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An experimental study of the confinement properties of a low-(average) beta discharge plasma in
a spindle cusp magnetic field is described. 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 large range of magnetic field strengths and neutral pressures. Leak widths
varying between the hybrid gyrodiameter and the ion gyrodiameter were observed. The
dependence of the leak width on neutral pressure and magnetic field is accounted for by a simple
model in which plasma diffuses across the magnetic field as a result of neutral particle collisions
while streaming out of the cusps along the magnetic field lines. At the lowest neutral pressures
investigated, the scaling of the leak width with magnetic field strength suggests that
noncollisional mechanisms (e.g., Bohm diffusion) determine the leak width.

I. INTRODUCTION

Magnetic field geometries containing cusps are widely
used in laboratory devices for basic plasma physics studies.
These low-temperature discharge devices employing multi-
polar cusp confinement have been studied since 1973, when
Limpaecher and MacKenzie' showed that they could be
used to confine large-volume, uniform, quiescent plasmas
with densities 100 times larger than in double-plasma de-
vices® without surface cusp magnetic fields.

Although magnetic cusps were initially investigated as
possible thermonuclear fusion plasma confinement
schemes,>* their continued use has been in devices for basic
plasma studies and in various applied areas, e.g., in ion-beam
sources.” Multipolar confinement is also being actively in-
vestigated for use in plasma-etching reactors.® The efficiency
of such devices depends directly on plasma losses through
the cusps.

Of particular interest are the profiles of plasma escaping
through the cusps (characterized by the full width at half-
maximum—the so-called cusp leak width), the plasma flow
velocity in the cusps, and the electrostatic potentials in the
cusps. In low-beta discharge plasmas operated at sufficiently
low neutral pressures, leak widths of order 2(r,,r.;)'/? (the
hybrid gyrodiameter) have been reported,”’® although un-
der different conditions leak widths of order 7, have also
been observed.'®!! Hershkowitz et al.” found that the leak
width scaled as m!/* B ~! when the magnetic field was varied
by a factor of 2 for three different ion masses at a fixed pres-
sure. Measurements of the plasma space potential in the
cusps'"!? indicated the presence of electrostatic fields,
which impede the cross-field motion of ions (resulting in
narrow ion leak widths) while accelerating the ions out of
the cusps along the magnetic field lines.

Many aspects of the experimental results are not yet
fully understood, and numerous explanations for the cusp
leak width have been proposed. These include consider-
ations of electrostatic effects>*!>14 collisions,>*!*1>16 and
turbulence.>*%7
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This paper describes an experimental investigation of
the confinement of an argon discharge plasma in a magnetic
spindle cusp. The plasma density, potential profiles, and ve-
locity of the escaping plasma 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 densities sufficiently high that the plasma in
the cusp was quasineutral, it was observed that the ion leak
width was reduced, presumably as a result of self-consistent
electric fields. The leak width measurements were also made
over a large range of magnetic field and neutral pressure so
that their scaling could be determined. The observed scal-
ings are accounted for in terms of a simple analytic model in
which the plasma diffuses across the magnetic field while
streaming out along the magnetic field.

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.

Il. EXPERIMENTAL APPARATUS

The experimental apparatus is shown in Fig. 1. A cylin-
drical stainless steel 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 that produced a spindle cusp magnetic
field using currents of up to 1000 A. Each coil was made of
six turns of 6.35 mm (1 in.) copper tubing in a teflon insulat-
ing sleeve enclosed in an aluminum shell that was connected
electrically to the grounded chamber. The maximum mag-
netic field in the center of the ring cusp was 160 G, while the
maximum field in the center of the point cusp was 260 G.

In the center of the chamber, up to 24 (12, typically)
thoriated tungsten filaments of .13 mm diameter and 2 cm
length were mounted between two 16 mm diam copper
disks. Current was passed through a copper rod to one of the
disks, from which it returned coaxially through the fila-
ments, the other disk, and 6.35 mm (} in.) copper tubing.
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FIG. 1. Schematic diagram of spindle cusp device. Measurements could be
made with the filament structure entering through either the ring or point
cusps.

