near the center of the device and the chamber walls).
This implies that the plasma potential along a given field line
must decrease in the direction of decreasing density, i.e., the
direction of flow. The density data and potential data of the
point cusp (Figs. 3 and 10), as well as the ring cusp data,
show that the potential along the field line in the center of the
cusp decreases in the direction of flow by about 1-2 T',, while
the density decreases by about a factor of 3-10, in agreement
with the behavior of a Boltzmann electron distribution. This
decrease in potential along field lines is also consistent with
the observed acceleration of ions to the ion acoustic velocity
as they flow through the cusp. The potential and density
measurements in the region between the hot foil and the
cusps are not in agreement with a Boltzmann distribution,
however, since the potential variation is smaller than that
expected for the large density variation.

The ions in the cusps are moving at the ion acoustic
velocity and thus have a kinetic energy on the order of 24T,
(for T, = T;). In order to confine these ions in a trough of
width d, the potential must rise by about 2«7, /e within a
distance d /2 of the center of the trough, giving rise to a per-
pendicular electric field of order 4k T, /ed. The data of Figs.
9 and 10, as well as the data taken through a wide range of
neutral pressures and magnetic field strengths, show that the
perpendicular electric field strengths in all cases agree within
a factor of 2 with this value.

Thus the observed electrostatic potentials are in reason-
able qualitative and quantitative agreement with the self-
consistent potentials expected in order to maintain quasi-
neutrality, thus providing cross-field confinement of the
ions.

D. Flow velocities

The density profiles (see, e.g., Fig. 3) show that the
plasma leak width in the spindie and point cusps is smallest
where the magnetic field is greatest, suggesting that the plas-
ma flow converges inside of the magnet coils and diverges
outside of the coils. In addition, the density decreases in the
direction of plasma flow. Under these circumstances, we
may expect the acceleration of ions to a supersonic velocity
as they pass through the cusp as has been observed previous-
ly in our argon discharge experiments in the spindle cusp,'*
in a Q machine in a magnetic mirror configuration®' and in a
multidipole line cusp experiment.?? The acceleration of ions
to supersonic velocities is also expected based on our plasma
potential measurements in the cusp [see Fig. 10(b)]. Our
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measurements (Fig. 11) indeed show that supersonic flow is
achieved in the cusp consistent with previous observations.

E. Plasma turbulence

The subject of instabilities in cusps and turbulent broad-
ening of the leak width has been discussed frequently,>*'*23
Our observations suggest that the leak width of the collision-
less cusp is determined by Bohm diffusion. This conclusion
is supported by the leak-width scaling measurements as well
as numerica} estimates of the leak width. The electrostatic
cross-field confinement of ions suggests that the rate of
cross-field electron diffusion is responsible for the observed
leak widths. Bohm diffusion of electrons is usually attributed
to excessive electron drifts due to random electric fields aris-
ing from turbulent plasma oscillations.*® These electric
fields could perhaps be caused by high-frequency noise
(@ ~w,, ) such as that we observed earlier in an argon dis-
charge spindle cusp,” or by the lower-frequency noise ob-
served in both the argon discharge and potassium plasmas.
The possibility that Bohm diffusion is due to such oscilla-
tions is supported by our observations of significant density
fluctuations with 6n/n between 5% and 15%. If such is the
case, plasma turbulence plays a dominant role in the cross-
field transport of plasma in the collisionless cusp.

In an attempt to identify the waves responsible for the
observed turbulence in the potassium plasma, we considered
drift waves and electrostatic ion waves in the acoustic limit
(w>w, ). Wave modes that require magnetized ions appear
to be inappropriate in our device, where the electric and
magnetic fields change greatly within an ion gyrodiameter.

The spatial distribution of density fluctuations through-
out the plasma is consistent with either drift wave or ion
acoustic wave turbulence. The increase in 8n/n observed as
the probe was moved into lower-density regions could be
interpreted as an indication of drift wave production in the
regions where the azimuthal drift velocities are expected to
be largest, but this result can be interpreted equally well as
the expected hydrodynamic growth of ion acoustic waves as
they propagate into a region of lower density.

The expected frequency ranges of drift and ion acoustic
waves, as well as their dependence upon the magnetic field,
can be estimated on dimensional grounds. For example,
when the ring cusp magnetic field strength is 120 G, the
electron Vn X B drift velocity is

kT, kT,
_ e Vn £=3.3><105 cm/s
eB n eB d

and the E X B drift velocity is in the same direction with
vexp = (4kT,/ed)(1/B) = 6.6 X 10° cm/s,

so that the electrons drift around the axis with a velocity
vp = 10° cm/s. Since ions are not well magnetized, their drift
velocity cannot be easily estimated. We expect the maximum
possible wavelength A of drift waves to be determined by the
azimutha!l plasma dimensions (since w =k-+v,). These
vary between the circumference 7d of the point cusp plasma
(where d=1 cm is the point cusp leak width) and the ring
cusp circumference 2R (where R = 10 cm is the coil radi-
us). For drift waves with an aximuthal phase velocity
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vp = 10° cm, these wavelengths correspond to frequencies
(f) of 320 and 16 kHz, respectively ( f=vp/A). A maxi-
mum possible frequency may be estimated by considering a
wavelength equal to the Debye length. For a density of 10°
cm 3, the Debye length is 10~? cm, which corresponds to a
frequency of 100 MHz. Thus drift waves can be expected in
the frequency range of 16 kHz to 100 MHz.

