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FIELD-REVERSED CONFIGURATION (FRC) 2XPERIIIENTS

FRCS with ●quilibrium separatrix radii up to 0.18 m have been
formed ●nd studied in FRX-C/LSH. For best formation conditions
at 10V fill pressure, the particle confinement exceeds the
predictions of LHD transport calculations by up to a factor of
two; however, the inferred flux confinement is more snomalous
than in smaller FRCS. Higher bias field produces axial shocks
and degradation in confinement, vhile higher fill pressure
results in gross fluting during formation. FRCS have been
formed in TRX with s from 2 to 6. These relatively colljsional
FRCS ●xhibit flux lifetimes of 10 + 20 kinetic growth times for
the internal tilt mode. The coaxial slow source has produced
annular FRCS in a coaxial coil geonetry on slow time scales
using low voltages.

1. CONFINEtlENT AND FORIIATION IN THE FRX-C/LStl EXPERIMENT

1.1 Description of Experiment
Previous studies in LSII compared tearing and nontearing

formatior, in a coil arrangement vhich included passive mirrors
and auxiliary cusp coils[l]. The present studies use a strai~ht
coil (0.35 m radius, 2.0 m length) without passive mirrors; in
this case, the cusp coils promote nontearing formation and
provide mirror fields to inhibit axial driftii:g. This
arrangement increases the length (from 1.3 to 2.0 m) and the
length-to-diameter ratio (from 1.7 to 2.9) of the uniform field
region. It also increases the implosion electric field from 28
to 33 kV/m. These changes tend to produce more elongated FRCS,
but in all cases the axial equilibrium of the FRCS appears not
to be influenced by the mirror fields. The FRCS are formed
using a deuterium static fill varying from 2 to 10 mtorr, a tritis
field varying from 0.05 to 0.10 T, and preionizatiori consisting
of a zero-crossing ringing -pinch discharge aided by a 10 HHz
RF generator.

1.2 Lov-Density FRC Confinement Studies
The best confined FRCS in FRX-C/LSM are formed using fill

pressures of 2 + 4 mtorr. Equilibrium parameters have the
typfcal range fi = 0.5 +1.2 x 102) m-3, (Ti ‘-Te~’~4”+1~01~ 4~0
eV, B . 0.35 + 0.55 T, separatrix radius r
t rapped flux - 3 + 5 mWb, s parameter - 1. 5+2.;, (1 ri”l.8m:
●nd <l!D = 0.9. Confinement times for particles, ?lux, and
●nergy of ~

a
< 250 US, T

t

< 270 us, ●nd ~E < 100 us are obtained
by fitting ata from CO1 ections of similar discharges.

For 3-artorr low-field (B - 0.39 T) conditions, the electron
temperature at the field null was measured try Thomson .scatterj,lg
to be 140 ~ 20 eV duting the equilibrium phase. This
temperature ●xceeds the values obtained at similar magnetic
field in smaller FRCS[?] (RWIOO eV) and also the prediction o!
an open-field line thermal conduction mcrdel[3] (/0}80 eV).

The palticle confinement has been cnmpa~ed vith n frnm~pot t
nrodel [4] based rrn lover hybrid dxitt “II’!) lesist{vlt 1,,1
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2 + 3 attozr FRCS, TN exceeds the LHD prediction by a factor
1.5 + 2 while for 4 ❑torr the measurements fall below the LHD
prediction. The inferred[2] flux confinement has been compared
with ❑odels based on classical perpendicular resistivlty. FOK
2 + 3 mtorr FRCS, the prediction exceeds the measured T, by a
factor 10 + 20; for 4 mtorr the anomaly is 15 + 50. These
anomaly factors are larger than the values 3 + 7 usually
observed in smaller FRCS[5].

A zero-dimensional power flow analysis[6j was performed for
the 3 mtorr low-field conditions (Table I). The major loss
channel is particle convection (5/2 kT per particle), accounting
for about 70% of the total losses. The remaining part of the
energy 10ss appears in the ●lectron channel and probably
represent anomalous cross-field thermal conduction. In
compa~ ison vith the power flow analysis of smaller 5 mtorr FRCS
in FRX-C[2] with similar collisionality, both the convection and
conduction channels shov an improvement in confinement by a
factor 3.4. Of this improvement, one might ascribe a factor 1.9
to the increase in rzt~io, a factor 1.4 to the x scaling
predicted by LHD t~eory, and tk.e remaining factor 1.5 to other
improvements for the LSM conditions.

