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ABSTRACT

This paper discusses results of plasma-confinement experiments in the
2XIIB magnetic mirror device. We report experiments attempting tc achieve
field-reversal using neutral-beam injection in which the central magnetic
field is reduced by 90% but field lines are not closed. Experiments with
different reutral-beam aiming show that at constant beta both electron
temperature and the energy-confinement parameter (nT) increase at larger
radiug, Finally, we discues recent improvements in electron temperature
and microinstability measurements.
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INTRODUCTION

At the previous International Atomic Energy Agency meeting wel re-
ported results from the 2XII® magnetic-mirror confinement experiment,
whicl. demonstrated that the drift-cyclotron loss—cone (DCLC) mode could
be maintained in a quasilinecar stable state, that plasma confinement im~
proved with increasing mean ion energy, and that peak beta greater than
unity could be achieved on axis. In the last two years we have conducted
further experiments, improved plasma parameters, and made additional com~
parisons with theory. Our new work included field-reversal experiments,
large~diameter plasma experiments, and investigations of DCLC stabili-
zation and electron temperature associated with thke field-reversed mir-
ror? and the tandem mirror- configurations being developed as magnetic
mirror reactor concepts.

The 2XIIB minimum-B yin-yang magnet set is normally operated at
0.67-T central field with a 2:) mirror ratio. A schematic of 2XIIB is
shown in Fig. 1. Up to 7 MW (500 A equivalent atom current) of mneutral
deuterium or 4 MW (380 A) of nentral hydrogen are injected by 12 Lawrence
Berkeley Laboratory (LBL) 20-kV neutrsl-beam modules.* The plasma is
stabilized by streaming plasma supplied either by deuterium (or hydrogen)
plasma guns or by neutral gas injected near the mirror throat., The dura-
tion of the beams, streams and magnetic field is 10 ms.

FIELD REVERSAL EXPERIMENTS

Closure of magnetic field lines by plasma diamagnetic currents
offers the possibility of substantial improvement in plasma confinement
relative to open-ended magnetic mirrors. Such magnetic configurations
have been created using relativistic electron beams,”?’% reversed-field
theta pinches,’ and plasma guns.

Our present field-reversal experiments were motivated by the unprece-
dented high betas achieved in earlier experiments. The largest reduction
of vacuum magnetic~field strength was obtained usiug tangential neutral-
beam aiming (Fig. 2a), which enhances the axis—-encircling component of
the ion diamagnetic current. We iuferred a 907 depression of the on-axis
magnetic field (field-reversal factor, AB/B = 0.9) by approximately 100
kA of circulating ion current. 1In general beta increases with bear cur-
rent. We expect further reduction in the magnetic field will result from
more intense beam injection or better stabilization. Since electron cur~
rents tend to cancel the ion diamagnetic currents, we anticipate 'hat a
factor of three increase in neutral-beam current or ion lifetime is re-

quired to achieve a substantial volume of closed field lines,?

Field-reversal experiments were done at two values of vacuum field
strength, B = 0.67 T (mirror ratio, R = 2.0) and B = 0.435T (R = 1,8),
with the tangential beam-aiming arrangement in Fig. 2a. There were a
number of differences in machine conditions between the low-and high-
field experiwents. Scaling of the measured plasma parameters as functions
of injected neutral-beam current, I is shown in Figs. 3a and 3b for
the two values of vacuum-field strength., Plasma line density increased
with injected beam current. The mean plasma radius R, and axial 1length
Loy defined as the l/e point of the line-density profiles, was nearly
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independent of beam current (R, = 6.5 cm and L; = 16 cm). We obtained
these measurements with a multichannel array of neutral-beam attenuation

probes.

Electron temperature, T,, measured by Thomson scattering, increasad
linearly to 140 eV with beam current for the high~field data (see Fig.
3b). The scatter of these T, measurements for the low-field data was
believed to be associated with the changing wvacuum environment of the
plasma. We obtained the mean ion-energy measurements in Fig, 3b with a
15-channel charge-exchange analyzer. For both experiments the mean ion
energy was independent of beam current. The mean injected-atom energy
for these experiments was estimated from the full-, half-, and third-
energy fractions measured by the LBL group“ and from the acceleration
voltages, giving Ep = 14.1 keV (low field) and Ey = 13.3 keV (high
field).