The filament support could be inserted through either of the
point cusps or through the ring cusp.

To produce a plasma, argon gas was admitted to the
chamber with neutral pressures from ~3Xx107° to
~1x1072 Torr. A current of 2-3 A was passed through
each filament wire for heating, while the filaments were bi-
ased, typically at — 60 V, with respect to the chamber. A
discharge current of primary electrons (typically 0.3 A)
flowed from the filaments, ionizing the argon gas to produce
a plasma with typical densities of 10°-10"' cm™>. A narrow
cathode sheath formed between the filaments and the bulk of
the plasma, whose potential was within a few volts of
ground. Electron temperatures ranged from 2 to 3 eV, while
ion temperatures were a few tenths of an electron volt. The
noise level in the ring and point cusps, as determined from
fluctuations in the electron and ion saturation currents of a
Langmuir probe circuit with a frequency response of up to 1
MHz, was én/n=2%—-10%.

The major diagnostic used in this investigation was the
Langmuir probe, typically a tantalum disk of 1.5 or 3 mm
diameter. As a result of the limited spatial variation of the
plasma potential and electron temperature, the relative elec-
tron, ion, and primary electron densities were determined by
measuring the probe currents with the probe biased at + 9,
— 90, and — 9V, respectively. Plasma potential measure-
ments were made with an emissive probe constructed using a
tungsten wire of 0.03 mm diameter and 0.5 cm length. The
emissive probe was heated by the half-wave rectified output
of a low-capacitance 6 V transformer whose input was con-
trolled by a variac; the measurements were taken during the
off cycle of the heating current.

ll. EXPERIMENTAL RESULTS

We begin the presentation of the experimental results by
showing, in Fig. 2, an overall three-dimensional perspective
view of the relative electron density (i.e., electron-saturation
current) throughout the cusp. A similar plot for the ions was
also obtained. The escape of plasma through the ring and
point cusps is evident, as is the confinement of the plasma to
a neighborhood of the axis and the midplane (the symmetry
plane midway between the coils).
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FIG. 2. Three-dimensional plot of electron-saturation current drawn by a
1.5 mm disk Langmuir probe as it was moved through the vertical plane
containing the axis. The distance from the axis is » while z is the distance
from the midplane. This plot was taken at a neutral pressure of 7.5 10~°
Torr and a magnetic field of 130 G in the center of the ring cuspand 210 G in
the center of the point cusp.

Typical profiles of the electron, ion, and primary elec-
tron currents drawn by a Langmuir probe as it was moved
across the ring cusp are shown in Fig. 3. These profiles may
be interpreted as plots of relative density versus position. For
the particular conditions of Fig. 3, the electron and ion leak
widths (full width at half-maximum) were on the order of
twice the hybrid gyrodiameter (2r, = 0.7 cm) and the pri-
mary electron leak width was on the order of the primary
gyrodiameter (27, = 0.3 cm). The relative density of pri-
mary electrons (n,/n,) decreased with increasing pressure
and was about 5% in the center of the ring and point cusps at
a neutral pressure of 7 X 1073 Torr.
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FIG. 3. Electron, ion, and primary electron current profiles taken with a 3
mm disk Langmuir probe moved across the ring cusp, at 7 = 14 cm. The
neutral pressure was 5.5 103 Torr and the magnetic field was 110 G in
the center of the ring cusp.
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A. Quasineutrality