1.3 FRC Formation Studies
The three most important experimental parameters affecting

FRC formation in LSM are the fill pressure, the strength of the
bias field, and the timing of the ringing theta-pinch
preionization. The effect of these parameters vas observed by
using ●n axial array of side-vieving interferometer chords to
monitor axial contraction strength, an end-vieving visible
(500+600 nm) framing camera vith 0.2 VS exposure time to monitor
azimuthal symmetry during the preionization and formation up to
the axial contraction, and the usual excluded flux diagnostic to
moni tor

‘+
and TE during the equilibrium as a measure of the

quality of formation. Recently, an ●rid-viewing soft x-ray
pinhole camera with 2 us ●xposure time has been used (in
collaboration vlth E. A. Cravford[7]) to monitor azimuthal
symmetry of the TP > 20+30 ●V plasma after the radial implosion.

At preionizatfon timings for vhich good confinement could be
obtained, ❑easurements of the axial variation of the
line-integral density distribution indicate that the density
profile is relatively unfform at the start of formation.
Visible framing photographs show a current shenth which iS

fairly symmetric azimuthally for all conditions, exhibits radial
oscillations, ●nd appears to be leaning on the inner wall of the
quartz vacuum chamber at the best formation times.

For 10V fill pressures, a transition from good to bad
ccmfineaten t occurs as the bias field is raised and an axial
shock occurs during formation. The correlation of th~ llXitl]

shock , as ❑easured by a normalized minimum elongation pa~nmete[
at peak axial contraction, vith degradation in flux confinement t
is illustrated in Fig. 1, which also includes datn flom eaIlieI
axial contraction studies in FRX (;[8]. The onset o f nx{nl
shocks is obsetved at lower bias f~eld than in the smalle~ FRX (:
experiments. This hehnvioI- fS tQlfIted t () tdUred tadial arl(i
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resj.stive heating during the radial implosion and compression
because of the increased size in FRX-C/LSH[9].

The separatrix shape of the low-fill-pressure FRCS, as
observed with the x-ray camera, tends to be azimuthally
symmetric or exhibit low toroidal mode number, low amplitude
asymmetries. During the equilibrium, an on-axis intensity
minimum is usually observed in the better FRCS (Fig. 2(a))
similar to the TRX visible continuum measurements described
latet in this paper. A wide variation in confinement is
observed for FRCS which exhibit similar degrees of asymmetry.
However, these asymmetries tend, on average, to correlate with
degradation in confinement. The correlation is similar for
asymmetries observed during formation or during the equilibrium.

For fill pressures ●xceeding 4 attorr, consistently good
confinement could not be obtained. Betveen 4 and S mtorr, gross
asymmetries begin to appear folloving the radial implosion. The
asymmetries are characterized by large toroidal mode number and
amplitude and suggest a fluting instability. At 5 mtorr sharp
spikes are observed on the separatrix, especially at high bias
(F’iq. 2(12)); these features become less pronounced at higher
fill pressure. The behavior of the axial contraction also
changes at these fill pressures. FRCS formed at 5 mtorr always
contract strongly (transient minimum elongation ~md < 2),
regardless of bias field, and the confinement is always poor.
In PffrtiCUlart very shot-t trLInSietIt elOtIgat~OnS (~md < 1.5) are
observed at low bibs field (<0.05 T) under conditions for which
only a veak-to-moderate axial contraction is ●xpected based on
the predictions of a formation model[9] vhich correctly predicts
the onset of axial shocks In the 2 + 4 mtorr data.

~md varies greatly fOr

At 10 mtorr,
a given bias field as a result of

variations in the amount of bias flux remaining after the
preionization. The variation of T, with ~md is similar to that
of the 2 + 4 mtorr FRCS, except that consistently good
confinement Is not observed for veak axial contractions.

1.4 Discussion
FRC confinement and reproducibility has improved considerably

in thr present coil geometry in comparison vith previous LSM
resultsjl]. Since the largest hardvare change was the increase
in coil ●longation, this improvement suggests the importance of
forming FRCS vith sufficient elongation and ●voiding interaction
of FRCS v!th mirror fields. The best FRCS in LSH have particle
confinement up to tvice the prediction of LHD transport theory.
These FRCS ● re sufficient in ●ll respects for heating to Ti ~ 1
keV in high-power magnetic compression experiments during
1989-90. However the flux confinement in LSM shovs larger
resistivity ●nomalies than in smaller FRCS. The 4 mtorr data
repreeent the beg$nning of a transition to irreproducible or
generally poor formation observed at higher fill pressures. The
degradation Ji particle confinement in conjunction vith reduced
flux confinement in the 4 retort case is consistent vith the
general pattern in FRCS that TN f T+.

