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changes very slowly with E/Z (line II) which al-
so agrees with the theoretical calculations for
this ‘plateau” region.’

More detailed information on impurity ion spec-
tra is provided by Ref. 12 (power 0.5 TW; target
diameter 55-80 m). In order to compare with
theoretical predictions we note that the velocity
of an impurity ion is determined by (v, - 7)dv,/
dr=(Z,/M,)M/Z)S=P,S assuming a Boltzmann
distribution for the electrons. If P,<1 we ob-
tain approximately®® v, -7~ P, and from the den-
sity equation we then derive the spectrum of the
ion impurity as #,(®,)/n,(0) = exp[-v,/(P,S)].
Thus the slopes, «,, of the different ion spectra
in a logarithmic plot should be related to the
slope of the main ion species, a, by a,/a =1/P,.
This yields a(C®*)/a(C®*)=%=1.20 and o (0™*)/
a(C®*)=%§=1.14 in very good agreement with.the
experimental slopes as indicated in Fig. 2. The
original slope of the main ion spectrum (O®*, C®*)
yields an electron temperature of 18 keV, again
a factor 1.5-2 larger than stated. Finally, we
point out that, as in the previous experiment, a
“plateau” region® seems to be present in Fig. 2.

We want to thank Dr. L. Falk for comments
and support in preparing the manuscript.
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Experimental Stabilization of Interchange Mode by Surface Line Tying
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Experiments are performed in an attempt to stabilize the magnetic-curvature—driven
interchange instability (mirror flute mode) using a Q-machine plasma. The stabilization
method consists of applying a tenuous plasma blanket, which is line tied to the end wall,
around a flute-susceptible higher-density core plasma which has no electrical contact to
the wall. By controlling the degree of line tying between the blanket and the wall, the
stabilizing effect of surface line tying is demonstrated.

It is well known that a simple mirror with cir-
cular coils is susceptible to interchange instabili-
ties (flutes) in which axially trapped plasma es-

capes by moving sideways across magnetic field
lines.! When it was demonstrated that minimum-
| B|-field configurations are stable against fluting,?
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the major efforts in magnetic mirror confinement
used this approach, with many positive results.?
However, because the coils necessary to generate
minimum |B| fields are very complicated to fabri-
cate, and, therefore, extremely expensive,*
there has been a continuing interest in stabilizing
simple mirrors.

Among the proposed stabilization mechanisms
are bulk line tying,’ a passive procedure in which
the potential in the plasma is tied to the end-wall
potential by electrical conduction along the mag-
netic field lines, and axial feedback, an active
procedure in which the end-wall conditions are
externally modified in response to low-level fluc-
tuations. A simple mirror reactor might be sta-
bilized by feedback and numerous experimental
and theoretical studies have been done on this sub-
ject.>” On the other hand, even though it has
been demonstrated that bulk line tying can stabil-
ize flutes,® this method is not practical for reac-
tors. When the electrical conduction between the
plasma and the end wall is sufficient to stabilize
flutes, the thermal conduction to the wall is large
enough to cause an unacceptable drain on the elec-
tron energy.’

A third type of stabilization mechanism, sur-
face line tying, has been proposed'® in which only
the outer edge of an otherwise unstable plasma is
line tied. Although the axial heat transport to the
end wall would increase in an annulus around the
core plasma, the axial transport in the bulk of
the plasma remains unchanged. Further, when
the annulus is sufficiently line tied, it becomes,
effectively, a perfect conductor surrounding the
main plasma, thus preventing surface charge sep-
aration. In this Letter, we present experimental
evidence that a strongly line-tied low-density core
does prevent the cross-field particle transport
which is characteristic of flutes. It is observed
that as the degree of line tying between the blan-
ket and the end wall is reduced, there is a smooth
transition from a stable to an unstable core plas-
ma.

The experiment, shown schematically in Fig. 1,
is performed in the University of California at
Irvine @ Machine,"* modified to provide a mirror
ratio continuously variable from 1 to 5.4, The
field in the mirror throat is maintained at 6 kG
while the field in the central region is varied.

The source of the core plasma is a high-density
(n~8x10° cm™?) contact-ionized potassium plas-
ma, separated from the region of curved field
lines by a negatively biased fine (100 lines/in.)

grid. The grid acts as a “plasma shutter”'?; i.e.,

FIG. 1. Schematic of experiment: (A) Source plasma,
(B) atomic beam oven, (C) source hot plate, (D) limiter
with off-axis circular aperture, (E) electron-reflecting
grid, (F) test plasma, (G) low-density blanket hot plate,
(H) blanket hot plate, (I) limiter defining blanket posi-
tion, (J) Langmuir probe, and (K) magnetic axis.

it interrupts the flow of plasma on command.