An important point that emerged from our investiga-
tions was that comparable electron and ion leak widths (as
in Fig. 3) could only be attained at sufficiently high density.
In Fig. 4, we present typical results from an investigation of
the dependence of electron and ion leak widths on plasma
density. The plasma density was varied, at fixed neutral pres-
sure, magnetic field, and discharge voltage, by changing the
filament temperature. The leak widths are plotted versus the
dimensionless ratio of electron plasma frequency to electron
gyrofrequency, »,,/o,, « \/Z , for fixed magnetic field. For
w,. /@, <0.1, the electron and ion leak widths are very dif-
ferent, and the ion leak width is on the order of the ion gyro-
diameter (5.2 cm). For @, /0., > 0.5, the ion and electron
profiles are similar, consistent with quasineutrality (n,
~n; ). These data suggest the presence of electrostatic fields
that inhibit cross-field motion of ions. While the density is
varied by a factor of 10%, the electron width broadens by only
afactor of 2 while the ion leak width is reduced by more than
afactor of 5, presumably as a result of electrostatic effects. In
particular, for the quasineutral case, the electron and ion
leak widths are nearly independent of density. In the remain-
der of our investigations, care was taken to ensure that the
plasma density was sufficiently high so that the electron and
ion density profiles have similar leak widths.

B. Leak widths

For neutral pressures in the 105 Torr range, the elec-
tron and ion leak widths were numerically on the order of a
hybrid gyrodiameter. For pressures larger than ~3x 10~
Torr, the leakage profiles tended to have “shoulders,” i.e.,
regions in which the density remained nearly constant or
increased slightly as the probe was moved away from the
center of the cusp (see Fig. 3). These shoulders do not seem
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FIG. 4. Leak widths (full width at half-maximum) of electron and ion pro-
files in the ring cusp versus o, /@, as the plasma density was varied by
changing the filament temperature with a neutral pressure of 7.1 103
Torr and a magnetic field of 110 G in the center of the ring cusp. The arrows
indicate the discharge current for two values of w,, /@,
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to be a result of the primary electrons, which are confined to
a narrow channel on the order of their gyrodiameter. With
increasing pressure, the width of the profile and height of the
shoulders (relative to the peak height) both increased. The
observation (discussed earlier) that the plasma density had
little effect on the leak width when the plasma is quasineutral
suggests that the increase in leak width with neutral pressure
may be a result of diffusion caused by plasma-neutral colli-
sions.

The pressure dependence of the ring cusp leak width d at
fixed magnetic field and discharge current is shown in Fig. 5.
[InFigs. 5, 6, and 7(b), m denotes the slope of the line.] The
scaling d « P '/? was approximately obeyed as neutral pres-
sure P was varied upward by a factor of 100 from the lowest
pressure at which a discharge could be maintained. At suffi-
ciently high pressures, the leak widths were nearly as large as
the coil separation, and the escaping plasma was no longer
constrained by the magnetic field but presumably by the me-
chanical constraint of the magnetic coils.

For fixed pressure and discharge current, the scaling of
the ring cusp electron leak width with magnetic field is
shown in Fig. 6. The ion leak widths exhibited similar behav-
ior. The leak widths scaled as B ~! except for the case of very
low pressure and high magnetic field, where the scaling
d « B ~'/? was approximately obeyed.

The electron and ion profiles in the point cusp generally
showed a narrow central peak superimposed on a broader
profile. The profiles of ion-saturation current for two pres-
sures are shown in Fig. 7(a). The relative height of the broad
profile increased with neutral pressure, while the width of
the central peak remained nearly constant. Both widths de-
scaling of the ion leak width with the magnetic field in the
point cusp is shown in Fig. 7(b). The behavior of the elec-
tron leak width was similar. For pressures greater than
2% 10~* Torr, the leak width (full width at half-maximum)
was primarily determined by the width of the broad profile
and scaled approximately as P '/2 B ~!. The pressure scaling
was not obeyed as well as it was in the ring cusp (the data
were best fit with a P°7 dependence), presumably as a result
of the sudden contribution of the broad profile to the leak
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FIG. 5. Electron and ion leak widths in the ring cusp versus neutral pressure
with a magnetic field of 110 G in the center of the ring cusp. (In this and the
following similar figures, m denotes the slope of the lines.)
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FIG. 6. Electron leak widths in the ring cusp versus magnetic field at three
different neutral pressures. The hybrid gyrodiameter and primary electron
gyrodiameter are also shown (dashed lines) for comparison.

width as its height exceeded one-half of the peak height. At
sufficiently high pressures and low magnetic fields, the leak
width was nearly as large as the coil inner diameter and the
plasma was apparently constrained by the coil structure. At
pressures below ~ 1 X 10™* Torr, the leak width was nearly
independent of neutral pressure and scaled as B ~!/2 over the
full range of magnetic fields available.