For ion acoustic waves, we expect the maximum wave-
length to be determined by the plasma dimensions character-
ized by the leak width d (~ 1 cm) and the ring cusp circum-
ference 27R (~60 cm). For a phase velocity of

., = 14X 10° cm/s, these wavelengths correspond
(f=C,/A) to frequencies of 140 and 2 kHz, while the fre-
quency corresponding to the Debye length ( 10~2cm) is 14
MHz. Thus ion acoustic waves can be expected in the range 2
kHz to 14 MHz. Most of the observed turbulence lies within
both the drift wave and ion acoustic wave frequency ranges.

Similarly, we can estimate the dependence of the spec-
trum upon the magnetic field for the two types of waves.
Since the leak width scales as d < B ~!72, the drift velocities
vy, , and vg,p scaleas B~ 172 Thus the total electron drift
velocity v, will also scale as B ~'/2. The ring cusp circumfer-
ence and the Debye length are independent of B, so the corre-
sponding frequencies ( f = v, /A) scale as B ~'/? due to the
dependence of the drift velocity upon the magnetic field
strength. For wavelengths determined by the circumference
of the point cusp plasma, 7d «< B ~'/2, the corresponding fre-
quency is independent of B; however, this frequency is about
320 kHz and nearly exceeds the observed frequency range.
Thus for drift waves we expect that the decrease in drift
velocities with increasing magnetic field will lead to a corre-
sponding decrease in the noise-frequency range as B is in-
creased.

Forion acoustic waves, the phase velocity C is indepen-
dent of B. Since the ring cusp circumference and the Debye
length are independent of B, the frequencies corresponding
to these lengths are also independent of B. The leak width d
scalesas B ~'/?in the absence of plasma-neutral collisions, so
the frequency corresponding to this wavelength ( f= C,/d)
scales as B '/2. Therefore, for ion acoustic waves the decrease
in plasma dimensions with increasing B suggests that the
frequency of the spectrum will increase as B is increased.

The data of Fig. 12 show that the noise spectrum exhib-
its a peak which shifts toward higher frequencies as the mag-
netic field is increased. This frequency shift is expected for
ion acoustic turbulence, but it is opposite to the effect expect-
ed for drift wave turbulence. The frequency of the peak in the
spectrum approximately scales as B '/? and numerically is
very close to the frequency C,/d expected for ion acoustic
waves with wavelengths determined by the cusp feak widths.
The 8-kHz peak in the spectrum observed in the nonpulsed
plasma with no magnetic field agrees closely with C,/2R,
the frequency expected for an ion acoustic wave with wave-
length equal to the coil separation. Thus the observed depen-
dence of the peak frequency upon magnetic field strength, as
well as its numerical value with and without a magnetic field,
suggests that the peak in the noise spectrum is due to ion-
acoustic turbulence. However, much of the plasma noise is
outside of this peak, so the possibility that drift waves also
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contribute to the observed noise spectrum cannot be ruled
out.

It is known that ion acoustic waves can be excited by
particle drifts (e.g., the azimuthal E X B and Vn X B drifts).
The presence of electron drifts (on the order of a few times
C, ) perpendicular to B in cusps has been inferred from mea-
surements in argon discharge cusps.”*® However, the magni-
tude of the azimuthal electron drifts and electron drifts par-
allel to B in the potassium plasma was estimated earlier to be
on the order of a few times C,, far below the threshold for
excitation expected theoretically when T, = T;.

V. SUMMARY AND CONCLUSIONS

Our major findings and conclusions may be summar-
ized as follows:

(a) For w,/w., >05 (ie., Ap «d), self-consistent
electrostatic fields result in cross-field confinement of ions.

(b) For sufficiently high neutral pressures and low mag-
netic fields, the leak width scales as P'/2B ~!, while at low
neutral pressures and high magnetic fields it scales as
P°B ~ V2 Thesescalings are consistent with a modelin which
plasma diffuses across the field due to the combined effects
of neutral-plasma collisions and noncollisional Bohm diffu-
sion.

(¢) The measured electrostatic potentials are in reason-
able agreement with the self-consistent potentials expected
to maintain quasineutrality, inhibiting the flow of electrons
parallel to B and the flow of ions perpendicuiar to B.

(d) Ions are accelerated to the ion acoustic velocity as
they flow through the cusps.

(e) The level of plasma noise present in the plasma (5~
15 %) appears sufficiently large to be a possible cause of
Bohm diffusion. The frequency spectrum of the noise, and its
dependence upon the magnetic field strength, suggest that
part of the plasma noise may be due to ion acoustic waves.
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