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FRC Con{inement Studies in FRX-C

K. F. McKenna, W. T. Armstrong, R. R. Bartsch, R. E. Chrien,
J. C. Cochrane, Jr., R. W. Kewish, Jr., P. Klingner, R. K. Linford, D. J. Rej,
E. G. Sherwood, and M. Tumzewski

Los Alamos National Laboratory
los Alamos, New Mexico 87545

The measured particle containment times of up to 190 us in FRX-C correspond
to R* scaling and agree with predictions based on lower-hybrid cross-field
diffusion. Further improvement in confinement may be possible by translating a
field-reversed configuration (FRC) in such a way as to increase Xg.

I. Introduction

The particle confinement in FRC plusmes has been experimentally
investigated in the FRX-C device uvver a significanc range of parameters. The
results from this study, and data from the smanller FRX-B machine, confirm the
approximate scaling of particle containment time with Rz/pio' In addition,
these results are 1in excellent agreement with predictions by Tuszewski and
Linford? based on u mndel that ascumes lower-hybrid cross-field traunspnrt driven
by the sharp density gradiernra that are characteristic of the high-beta FRC
equilibrium. The model alsn predicte that reduced density gradients resulting
from increased x, (the ratio of FRC separatrix radius to conducting wall radius)
should result in substantial increaszs in particle confinement time. The ratio
p can be increased by axially translating an already formed FRC out of the
tneta-pinch coil (formation region) into an appropriately shaped and magnet-
ically biased flux conserver. Experiments in the next two years will involve
translating FRCs, increasing x;, and testing the predicted increase of particle
confinement time.

11. Description of Experiment

The FRX-C device is a field-reversed theta pinch. The coil is 2 m long and
0.5 r in diameter; passive mirrors 0.20 m in axial extent and 0.44 m in diameter
provide an on-axis mirror ratio of 1.17 at each end. The quartz discharge tube
has an inner diameter of 0.4 m. The bilas field is variable to about 4 kG, The
main field rises in 4.5 ps to about 10 kG and has a crowbarved decay time of

300 ps.
An axial array of magnetic field probes is used to determine the excluded
flux ra'ius r In regions of straight field lines the separatrix radius can

be npproximatedAss I =71 and the wmajor rerdius is R = rs//f. A side-on
3.39-m double-pass inter?&romctcr i8 used to measure fndl through a diameter ot
the FRC near the coil widplane. Meusurements of T, by Thumson scattering are
taken with the scattering volume located 5 cm off the coil axis and 10 cm from
the coil midplcne. Neutron emission i measured with a scintillator and an
activation counter. An end-vicwing, double-pess, ruby-laser holographic inter-
ferometer is used to .iveasure particle 1inventory and radial density profile.
Visible and VUV spertrogcopy arc used for line intensities and line broadening
measurements.
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1II. FRC Formation Phase

The rocegs of FRC formation in a theta pinch hde been described
elsevhere. To form long-lived FRCs it is necessary to adjust empirically the
initial fi1ll pressure, bias field level, passive magnetic mirror ratio, and
preionization conditions. The mirror ratio appears to have a strong influence
on the field-line reconnection at the plasma ends. When first operated, FRX-C
had a mirror ratio of 1.05. With an initial pressure of 20 mtorr of deuteriunm,
the FRC shape as deduced from the magnetic probe array often lacked symuwetry and
indicated aa axial movement of the FRC out of the coil. According to MHD code
pimulations, reconnection proceeds more rapidly if the mirror strength is
increased, thus reducing the 1likelihood of reconnection asymmetry. A larger
mirror ratio (1.17) was installed on FRX-C and the result was improved symmetry
of the rA¢ profiles and a reduced tendency for axial motion.

1v. Typical Plasma Parameters orrrTT T T T T T T T T T Y
Data obtained on a typical
discharge at 20 mtorr fill
pressure and 1.7 kG bias field
are shown in Fig. 1 as a func-
tion of time. The external mag-
netic field waveform, B, is
reccrded near the coil midplane.
The FRC length, 2,,, is defined
as the distance between the
axial positions where de-
cieases to 65% of its mgximum
value. The average denslity 1is .8
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the volume-averaged density.
The e¢lectron temperature
measured by Thomson scattering
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on similar discharges is ° ™ 700
T, =100 * 20 eV. The total
e N
temperature, T, + T; is deduced TIME {ps)
from pressure balance. The -
Figure 1.

quiescent plasma confinement
phase i: terminated by a rotational n = 2 instability that begins ut about 100
us The growth of the n = 2 distortion can be identified by the medulation ot
the side-on interferometer density data. End-on holograms also show the n = 2
naturce of the instability.

