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Experimental Evidence of Multiple-Mirror Plasma Confinement*
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Enhanced confinement of thermally ionized potassium plasma with increasing number
of magnetic mirrors has been observed in a steady-state single-ended @ machine. The
improved confinement occurs in an intermediate mean-free-path regime, and is in good

agreement with theory.

In a previous Letter,! results of numerical com-
putations on particle confinement in a multiple-
mirror geometry were reported. In this Letter,
experimental results are reported on multiple-
mirror confinement in a steady-state, single-
ended @ device, shown in Fig. 1. These experi-
ments were conducted with a fixed multiple-mir-
ror field of five mirror cells, each cell of length
1.,=28 cm, with a mirror ratio M = B ,3/Bmin
=3.2. Ions were created in the first mirror throat
by contact ionization of lithium or potassium va-
por on a hot tungsten plate, which also provided
electrons for the plasma by thermionic emission.
The plasma length L and the number of mirror
cells K =L/l was varied by axially moving a neg-
atively biased collector plate within the fixed
field. All experiments were conducted in stable
regimes in which the fluctuation levels were low
(6n/n<1%). However, some radial loss persist-
ed, probably because of convection from hot-
plate temperature inhomogeneities. The chamber
was evacuated to less than 5 x107% Torr, so that
ion-neutral collisions were negligible compared
to ion-ion collisions at the lowest plasma densi-
ties in the experiment. Volume recombination
was negligible.

At low densities for which the ion-ion scatter-

ing mean free path (mfp) is comparable to or
longer than the system length L, most ions pass
through the system adiabatically. If there are no
radial losses, the densities at corresponding
points in all cells are nearly the same, and the
ion confinement time 7 increases proportionately
with the transit time L/7;, where 7; is the ion
thermal velocity.

At intermediate densities for which the mfp is
much less than L and comparable to /,, repetitive
trapping and detrapping of ions by the multiple
mirrors is expected to result in axial diffusion
of ions, and an axial density gradient results
with the density increasing toward the source.!™?
For Maxwellianization in all cells and large mir-
ror ratios, the density in the midplane of the
first cell (next to the source) has an upper limit,
in the absence of recombination and radial loss,
given by

n,=Kan=(L/l)An (K >1), 1)

where An is the density increment across each
mirror.® With a resulting average density 7
z-é’nl for the entire system, the confinement time
using Eq. (1) is

T,~3n,L/S=3AnL?/1.S, (2)
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FIG. 1. The multiple-mirror confinement experiment.
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FIG. 2. Langmuir-probe ion saturation current as a
function of axial position, for (a) long-, (b) interme-
diate-, and (c) short-mfp regimes.

where S (ions/cm? sec) is the source flux density.
We note from Eq. (2) that 7 «< L? in the intermedi-
ate-mfp regime.

At high densities for which mfp<<B(dB/dz)™,
the mirror width, a theory of magnetohydrody-
namic (MHD) flow in an ideal multiple-mirror
system predicts uniform flow conditions at corre-
sponding points in all cells.* Thus, the confine-
ment time scales according to the transit time
L/v,, where v, is the mean macroscopic plasma
flow velocity.

In Fig. 2, typical axial profiles of Langmuir-
probe ion saturation current are presented for
(a) the long-mfp regime, (b) the intermediate-
mfp regime, and (c) the MHD regime. From es-
timates of the ion temperature (kT;> hot-plate
temperature from nonequilibrium theory?®), the
density and mfp are indicated for the middle cell
in each case. Corresponding to these three den-
sity regimes are measurements of total axial
particle flux on a collector as a function of axial
position, as given in Fig. 3. From the collector
signals in Fig. 3 we observe that, except for the
anomalous loss in the first cell, there is a gradu-
al decay of the axial particle flux indicating a
moderate rate of radial loss. For the long-mfp
regime, comparing Figs. 2(a) and 3(a), we find
that the midplane density falls only slightly fast-
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FIG. 3. Collector ion saturation current as a function
of distance from the source for (a) long~, (b) interme-
diate-, and (c) short-mfp regimes.

er than the collector signal, thus indicating that
there is little multiple-mirror action. The axial
density is a minimum in the mirror centers and
a maximum in the mirror throats as expected
when collision rates are low. In contrast, for
the intermediate-mfp regime, given in Figs. 2(b)
and 3(b), the midplane density falls stepwise
from cell to cell, in rough agreement with Eq.
(1), indicating strong multiple-mirror action.
Finally, in Fig. 2(c), the density is nearly con-
stant from cell to cell, characteristic of MHD
flow. The density is now a minimum at mirror
throats, rather than in the mirror midplanes,
another characteristic of MHD flow.*

By definition, the containment time is the total
number of ions within the system, divided by the
input flux:

;e Jin(z)dz 3)

1(0)/eA”’

where I(0) is the collector current at the hot
plate, and A is the effective plasma area in that
plane. By measuring n(z) and I(0), we can de-
termine the containment time 7. From Figs. 2
and 3, and from similar data at other densities,
the result is given as the dashed curve in Fig. 4.
The values of 7, calculated in this way, include
all sources of loss. Adding the major sources of
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FIG. 4. Total confinement time 7 (dashed line), lon-
gitudinal confinement time 7, (solid line), and first-
cell density-ratio 7,5/ min (dash-dotted line) as func-
tions of average density 7.

loss we have

1. -1 -1 -1
T 1‘Tz +Trad  +Trec > (4

where 7,,4 is the radial loss, 7. is the recom-
bination loss on the hotplate, and 7, is the axial
loss to the collector. For potassium operating
well in the electron-rich regime, 7. is greater
than 107, and is neglected. Taking the collector
current at the end of the multiple mirror to be
given by