The plasma leak widths and primary electron leak
widths did not appear to be closely related. Although the
plasma leak width broadened considerably with increasing
pressure, the primary electron leak width was nearly equal to
twice the primary gyrodiameter throughout the range of
pressures and magnetic fields investigated. In addition, the
plasma leak width changed by less than 10% when the pri-
mary electron energy was varied between 50 and 300 eV.

Measurements of electron and ion leak widths were also
made with the filament support entering through the ring
cusp. No substantial difference in behavior (or scaling) was
observed with this configuration.

C. Electrostatic potentials

The potentials in the spindle cusp were determined us-
ing the emissive probe described earlier. The probe was heat-
ed to a temperature where the emitted current (with the
probe biased below the plasma potential) was roughly equal
to the collected current (with the probe biased above the
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FIG. 7. Leak width measurements in the point cusp. (a) Ion-current pro-
files ( « ion density) taken with a 1.5 mm disk |...ngmuir probe at z = 12
cm with a magnetic field of 210 G in the center 1 the point cusp. (b) Ion
leak widths versus magnetic field at four different neutral pressures.

plasma potential) in the center of the device. The potential of

the inflection point (d 27 /dV? == 0) of the characteristic'®

agreed with the floating potential (/== 0) and was nearly

independent of the probe temperature in a neighborhood of
the temperature used. Thus the floating potential could be
used as an indicator of the plasma potential.

The potential structures measured were similar to those
previously reported.'"'? Typical radial and axial potential
profiles in the point cusp are shown in Fig. 8. There were
potential troughs (with depths of 1-2 V and widths nearly
equal to the particle leak width) in the center of the cusps
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FIG. 8. Point cusp potential measurements. (a) Floating potential of an
emissive probe moved across the point cusp (at z= 12 cm) with a neutral
pressure of 1.0 X 10™* Torr and a magnetic field of 210 G in the center of the
point cusp. (b) Floating potential of an emissive probe moved on axisin the
point cusp under the same conditions.

and positive “islands” near the coils [see Fig. 8(a)]. This
potential structure is expected for cross-field ion confine-
ment. In the ring cusp the trough was aligned with the mid-
plane, while in the point cusp the trough was aligned with
the axis. Figure 8(b) shows the variation with z of the poten-
tial at the bottom of the trough in the point cusp. The poten-
tial at the bottom of the trough was about two volts lower
outside of the coils than in the center of the device, consistent
with the acceleration of ions to a velocity of C; as they flowed
out of the cusp. The potential structures in the ring cusp were
similar to those in the point cusp.

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 was deter-
mined in this way for a wide range of neutral pressure and
magnetic field. In all cases, the electric field strength agreed
within a factor of 2 with the value 2T, /ed, where d was the
leak width measured under the same conditions.

The electrostatic potentials were also investigated with
the filament support in the ring cusp, again with no substan-
tial change in behavior.

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 drifing is
shifted by the ion flow velocity. By subtracting the ion-
acoustic velocity C, from the propagation velocity of ion-
acoustic waves, the flow velocity can be determined.

Ion-acoustic waves were launched by applying a 20 V
pulse of 4 usec duration through a 6 uF capacitor to a grid
located near the center of the device. For the ring cusp mea-
surements, a cylindrical grid 8 cm in diameter, 4 cm in
length, with a 3 X3 mm mesh was placed around the fila-
ments midway between the coils in an axially symmetric ar-
rangement.

2002 Phys. Fluids, Vol. 29, No. 6, June 1986

The disturbance launched from the grid was detected by
observing the ion current to a collecting probe in the ring
cusp. The disturbance consisted of a fast wave that reached
the probe immediately, as well as a delayed pulse with 6n/
n = 1%, which was interpreted as the ion-acoustic wave. The
flow measurements were carried out at a neutral pressure of
1.5 10™* Torr and a magnetic field strength in the middle
of the ring cusp of 50 G. Under these conditions an ion-
acoustic wave of sufficient amplitude could be observed
throughout the cusp. A filter was used to improve the signal-
to-noise ratio.

