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structure measurements can be carried out even
in the absence of alignment.
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The half-width of the leakage aperture of plasma through a low-8 line cusp is found to be
twice the hybrid gyroradius (1‘31’;)”2 with 7, and 7; as the electron and ion gyroradii. This
steady-state width is shown to develop in a time less than the ion gyroperiod.

Cusped magnetic fields have been widely sug-
gested as being useful for confinement of both
high- and low-8 thermonuclear plasmas' (where
B is the ratio of the plasma pressure to the mag-
netic pressure B?/87). Although the motion of
charged particles in magnetic cusps has received
considerable attention, a satisfactory description
of how plasma leaks through cusps has not yet
emerged. In particular, there seems to be con-
siderable disagreement between theory and ex-
periment."> Most theories predict a loss aper-
ture for plasma whose radius 7, is (1) some-
where between the electron gyroradius 7, and the
hybrid gyroradius (r,7,)*? for high-g plasma (8
=1), and (2) =y, (the ion gyroradius) for ions in
a low-B (B< 1) plasma.!”® Most high-B experi-
ments have found », ~#, although a recent experi-
ment has found either (r,7,)'/? or ~#,.% As far as
low-p3 line cusps are concerned, we know of no
previous attempts to determine the loss aperture.
In this Letter, we present experimental results
for low-B (=2X107°) magnetic line cusps which
indicate that the half-width of the steady-state
leakage aperture for plasma is ~2(r,7,)"/2. The
time developments of the ion and electron leaks
are also reported.

Data were taken in a device shown schematical-

ly in Fig. 1 which resembles a double plasma de-
vice* with a “picket fence” placed across the cen-
tral plane. The line cusp field is produced by an
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FIG. 1. Schematic diagram showing the picket fence
and the multidipole device. Typical radial scans (elec-
tron saturation current) as a function of picket-fence
current are shown. B~ 200 G for 800 A. Probe-gener-
ated noise was not significant.
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array of parallel water-cooled conductors (0.48
cm diameter separated by 2.2 cm) with current
in adjacent conductors flowing an alternating di-
rections. With 800 A current a maximum field
B=250 G was obtained at the center of the cusps.

Plasma is produced by 70-eV ionizing primary
electrons from filaments located only in the
“driver” chamber. Permanent magnets arranged
in a full line-cusp geometry confine primary
electrons (for over 100 bounces) and plasma ions
and electrons (for several bounces) in the driver
chamber.® Magnets are not placed on the end of
the target chamber, thus reducing the confine-
ment of primary electrons so that little plasma
is produced there.

We investigated He, Ar, and Xe plasmas with
steady-state “driver” densities (1-5)x 10 ¢m™3
depending on the gas used and the fence currents.
Typical operating pressure was 1X10™* Torr (=5
%x 10" peutral atoms/cm?®). Plasma and primary
electron density and electron temperature 7,
were measured with Langmuir probes while ion
temperature T; was measured with a gridded en-
ergy analyzer with a resolution better than 0.1 eV.

The effective width of the “hole” at the line
cusp was determined from radial scans of a
Langmuir probe behind the picket fence (see Fig.
1). For sufficiently high fence currents the
transmitted flux (both electron and ion) has a
Gaussian-like appearance (as shown in Fig. 1),
with a peak behind the center of each cusp, so a
width (half-width at half-maximum, HWHM)
could be determined directly. As fence current
was reduced, the flux from neighboring cusps
overlapped. Direct width measurement was no
longer satisfactory but we still could measure
numerically the integrated flux. The ratio of the
flux to plasma density normalized to the value
of this ratio with zero fence current (the trans-
mission 7) is then a measure of the fractional
width of the “hole.” An effective half-width can
be defined as half the open width of the hole mul-
tiplied by 7.

Results of direct width measurements for He,
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FIG. 2. Measured half-widths (HWHM) versus B~! as
determined from (a) electron saturation current, (b) ion
saturation current, and (c) integrated (normalized) flux.
The straight line labeled HWHM is taken from (a).