Initially, with the grid biased to large negative
values, electrons are reflected from it and ions
are prohibited from entering the region of field
curvature by space charge effects. When the
grid potential is raised to a value close to the
source plasma potential, a small amount of plas-
ma passes freely into the experiment region.
When the grid bias is returned to its large nega-
tive value, electrons can no longer pass through
the grid and the line tying between the source hot
plate and the core plasma is interrupted. (Al-
though ions can still pass freely through the grid,
it was experimentally determined that the ion cur-
rent from the source hot plate was not sufficient
to inhibit the flute growth.) The core plasma has
a density of the order of 10° cm™3, This is low
enough that the plasma remains collisionless;
i.e., the ion mean free path is about 10 machine
lengths yet high enough that (w,;/wy)?>> 1, allow-
ing the maximum flute growth.’®* The duration of
the experiment is essentially the axial transit
time of the plasma through the machine, approxi-
mately 400 us.

Under our experimental conditions, an axisym-
metric plasma is lost axially before the flute can
grow. To ensure transverse plasma motion dur-
ing the experiment time, it is necessary to give
the plasma a large initial perturbation by start-
ing it away from the magnetic axis, thus forcing
anm =1 mode. This is accomplished by inserting
a limiter with an off-axis circular aperture of
1.9 cm diam between the source hot plate and the
grid. Because the plasma is forced to move in
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a fixed direction, sampling techniques can be
used; we pulse the experiment at 60 Hz and use
a boxcar integrator to obtain temporal resolution
of the order of 50 s, Cross-field plasma mo-
tion is detected by a Langmuir probe in the zero
curvature region on the other side of the ma-
chine. In this region, magnetic field lines origi-
nating at the aperture do not move as the central
magnetic field is changed. Because bulk-line-
tied plasmas follow field lines almost exactly,'?* '
the flute motion is detected as a radial displace-
ment from the bulk-line-tied situation. A second
electron-emitting hot plate forms a uniform line-
tied blanket plasma, with the ions presumably
supplied by contact ionization of background po-
tassium vapor and/or potassium ions that have
diffused radially on this hot plate. A 2.2-cm-
diam insulating disk masks the part of the plate
that is attached to the same field lines as the
aperture, so that the core, decoupled from the
source hot plate, is not line tied to the blanket
hot plate. By varying the heating power to this
plate, the electron emission and the degree of
line tying between the blanket plasma and the end
wall®* " can be controlled.

The effect of magnetic curvature on the plasma
in the absence of surface line tying can be seen
in Fig. 2. Radial profiles of ion saturation cur-

ION SATURATION CURRENT

RADIAL POSITION (cm)

FIG. 2. Radial profiles of flute-unstable plasma ta-
ken for increasing delay times after the plasma enters
the test region. The arrows indicate the center of the
profile. Also shown is the profile of a stable plasma
(dashed). Data taken at the maximum mirror ratio 5.4.
The boxcar window width is 40 ps. The delay times
are in microseconds.
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rent are taken at successive times by changing
the boxcar window position; the mirror ratio R
is 5.4. Itis seen that as time increases, there
is an increasing displacement of the plasma cen-
ter (as indicated by the arrows) away from the
magnetic axis. Also shown is the profile of the
bulk-line-tied plasma, in which the plasma shut-
ter is left open. The radial profiles have differ-
ent amplitudes because the length of the plasma
column is less than that of the machine and it
spreads axially as it moves along the machine.
It is apparent that the plasma begins to move
across the field lines before it drifts axially to
the probe location. The magnetic field lines
which touch the vacuum vessel wall at the mid-
plane of the machine converge to a radial dis-
tance of 3.6 cm at the probe location; therefore,
no flute motion is observed beyond this point. A
probe located near the grid (before the field lines
diverge) indicates that the whole plasma moves
across field lines simultaneously, showing that
the mode is flutelike (2, =0).
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FIG. 3. Radial profiles vs mirror ratio for both
(a) an unstable plasma and (b) a stable (bulk line tied)
plasma. For the unstable case, the observation delay
time is 400 ps and the boxcar window width is 60 us.
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FIG. 4. Effect of blanket on unstable core. As the
blanket—hot-plate heating power is increased, the core
plasma displaces less from the stable position (dashed).
The arrows above the peaks indicate the center of the
profile. The observation time is 250 us and the boxcar
window width is 40 us.

Plasma displacement as a function of mirror
ratio is illustrated in Fig. 3(a). The plasma pro-
file is recorded at the same boxcar window posi-
tion for different mirror ratios. For a higher
mirror ratio the plasma shifts farther in the
same amount of time showing that magnetic field
curvature is indeed the driving force. There is
no shift seen for mirror ratios less than 2.3. The
corresponding bulk-line-tied profiles are shown
in Fig. 3(b).