Figure 3c shows the plasma beta on axis, 8= 8w #;W;/BZ,.,
and the field-reversal parameter, defined to be the field change on axis,
divided by the vacuum field

!
AB 1 o) M )

The parameter M is the bulk plasma diamagnetic moment measured by a
plasma-encircling loop. The relationship between the field change on axis
and externally measured dipoie moment is derived for a cylindrical curremt
sheet with radius R and half-length and is a good appioximation to

a rigid rotor with Eaussian carrent~profile jy = en(o)Qr ¢ exp (-r</R 252
ILP?- . The scale lengths ang Lo,y t8ken from the line~dBnsity
profiles, were cross—checked for the low-field data with an array of small
magnetic~loop probes that are close to the plasma surface and that measure

the shape of the plasma—current distribution,

Fig. Jc shows that Bincreases with Iy reaching 8= 2.3 for the low
field and f= 1.2 for the high field. Since the plasma lemgth is compa-
rable to the diameter, £ >l does not iwply field reversal. The effect of
finite length and the resulting magnetic-field line curvature is included
in Eq. 1. For the data at By,. = 0.435 T, AB/By,. increases approxi-
mately linearly with beam current, reaching an average value AB/B,,. =
0.9£0.2 at I, = 400 A. The data at B,,. = 0.67T increases with beam
current, but reaches a lower value AB/B,,. = 0.6*0.1 at I, = 500 A.

Figure 4 compares experimental results with the "SUPERLAYER" parti-
cle-simulation code” for background stream density of 10 em™7,
The experimental data for Bygze = 0.435T are in reasonable agreement
with the code predictions, since these experiments were more strongly
dominated by electron drag, which is properly treated in the SUPERLAYER
caleylations. The high-field data is below the code predictions presuma-
bly because these experiments are more strongly dominated by DCLC ~ mode
wave diffusion; which is included in SUPERLAYER as a time independent

3=



parameter which was adjusted to match the calculated mean ion energy to
measured values.

In Fig. 5a we plot the ion—energy confinement parameter, nTg. The
mean ion-energy lifetime, Tp, is defined as the stored energy diyided
by the trapped neutral-beam power. According to quasilinear theory, nTg
should initially increase as T3 2 gince electron-drag losses decrease and
saturates at a limit imposed by the inereasing DCLC losses. To support this
interpretation, we found that ion-cyclotron fluctuations incyreased above
To = 80 eV where n Tg flattens, Further increases in ntg require
better stabilization, higher ion energy, or larger plasma radius.

LARGE-RADIUS EXPERIMENTS

To maintain marginal stability of the DCLC mode in 2XIIB, it is nec-
essary to supply a warm streaming plasma. Energy exchange with the elec-
trons of this unconfined stabilizing plasma will reduce T, and hence the
energy-containment time of the mirror-trapped ions. The minimum warm—
plasnma dunaitg, n,, that must be supplied 1is shown in Fig. 6. These
calculationsl® are for B= 0.5; a hot-plasma energy Wi= 1/2 Mivﬁ
= 15 keV; a hole size vy/vy = 0.1; and a warm-stream energy of vy/vy
= 0.05. Simply put, the larger the plasma size, , compared with the
ion Larmor radius, aj, the smaller the fraction of warm to hot plasma
necessary for DCLC stability.

To test the scaling of plasma parameters such as T, and ;T'E with
R,/aj, we ran the 2XIIB experiment with the neutral-beam aiming
configurations shown in Fig. 2. This resulted in changes of /ag
from 2 to 6. The plasma size was determined by the measurements shown in
Fig. 7.