The time of arrival of the ion-acoustic wave relative to
the launching time was determined for various probe posi-
tions in the midplane. The results of this investigation are
shown in Fig. 9. Since the ion-acoustic velocity C, = (kT,/
m;)'? is 2.4 +0.2X10° cm/sec for T, =2.54+0.5 eV,
these data show the acceleration in ion flow parallel to the
magnetic field lines from a velocity of ~0.2to ~1.3 C,.

A similar investigation was carried out in the point cusp,
using a circular launching grid of 5 cm diameter and 1X 1
mm mesh, which was placed between the filaments and the
point cusp at a distance of 3 cm from the center of the fila-
ments. Again, the pressure and magnetic field were chosen
to optimize the wave launching and signal detection. At a
neutral pressure of 2.4 X 10™* Torr and a magnetic field in
the center of the point cusp of 70 G, an acceleration in ion
flow from a velocity ~0.1 to ~ 1.1 C, was observed on axis
in the point cusp, similar to the ring cusp behavior.

IV. DISCUSSION
A. Quasineutrality

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, quasineu-
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FIG. 9. Time of arrival of ion-acoustic wave launched into the ring cusp
with a neutral pressure of 1.5 X 10~* Torr and a magnetic field of 50 G in the
center of the ring cusp.
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trality must be attained so that similar electron and ion leak
widths are obtained. The results of our investigations, as well
as previous discharge experiments’ and a numerical study, "’
indicate that quasineutrality is attained largely through the
cross-field electrostatic confinement of ions. Our results, and
the numerical studies by Clark,'® suggest that the transition
between non-neutral and quasineutral plasmas occurs when
@y /0, ~0.02 — 0.5 in the cusp, and quasineutrality is sat-
isfied for w,, /@, >0.5. These criteria may be understood in
terms of a simple one-dimensional model.

We consider the low-density case in which the plasma is
non-neutral, the self-consistent electrostatic fields are insig-
nificant, and n,>»n; near the ring cusp midplane. Since the
cross-field potential variations greatly exceed the variation
along the field, we approximate V¢ ~d *¢/dz*, where ¢ is
the plasma space potential in the ring cusp. Then Poisson’s
equation near the ring cusp midplane for a plasma of full
width d and an exponentially shaped profile [7,(z)

= n, exp( — 2|z|/d)] is

d’¢
dz*
In order that the potential be symmetric about z = 0, we
must have d¢/dz(0) = 0. Setting ¢#(0) = 0, we have

#(2) = 2men q d{|z| + (d /2) [exp( — 2|z|/d) — 1]},
(2)

= 4qren, exp(—%). (n

which gives
#(d/2) =04 menod>. (3)

This result is not very sensitive to the electron profile shape;
for example, with a flat-top electron distribution we obtain
&(d /2) =057 enod>.

When ¢(d /2) R kT, /e, the assumption that self-consis-
tent electrostatic fields are insignificant breaks down, since a
potential trough of this depth can confine thermal ions. Thus
we expect that the plasma has partially attained quasineu-
trality when the electron density is sufficiently large so that
&(d /2) = kT, /e, which is equivalent to

d/Ap, = (10T,/T,)"?, (4)

where A, is the electron Debye length in the center of the
cusp. Equation (4) 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/Ap,=(d/r.)(r./Ap,), and noting that r, /Ay
= w,,/o,, we can write Eq. (4) as

Ope/ 0,0 = (roo/d) (10T,/T,)""2. (5)