Ar, and Xe plasmas, by a cylindrical probe (0.03
cm diam X 0.5 cm length) located approximately
0.5 cm from the plane of the picket fence, with
its axis oriented parallel to the wires, are shown
in Figs. 2(a) and 2(b). The magnetic field B that
is given is measured at the center of the cusps.
The B field varies by less than 18% with radial
probe position so relative density measurements
should not be significantly influenced by the field.

It is apparent that the widths of the holes are
linear functions of B™! over the range of B in-
vestigated and that the width increases with in-
creasing mass. A comparison of the measured
electron and ion widths multiplied by B (i.e., the
slopes of the straight lines) with other measured
and calculated parameters is given in Table I.
We find that for He, Ar, and Xe plasmas, the
measured leakage half-widths W are directly
proportional to the hybrid radii »,=(r, 'ri)l/ 2 and
that the ratio W/»,~2. However, since T, /T, is
approximately the same for all three plasmas,
we cannot rule out (v, ¢, /Q,)"/*~1.77,, where c,
is the sound velocity.

Data from the ion saturation current shown in
Fig. 2(b) indicate an ion width slightly wider than
the electron width and qualitatively similar in

TABLE I. Calculated and measured experimental parameters.

T, T; 7, B 7;B ryB wB
Ion (eV) (eV) (emG) (em Q) (ecm G) (em G) W/ Wy Wry
Helium 4.7 0.6 5.2 158 28.6 54 1.0 1.9
Argon 3.0 0.3 4.1 353 38.1 80 1.5 2.1
Xenon 2.6 0.23 3.8 560 46.4 98 1.8 2.1
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behavior. The effective widths obtained from
normalized total flux measurements generally
agree with those obtained from direct measure-
ments of the half-width. Widths obtained by the
two procedures in the argon plasma are shown
in Fig. 2(c). A measurement of the primary elec-
tron width (labeled I ,) obtained from an argon
plasma at 107° Torr is also given in Fig. 2(a).
The measured primary half-width is close to the
primary electron gyroradius 7,,. This behavior
is expected from single-particle calculations?®
and is not surprising since the primary electron
energy is much greater than T,.

In addition to the width of the aperture, there
are two other aspects to the steady-state data:
the spatial electrostatic potential profile and the
presence of plasma noise in the vicinity of the
cusp. We find that the plasma potential goes
negative by an amount comparable to T, going
from the driver to the target chamber tZrough
the cusp along the magnetic field, the difference
increasing as the neutral pressure is decreased.
Smaller variations < T, are observed across
magnetic field lines in planes parallel to the
fence (located a few millimeters away) with most
of the change occurring in regions which contain
very reduced plasma density (i.e., the shadows
of the fence). Plasma noise in the neighborhood
of the lower hybrid resonance frequency was ob-
served near the cusp. The frequency of the noise
was found to depend on the density and B and to
scale roughly as the inverse of the square root
of the mass ratio. It was independent of the pri-
mary electron energy and the plasma electron
temperature (which could be varied by about a
factor of 2).°

The steady-state data can be summarized as
follows: The electron half-width is = 2(,,)"/?
= (r, cs/Q;)"?, and ion half-widths are slightly
larger. Primary electrons are found to have a
half-width approximating their gyroradius. Most
of the change in the plasma potential occurs along
the magnetic field lines through the cusp going
negative from driver to target by an amount = 7',
and plasma noise was associated with the cusp.