To test the surface-line-tying scheme, the max-
imum mirror ratio is used (Fig. 4). Radial pro-
files of the bulk-line-tied core plasma are taken,
both with and without the blanket. No difference
can be seen between the profiles. This indicates
a blanket density at least two orders of magnitude
lower than that of the core plasma. As the heat-
ing power to the blanket hot plate is increased,
the surface line tying is increased because elec-
tron emission decreases the impedance of the
sheath in front of the plate.® For plate power
less than 1.4 kW, the core plasma shifts the max-
imum amount, as shown in Fig. 4, showing that
the surface line tying is not sufficient to stabilize
the flute. However, as the plate power is in-
creased, the displacement of the plasma from its
bulk-line-tied position decreases, showing a re-
duction of the driving mechanism. Finally, at
plate powers of 2.2 kW and above, the plasma
core does not shift at all, showing that the blan-
ket line tying was sufficient to completely stabi-

lize the flute. Note that this 0.8-kW increase in
plate power corresponds to an increase in tem-
perature of less than 9%, from 2150 to 2350°K,
while Richardson emission increases a factor of
9, from 14 to 130 mA/cm?.

In summary, we have demonstrated that to sta-
bilize our plasma against the curvature-driven
flute instability, it is sufficient to line tie only
the surface of the plasma rather than its entire
bulk. An electron-emitting end wall is required
to provide the amount of surface line tying neces-
sary for stabilization; a nonemitting wall will not
suffice.

Since the core plasma in these experiments is
at the same temperature (very nearly) as the blan-
ket, this still leaves open the question of whether
or not, in the case of a hot core, the presence of
a colder plasma blanket might result in unaccept-
able heat loss due to radial transport. Clearly
this point must be the subject of future investiga-
tions, which we hope to be able to do. Neverthe-
less, we believe that we have demonstrated an im-
portant stabilization mechanism of interest in
those cases where surface charge separation may
exist.

This investigation was performed with resources
provided by the U. S. Department of Energy, Di-
vision of Magnetic Fusion Energy, and using a -
machine facility funded by the National Science
Foundation. We would like to acknowledge inten-
sive discussions with Dr. H. Béhmer, as well as
the capable assistance of Mr. V., Laul.
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Experimental results are presented which reveal the important role played by nonline-
ar radiation or ponderomotive forces in laser plasma interactions. The existence of
these nonlinear forces are clearly revealed by the properties of tenuous helium plasmas

generated by focusing of intense laser beams.

One of us (H. H.) has drawn attention to the po-
tentially important role!'? that the well-known
“ponderomotive force” could play in laser-plasma
interactions. However, because other, more es-
tablished, mechanisms could also account for the
properties of laser-produced plasmas observed
during recent years, some uncertainty has al-
ways existed regarding the true role of nonlinear
radiation forces''? in such plasmas,

The important role of the nonlinear radiation
forces!+? in modifying the density profile of dense,
laser-produced plasmas was recently reported
by Enright and Richardson® and by Azechi et al.*
in this journal. These observations have had a
critical bearing on laser fusion studies based on
CO,-laser excitation due to the fact that the non-
linear radiation forces!*? modify the plasma den-
sity profile in such a manner that the laser ener-
gy can be deposited much nearer to the critical-
density surface than was previously thought possi-
ble.

In an effort to further the understanding of the
properties of nonlinear radiation forces,''? we
have initiated a research program aimed at study-
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ing the properties of these important forces®°
under conditions where other effects, considered
in the past to be the dominant processes in laser-
plasma interactions, cannot possibly be effective.
We believe that tenuous plasmas irradiated with
intense laser radiation provides the ideal envi-
ronment for the detailed study of the nonlinear
radiation forces.'*? In this Letter we present ex-
perimental results which clearly demonstrate the
manner in which the importance of the nonlinear
radiation forces!? are revealed as the density of
the tenuous plasma is decreased.

The experimental arrangement is shown in Fig.
1, A4GW (0.1 Jin 25X10™*2 sec) beam of Gaus-
sian intensity profile, generated by a Quentron
Model 100, high-power, shoft rod Nd:YAlG:glass
(yttrium aluminum garnet) laser system, was
focused, using a SORO F1.5 aspheric lens, in-
side a chamber filled with helium at pressures
in the range 1072 to 10°° Torr after initial evacu-
ation to less than 5X10°7 Torr.

A monodiréctional, retarding-field electron en-
ergy analyzer placed along the direction of the
electric field vector allowed any electrons emit-
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