For the conditions under which that data of Fig. 4 were
obtained, 7, =2 eV, T, =0.2 eV, B=110 G, and r,
= 0.03 cm, so thatd /r,, = 33. Equation (5) then predicts a
transition to quasineutrality when @, /@, = 0.03, in agree-
ment with the data. The predictions of this analytical model
are also in good agreement with the numerical results of
Clark." The success of this model supports the interpreta-
tion of Fig. 4 as the attainment of quasineutrality and cross-
field confinement of ions as a result of electrostatic effects.
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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 (discussed further in Appendix A), the leak
width is

d = (2DR /C,)'"?, (6)

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

re T,
D=D, +D, = 1+-—-)»«
TL‘ Te

where D, and Dy, are the classical and Behm diffusion coeffi-
cients and 7, is the electron-neutral collision time.?® At suf-
ficiently high pressures and low magnetic fields, classical
diffusion dominates and Eq. (6) predicts a leak width

172
d= [2R ('3* )(1 - )] «ml*(aT,)"2P12B 1,
C \r, T,
(8)

for T,«T,, where o is the electron-neutral collision cross
section.

The scaling with neutral pressurc and magnetic field
given by this expression agrees with the observed scaling for
sufficiently high neutral pressure and low magnetic field.
The dependence upon ion mass and magnetic field predicted
by this equation has been previously observed’ and is identi-
cal to the scaling of the hybrid gyroradius. Equation (8)
predicts a leak width approximately ¢quial to a hybrid gyro-
radius for the typical electron temperatures and neutral
pressure of the discharge. Numerically. the result of Eq. (8)
(in which the effective diffusion coeflicient is calculated at a
point midway between the cusp and :*e filaments, where
B=B,,,/2) agrees within a factor of 3 with the result of this
experiment and those of Ref. 7. This i: 4 reasonable agree-
ment in light of the approximations usecl to obtain Eq. (6).

Recently, Koch and Matthieussent'> have proposed
that the leak width of a collisional cusp may be evaluated by
assuming that plasma diffuses ac-oss the magnetic field only
when the perpendicular diffusior. coefficient of electrons ex-
ceeds that of ions, i.e., when 7, 7,/4,/., >T,/T,, where 4,
and A; are the electron and ion mean free paths. For 7, =2
eV, T, = 0.2 eV, and neutral pressures iess than 10~2 Torr,
this will be satisfied only when B <1 (. For the range of
magnetic fields of our device, this occurs only within { cm of
the center of the chamber, inside of the filament structure.
As a result, this model neglects cross-field diffusion outside
of the plasma production region (the region occupied by
primary electrons) and cannot account for the observation
of plasma profiles that were much broader than the primary
electron profile. However, this model may prove more useful
in multidipole and picket-fence geometries, with their rela-
tively large field-free regions.

ckT,
16eB’

(M
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The importance of collisions in a plasma of scale length
10 cm with a neutral pressure of 10™* Torr is somewhat
counterintuitive, since the mean free path for electron-neu-
tral collisions is ~3 m. However, quasineutrality requires
that the electrons tend to escape at the ion-acoustic speed. In
a time R /C,, a typical thermal electron will travel 30 m,
suffer (on average) ten collisions, and diffuse across the
magnetic field a distance (10)'/? r,,, in agreement with the
results of Eq. (8).

The breakdown of the P /2B ~' scaling at high magnetic
field and low neutral pressure suggests that neutral particle
collisions are no longer the dominant factor in determining
the leak width. Under the assumption that Bohm diffusion
dominates classical diffusion, Eq. (6) predicts

d=[(2R/C,)(ckT,/16eB)]|"*>cm)*T \*B ~'/2,
&)

for T, «T,. This expression agrees with the observed scaling
with the magnetic field in the low neutral pressure, high-
magnetic field case, for which Dy > D, is expected. The nu-
merical value of the leak width calculated from this expres-
sion agrees with the observed leak width within a factor of 3,
again a reasonable agreement in light of the approximations
used to obtain Eq. (6).

C. Electrostatic potentials

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. The observations are in agreement
with the self-consistent potentials expected in order to main-
tain quasineutrality. The electric fields parallel to B prevent
the rapid escape of electrons while those perpendicular to B
provide cross-field confinement of ions.