Transient measurements were made at short
times after the “turn-on” of the plasma in addi-
tion to steady-state measurements. At £=0 the
primary electron bias voltage was pulsed on.
Langmuir probe traces were taken using the
gated output of a sampling plug-in whose delay
time could be varied. Three kinds of measure-
ments were made at fixed delayed times: Lang-
muir probe traces at fixed probe positions, ion

saturation current as a function of radial position
behind the cusps, and electron current as a func-
tion of radial position. At 1.5X10°* Torr in ar-
gon, the Langmuir probes indicate the following
sequence of events: Primary electrons uniform-
1y fill the driver chamber within 10 usec. For
the next 20 usec, plasma ions and only relatively
high-energy electrons (tens of eV) are present at
the center of the cusp. At 30 pusec we begin to
detect cold electrons at the center of the cusp
with temperatures comparable to those observed
in steady state.

The time evolution of the ion and electron hole
widths are shown in Fig. 3. At the earliest times
jons are observed to have widths greater than in
steady state although the density is very small
and the uncertainty in width is considerable.

This width decreases to the steady-state width
after 30 usec. Electrons are seen to start out
with a width which is comparable to the primary
electron gyroradius. After 30 usec essentially
steady-state conditions are reached. The early-
time hole widths are consistent with the observa-
tion of only high-energy electrons for those times.
In steady state we have already found that pri-
mary electrons leak through a narrow width (the
order of the primary electron gyroradius). The
small widths do allow us to place an upper limit
on the width resolution of the probe, which clear-
ly demonstrates that the measured widths at la-
ter times are not a probe sheath effect even
though electron gyroradii are comparable to the
probe diameter and the electron Debye length.
Plasma noise similar to the steady-state noise

is detected at early times.

It is tempting to identify the observed width
with previous calculations which have predicted
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FIG. 3. Time development of the electron and ion
half-widths for argon with B=190 G.
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hybrid widths.! However, such calculations ap-
ply to high-B situations. One might argue that
far from the cusp a high-8 situation exists. For
our plasma this occurs with Bx1 G. Since lines
of B from this region connect to a region in the
center of the cusp whose width is much smaller
than any of the measured widths in this experi-
ment, it is unlikely that high-8 phenomena are
involved.

The time-dependent data have been shown to be
generally consistent with the steady-state data.
The hybrid half-width is seen to develop early in
the evolution of the plasma. A comparison of the
time for the width to reach its steady-state val-
ue, ~30 usec, with the characteristic times of
the plasma shows how short this time is. With
n~10%/cm® at B=250 G, the ion plasma period
is 3 usec and the ion gyroperiod is 105 usec.
This steady-state width is reached in ten ion
plasma periods and in less than half an ion gyro-
period. The plasma itself takes about 800 usec
or 27 times as long to reach its steady-state den-
sity. We know of no theory which can explain
these results. .
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Observation of Flat-Top Velocity Distributions of Electrons in Turbulently Heated Plasmas
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Velocity distributions of the electrons have been measured by a Thomson-scattering
method with an eight-channel polychoromator in the initial stage of a linear turbulent-
heating experiment. Flat-top distributions were observed associated with high-frequency
fluctuations (wsw,;) just before the onset of fast heating of the electrons. Those results
were compared with computer simulations and theoretical analysis based on quasilinear

process.

We report experimental observations of flat-
top velocity distributions of the electrons in the
initial stage of turbulent heating of a plasma by
means of Thomson scattering of ruby-laser light
with an eight-channel polychromator. High-fre-
quency fluctuations just below the ion-plasma
frequency (w,;) were observed to grow at almost
the same time as the flat-top distributions ap-
peared. These facts were considered as an indi-
cation of a quasilinear process in the turbulent
heating of the plasma.

In turbulent plasmas, wave-particle interac-
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tions are quite strong and distortions of the ve-
locity distributions of the electrons and the ions
from Maxwellian have been expected.’™ Since

the phase velocity of ion-acoustic waves in the
plasma is less than the thermal velocity of the
plasma electrons, the enhanced diffusion in veloc-
ity space is expected to bring a flat-top velocity
distribution of the electrons, while for the ions
hot tails would be formed. Computer simulation*
showed the appearance of the flat-top velocity dis-
tribution of the electrons and hot tail of the ion
distributions. They showed that the formation of
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