Datan obtained at 5 wmtorr f{ll pressure display higher temperatuses,
measurable neutron emission, and shorter quiescent periods. Assuming a
Maxwcllian {on velocity distribution, the measured neutron emission, comblued
with density and volume measurements, correspondr to a peak fon temverature ol
about 1.0 keV at 10 us. Line broadening of CV, if {futerpreted as ihermal
Doppler broadening, corresponds to Ti of about 3 keV at 10 ys, oi about five
times the pressure  balance temperature, dropping to a factor of two at 30 8.
The pressure balance temperature of about 0.5 keV 48 cons'dered the most
rellable, but further atudy of this isaue 15 needed. Electron temperature from



Thomson scattering is 175 % 25 eV.

V. 3caling of Particl~ Confinement
It was reporte. or FRX-B at 17 mtorr filling pressure that the particle

confinement time was T 39215 us.l The magnetic field, temperature, and

density were asimilar + the FRX-C parameters at 20 mtorr. The particle

inventory in FRX-C at 5 « 4 20 mtorr has been measured by the end-viewing

holographic interferomet r, and independently estimated from the density

measured by the side-on int rferometer and volume measured by the magnetic probe

data. A least-squares fit of an exponential to the more definitive holography

data gives for the

e-folding decay time

TN = 58 225 ys at 5 n-~ ® THEORY

torr and Ty = 187 % 25 us O ENU-ON HOLOGRAPHY

at 20 mtorr. Figure 2 © BIDE~ON INTERFEROMETERY AND MAGNETIC PROBES

presents the particle 300 I I T
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90lid dots are predict-
ims of the Tuszewski-
Li~ford lower-hybrid 100} -
trausport model. The L

open circles are the par- .oFRE:B””,, .
ticle confinement times . R . ,
determined from Tholo- 120 120 240 300
graphy. The half-open n”P (cm)

circles are from the lo

side-on interferometer

and magnetic probe data. Figure 2.

Although the particle

confinement time scales

approximately lincarly with Rz/p o+ 88 orlginally suggested by Hamusuk13. it is
also clear from the Tuszeuski-Lln*ord model that other factors such as x ,
open-field-1line confincment, “emperature, etc., are important. It is clear that
the predictions of the lower-hybrid transport model and the experimental rezsu!te
are 1in good agreement, and confirm the R4 gcaling of particle confinement {n an
FRC.

The FRC stable period, defined as the duration of the quiescent phase
before the onset of the n = 2 rotational mode, is observed to increase as the
containment time increases. However, neither the experimental data nor the
theorerical understanding of the n = 2 mode 48 sufficlent to define the
appropriate scaling of the stable period. It was recently reported by Ohi  at
Osaka that the n = 2 can be suppressed by application of quadrupole tields
following FRC formatfon.? A quadrupole system has recently been added Lo FRX-C
and preliminary results also demonstrate stabilization of the n = 2 mode.
Presuming that quadrupole stabilization has no detrimental effect on confine-
ment, the most {mportant concerns for FRC research become transport scenling aud
MHD stability as the ratio of density gradfent lenpgth to fon gyro radius {8
further increased.

T,
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VI. Translation Plans

Axial translation of an FRC
without excessive losses of particles,
flux, or energy leads to a variety of

attractive fusion reactor
possibilities. The process of
translation should permit increased
values of x, and corresponding

increases in the particle confinement
time. The particle confinement can be
improved because the density gradient
1e reduced when x; 1is 4increased. In
Fig. 3 the predicted radial beta
profiles are compared for x, = 0.5 and
xg = 0.9. Beta 1s defined hers as
local nT relative to external B+/8w. 1
Thus, for wuniform temperature, 8 and ) "ﬁl

aensity are proportional. The reduced

density gradient seen for x = 0.9 18

mostly & result of the average beta Figure 3.

condition for an FRC, <f> = ] = xEIZ

where <g> is the volume-averaged beta inside the leparatrlx.l The pradicted par-
ticle confinement tir~ is increased by a factor of five for conditions that are
qimilar to FRX-C.

The des.gn for the transition region where the FRC enters a close~fitting
flux conserver is still evolving. For a first approximation, it may be assumed
that the FRC undergoes a completely adiabatic process with no losses of magnetic
flux, energy, or particles. By asfuming a particular uniform pressure profile,
g = <@> that contains the maximum flux for a given Xg, analytic calculations are
easily carried out. However, as discussed in these proceadings, more refined
calculations are underway that tal.e into account dynamic effecta by ur. of a 2-D
MIID code.? In addition, an analysis of the cffects of diffuse proiiles has also
been rarried out.®
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