As a result of the high mobility of electrons along field
lines, we may expect a Boltzmann distribution of electron
density along a given field line. This implies that the plasma
potential along a field line must decrease in the direction of
decreasing density, i.e., the direction of flow. The potential
data of Fig. 8 show that the potential along the field line in
the center of the point cusp indeed decreases in the direction
of flow by about 7’,, while the density (Fig. 2) decreases by
about a factor of 3, in agreement with the behavior of a Boltz-
mann electron distribution.

The ions in the cusp are moving at the ion-acoustic ve-
locity and thus have a kinetic energy on the order of kT, /2.
In order to confine these ions in a trough of width d, the
potential must rise by about k7", /2e within a distance d /2 of
the center of the trough, giving rise to a perpendicular elec-
tric field of order kT, /ed. The data of Fig. 8, as well as the
data taken throughout a wide range of neutral pressure and
magnetic fields, show that the perpendicular electric fields
are indeed of this order of magnitude.

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.
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D. Fiow velocities

The density profile of Fig. 2 shows that the plasma leak
width in the cusps is smallest where the magnetic field is
greatest, suggesting that the plasma flow follows the magnet-
ic field lines, converging inside of the magnet coils and di-
verging outside of the coils. In addition, the density de-
creases in the direction of plasma flow. Under these
circumstances, the steady-state flow of a quasineutral plas-
ma with a scalar pressure may be described as a “magnetic”
Laval nozzle (see Appendix B). This model predicts the ac-
celeration of ions to a supersonic velocity as they pass
through the cusps, a phenomenon that has been previously
observed in a Q machine in a magnetic mirror configura-
tion.?! Our measurements show that supersonic flow is
achieved in the cusps, in agreement with this model.

V. SUMMARY AND CONCLUSIONS

The major results and conclusions of this investigation
may be summarized in the following points.

(a) Forw,, /0, >0.5 (ie., iDe £d), self-consistent elec-
trostatic 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 '/? B —!, while at low
neutral pressures and high magnetic fields it scales as P°
B ~'/2, These scalings are consistent with a model in which
plasma diffuses across the magnetic field as a result of the
combined effects of neutral-plasma collisions and noncolli-
sional Bohm diffusion.

(c) 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 perpendicular to B.

(d) Ions flowing through the cusps are accelerated to
the ion-acoustic velocity, in agreement with the expected
flow of plasma in a “magnetic” Laval nozzle.
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APPENDIX A: LEAK WIDTH SCALING

In this Appendix, we present a derivation of Eq. (6) for
the leak width. The main assumptions of this steady-state
model are (1) cross-field flow is a result of diffusion (and
possibly drifts around the axis); (2) plasma production is
localized in the vicinity of the axis and the midplane; and (3)
the plasma in the cusps is flowing outward at approximately
the ion-acoustic speed.

The second assumption is supported by measurements
of the primary electron density, which show that they are
localized within a primary electron gyrodiameter of the axis
and midplane. The third assumption follows from the flow
velocity measurements.

We begin with a derivation of the diffusion equation
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FIG. 10. Schematic for the model of plasma diffusion and flow in the ring
and point cusps.

appropriate for the ring cusp. Consider the plasma flow in
the flux tube represented by the shaded region of Fig. 10.
This flux tube is a volume of revolution (about the axis)
bounded by magnetic field lines whose distances from the
‘midplane are z and z + Az, with Az«z. Since the component
of flow velocity along the magnetic field is oppositely direct-
ed in the ring and point cusps, there is a surface S, consisting
of points at which this component of velocity vanishes. By
assumption (2), the particle flux J obeys V « J = 0. Integrat-
ing this relation over the portion of the shaded region
between the surface S; and the ring cusp gives

0=fV-JdV=JJ-dA
v s

=1, (z+ Az) —I,(z) + n(2)C,(27R Az), (Al)

where ], (z) and I, (z + Az) are particle currents perpendic-
ular to B through theinner and outer surfaces bounding ¥V, R
is the coil radius, and n(z) is the density in the cusp. Divid-
ing by Az and taking the limit Az—0 yields
dl, (z)

dz
The term I, (z) can be written as

n(z)C,(27R) = — (A2)