(L) 1, 0) 1
eA eA

n(z)dz, (5)
TradL )
and substituting for the integral from (3), solving
for 7 and substituting the result in (4), we obtain

7.=7I(0)/I(L). (6)

We can use this result together with the collector
data to obtain the results for 7, as given by the
solid line in Fig. 4. These experimental results
can be compared with the theoretically maximum
containment times in the three regimes. Taking
the ion velocity v;~2x10° em/sec and the aver-
age mirror ratio M =2.5, which are the experi-
mental parameters, we find in the free-flow re-
gime 7¢¢=L/v;=0.7 msec,? in the multiple mir-
ror regime 7, =2MKL/v;=117.5 msec, and in
the MHD regime 7y;p=2ML/v;=3.5 msec,*

which agree well with our experimental results.
In the low- and high-density regimes there is
considerable multiple-mirror trapping such that
the confinement times there are above the free-
streaming and MHD limits. We can also com-
pare the confinement time in the multiple-mirror
regime with the upper limit for a single mirror
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FIG. 5. Langmuir-probe ion saturation current in the
first-cell midplane as a function of collector position,
in the (a) long-, (b) intermediate~, and (c) short-mfp
regimes.

Tem=4ML/v;="T msec,? conclusively demonstrat-
ing, experimentally, the existence of the multi-
ple-mirror effect.

A test of the scaling law of multiple-mirror
confinement can also be made by observing the
change in density within a fixed cell as the num-
ber of mirrors is increased. For a constant
source strength, an improvement in confinement
results in an increase in density. In Fig. 5 the
density », measured by a Langmuir probe fixed
in the midplane of the first cell adjacent to the
source is shown as a function of the distance of
the collector from the source. Thus, as the col-
lector is withdrawn, mirror cells are added to
the system. Figures 5(a)-5(c) are, respectively,
for a long-, intermediate-, and moderately short-
mfp regimes. The density », jumps at each point
where the collector passes a mirror throat. In
Figs. 5(a)-5(c), the first density jump corre-
sponding to the collector passing the second
throat (the source being located in the first throat)
is a result of partial filling of velocity space at
the midplane due to mirror trapping in the first
cell. It is not a multiple-mirror effect, and only
jumps following the first are used as a measure
of improvement in confinement with multiple mir-
rors over the confinement with one mirror cell.
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The enhancement in density is greatest in the in-
termediate-mfp regime [Fig. 5(b)] as predicted
by the theory. In Fig. 5(b) the magnitude of the
density jump decreases with each additional mir-
ror. According to Eq. (2), the measured increas-
es in n, as the number of cells is increased cor-
responds to a confinement time 7 scaling as L?
for the first three cells, relaxing to L as more
cells are added. This is to be expected in the
presence of recombination loss and radial loss,
which becomes more important as the confine-
ment time due to multiple-mirror action increas-
es. The ratio of n, with five mirror cells (n,,,y)
to n, with one mirror cell (n,;,) is plotted as a
dash-dotted curve in Fig. 4. It is seen to follow
generally the values of 7,.
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Experimental results are presented which verify the fundamental aspects of the para-
metric instability of whistler waves. The accompanying fast heating of plasma is inter-

preted to be due to anomalous absorption.

In this Letter we present experimental results
which show (i) the parametric decay of a large-
amplitude electron cyclotron wave (whistler) and/
or an electron plasma wave in a plasma in a mag-
netic field; and (ii) the associated anomalous
heating of both electrons and ions. In addition,
the decay spectrum and the heating were mea-
sured as the incident microwave power, the pulse
duration, and the magnetic field strength were
varied. Although recently predicted by theory,l™3
to our knowledge, this is the first time that the
parametric decay and associated plasma heating
due to whistler waves have been measured in lab-
oratory experiments.

The experiments were carried out in the 3-m-
long Princeton L-3 linear device. The plasma
was produced in the steady state by a 5-cm-diam,
20-cm-long helical slow wave structure,* which
injected up to 1 kW S-band microwave power into
a magnetic mirror configuration. In the present
experiments f,=2.45 GHz, f,, =2.45 to 5.0 GHz,
f»e = 10 GHz, so that f,<f,, <f,, (Wheref, and
f;e are the electron cyclotron and the electron
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plasma frequencies, respectively). Recently
Lisitano, Fontanesi, and Bernabei proposed that
such structures heat the plasma nonresonantly
by excitation and collisional absorption of elec-
tron waves.® However, in our device we find
that such nonresonant plasma sources operate in
two modes; (1) at low pressures (i.e., p <1073
Torr in He gas) and low densities (7,< 2x 1012
cm™%), long-wavelength (A, ~3 to 10 cm, A, ~5
cm) electron plasma waves are excited which
obey the dispersion relation

1=w,,2c08%0 /w? +w,,2sin?0/(w® - w,,2), (1)

where cos8=k,/k, sin6=k,/k, and k,=Kk-B/B.
these waves decay parametrically into short-
wavelength electron plasma waves [also satisfy-
ing Eq. (1)] and ion acoustic waves which prop-
agate at an angle to the external magnetic field.
These results are in agreement with recent the-
oretical predictions.*2 (2) At higher pressures
(»=22X1073 Torr in He gas) and higher densities
(ny = 3X10® to 10' cm "%) whistler waves with
wavelengths A, =0.7 to 2.5 cm, A, ~5 cm are