When comparing results at various values of R,/aj, we restricted
the data to those with Gaussian-shaped radial profiles with approximately
the same beta (0.4). We introduced no beta or density corrections. Fig-
ure 8 shows that both T, (averaged over several shots) and Nrg in-
crease with larger values of Rjf/aj. The higher values of Te and nTg,
discussed in the field—revers;E section, were obtained at higher values of
beta. These values were unattainable at the larger radii since the beam
power had to fill a larger volume.

To compare the experimental results of Fig. 8 with the DCLC quasi-
linear theory, we note thaEA ge experimental points lie in the domain of
Fig. 6 where n /o =(R,/a;) . The electron temperature has been calcu-
lated by equating the heating from ion-electron collisions to the electron
power loss (which is assumed to be proportional to stream current times
Te). In this case Te =(Rp/a;)1/3 and nTp=13/2 m(gp/ai)llz_ The
measured electron temperatures have such an /a; dependence but are
about 307 below the optimum theoretical value of T,. One source of
this difference is thought to be the poor energy-distribution match
between the actual and optimum streaming plasma being supplied to the
hot plasma.
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DISCUSSION

In adaition to the field-reversal and large-radius experiments dis-
cussed in previous sections we made a number of fundamental mirror
physics' measurements relating to DCLC-mode stabilization, DCLC-mode
properties, and electron temperature.

Stabilization of the DCLC mode is studied by measuring the stream
current with a gridded electrostatic analyzer. The stream current trans-
mitted through the plasma varies during a shot to as low as the minimum
value calculated!! to stabilize the DCLC mode and follows the theoreti-
cal scaling with plasma density, ion energy, and electron temperature.

Frequency and azimuthal wavelength measurements of ion-cyclotron
oscillations were found to have the characteristics of the DCLC model?
Radial rf profile mesurements were made with a multi-tip rf probe outside
the mirror cell, This measurement revealed that the DCLC mode had a
large radial extent and a single, narrow frequency peak that was the
same at all radial positions. The frequency is near the beta-corrected
ion-cyclotron frequency at the center,

We increased electron temperature to 140 eV by (a) relocation of
sitcaming~plasma guns and gas-box baffles, (b) increased neutral-beam
power, and (c) improvements in vacuumwall surface conditions, These
temperatures were well above those possible if c¢lassical thermal
conduction is a dominant process, Langmuir-probe measurements external
to the mirrors indicated a lower electron-temperature in the ends com—
pared to the center and a_rather complex axial temperature profile. A
Monte Carle electron code'? was used to show that such profiles could
be calculated.

In summary, field-reversal experiments reached field-reversal
factors up to AB/B = 0.9. The large-radius experiments demonstrated
improved mirror confinement by size scaling.

Further progress on 2XIIB will rely on improving stabilization tech-
nigques that cimultaneously increase electron temperaturs and reduce fluc-
tuation losses. An electron-heating technique demonstrated by Toffels
and at MIT'? is being investigated on the more energetic 2XIIB plasma.
The Tandem Mirror Experiment (TMX),l6 which will begin operation later
this year, has provisions for additional and higher energy neutral-beams.
TMX is expected to be better stabilized and to have higher electron tem-
perature, since it is stabilized from the seleneid,
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Figure Captions

The 2%XIIB device used for plasma-confinement experiments at
Lawrence Livermore Laboratory.

Beam~-aiming configurations shown to scale for (a) field-
reversal experiments, (b) head-on injection experiments, and
(c) large-diameter plasma experiments.

Plasma parameters for field-reversal experiments for low-and
high-magnetic field atrengths as a function of incident
neutral-beam current (a) Line density and plasma radius,

(b) mean ion energy and electron temperature, and (c) peak beta
and field-reversal factor, AB/B.

Comparison of experimental data with SUPERLAYER particle-
stimilation code.

Comparison of n tg with electron teamperature.

Theoretical minimum-required stream density normalized to
hot~ion density vs plasma radius for 2XIIB plasma parameters.

Radial density-profile measurements of large-diameter 2XIIB
plasma.

Electron temperature and aTp scaling with R.g/ai for ‘
eu

constant beta. Solid data points depict deuterium; open points
depict hydrogen.
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