Il(z)=J JdA= —f D,Vn+dA= — (D, (Vn), )4,
S, s,
(A3)

where D, is the diffusion coefficient and A4 is the area of the
inner surface S, of the shaded region. Approximating 4 by
7R? and introducing the effective diffusion coefficient

D(z) = (D, (Vn),)/[dn(z)/dz] yields
L()= — Dz )d”(z’( R?). (Ad)
When D(z) is independent of z, Eqs. (A2) and (A4) imply
d%n 2C;
727 SR —=—n(z), (A5)

for z#0. With boundary conditions n( + « ) = 0, Eq. (A5)
has the solution

n(z) = nyexp[ — |z|//(DR /2C,)"?*], (A6)
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with leak width
d=2(DR /2C,)"*= (2DR /C,)""%. (A7)

A similar analysis may be applied to the point cusp using
the coordinate 7 in place of z. In place of Eq. (A2) we have

dl (r)
nr)C,(2nr) = — —, (A8)
dr
We now approximate I, (r) as
1, (r = —Dd’;(’) (277R). (A9)

Eliminating /, (7) from Eqs. (A8) and (A9) and assuming
that D is independent of r yields

d’n 1 dn

C
id (=< =0, Al0
dr o r dr (RD) g (AlD)
which is the modified Bessel equation, with solution
n(r) = noKy(r/d), (All)

where d = (DR /C,)'/?. For r/d > 0.2, the approximation

Ko(r/d) = (7d /2r)"/? exp( — r/d)

is accurate within 25%, indicating that the scale length of
the leak widthisd /2 = (DR /C,) "%,

APPENDIX B: THE “MAGNETIC” LAVAL NOZZLE

We consider the steady-state flow of a quasineutral plas-
ma with a scalar pressure. In accordance with our observa-
tions, we describe the case of converging—diverging flow in
the cusps in which the plasma density decreases in the direc-
tion of flow. We begin with the momentum equations of the
ions and electrons:

mn(v: V)v—~en<E+ VXE) — VP,
¢ (B1)

v, XB
mn(v,*V)v, = —en E+——-— -1 —VP,.

4

Adding these equations, neglecting the clectron mass term,
and taking the scalar product with the ion velocity v gives

mav(veViv= — (v-V)P—en(-FiexB)-v, (B2)
. c

where P = P, + P, isthe total pressure. The electron and ion
flow velocities in the cusps consist mainly of flow along the
magnetic field (and possibly drifts around the axis), so we
can neglect the last term in Eq. (B2). Since the density # is
monotonically decreasing in the direction of flow, we can
consider the pressure on a given flow as a function of n, thus

obtaining
v(veV)v=— Ly.yp= =1 (—l»-iif—) veVn
nm;, n \m, dn
=Lnlc3v-Vn, (B3)
where C? = 1/m, dP /dn.

If we consider a small tube around a given line of flow
whose surface consists of neighboring lines of flow and
whose cross-sectional area is A4, the ion-continuity equation
can be written as
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0 = lim ((v -V)(nvA))
A—0 nvA
zv-Vn_,_v-Vv_*_lirn v-VA’ (B4)
n v 40 A

where the limit is taken over a sequence of tubes contracting
nicely to the given line of flow. Eliminating the density from
Egs. (B3) and (B4) yields

(v Vv — lim (v-V)4 ,

v A4—0 A
where M = v/C, is the Mach number. Since v« Vn <0, Eq.
(B3) implies that v+ Vv > 0. Equation (B5) indicates that
this steady increase in velocity is possible only if M <1 in
regions of converging flow (limv-V4 /4 <0)and M> 1 in
regions of diverging flow (lim v+« VA4 /4 > 0). Thus, for the
converging~diverging flow in a cusp, the ions must be accel-
erated from a subsonic to a supersonic velocity as they flow
out of the cusp.

(M?—1) (B3)
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