Formation studies in LSH have identified tvo mechanisms for a
transition from good [o bad confinement. At low fill ptessutes,
the onset of an axial shock as the bias field is increased
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correlates well with degradation in flux confinement, as
previously observed in FRX-C. Axial shocks degrade confinement
in FRX-C/LSll in spite of three improvements over formation in
FRX-C: nontearing formation, higher viscosity, and optimum
timing of the axial contraction at peak field. The axial
contraction limitation is ❑ore severe in LSM because of reduced
radial and resistive heating that accompanies the increase in
radial dimension. At high fill pressure, gross fluting of the
separatrix is observed prior to the peak of the axial
contraction and axial shocks are unexpectedly difficult to
avoid. Further work is needed to understand these phenomena and
to assess the relationship (if any) betveen fluting and axial
shocks .

2. EXPERIMENTAL STUDY OF FRCS AT LARGE S

FRCS have been predicted in numerous calculations to be
unstable to the internsl tilt mode[,lO] (ITH); yet FRCC have been
found experimentally to persist for many HHD growth times[ll]

(~MHD EI length/2vA). Ion kinetic effects have been calculated
to considerably reduce the grovth time v!]en the effective number
of internal ion gyroradii, represented by the parameter s, is
small[l]. For all previously reported FRC experiments, s vas
less than or equal to 2, and the observed configuration time,
which vas governed by the flux decay rate, vas never more than
several kinetically adjusted grovth times. It vas possible, by
operating ths TRX experiment[12] at Spectra Technologies,
inc. veil beyond its normal parameter space, to form FRCS at
much higher values of s. This operation included use Gf high
bias fields, high fill pressures, hydrogen rather than
deuterium, and low final fields. Normally formation was
impossible under these conditions due to severe implosion
dynamics, but nev improved operation techniques, such as high
order barrier fields to symmetrize the implosion and reduce
impurities, alloved high flux, cold FRCS to be formed in a small
radius device. All of the above factors tend to increase s.

The cold (Ti = 100 eV), high flux (tp- 2+4 mWb) FRCS formed
under the above conditions experienced ex~reme axial dynamicsv
and did not exhibit the extremely favorable ltf~tirn~ scaling

vith s noted vith hotter, more gently formed FRCS[ll] but they
appeared to be grossly stable. The configuration lifetimes of
about 100 usec vere sjmilar to those of the lower s FRCS , and
the flux lifetimes ranged from 40 to 110 usec, with no clear
dependence on s. The lack of continued lifetime improvement
vith increasing s could reflect either the increase of
collisional resistivity at the lover temperature, or an increase
in MHD activity.

It is significant that these cold, XHD-l~ke FRCS survive as
long as they do, since the internal tilt mode is predicted to he
such a virulent instability. The measured flux lifetime T

~~;
normalized to the calculated tilt growth time, adjusted .
kinetic ●ffects, Ttilt [1], is plo!ted on Fig. 3(a) versus .s.
FRCS are observed that survive for ovex ten predicted growth
times, even vhen kir.etic corrections nr~ W34P to the calculated
internal tilt growth rate.
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The internal tilt mode is difficult to diagnose, especially
during its early phases, since internal magnetic probes cannot
[~e used. A non-perturbative diagnostic involves the use cf
end-on visible continuum radiation, vhich has been found to be
❑ore sensitive than end-on interferometry. Post processing of
numerical equilibrium calculations shows that an annular profile
is characteristic of a veil formed F’RC, and we have made use of
this fact in previous evaluations of successful formation[ll].
Experimentally (and mmerlcally), this annular profile becomes
tore pronounced as s increases, eventually reaching a profile
such as shovn on Fig. 3(b). A 3-D numerical code vas used to
follow the development of the internal tilt of an tiHD plasma
[13], and post processing of those calculations shows the
annular profile to disappear vith the development of the tilt.
Once annular profiles vere observed experimentally, they were
not observed to disappear, and the FRCS were not observed to be
suddenly destroyed.

Previously, vith less optimal formation techniques, FRCS
could only be formed on TRX with s values up to 2. Wit:) the nev
formation improvements, annular appearing FRCS could be formed
on TRX with s values up to about 4. The lack of successful
formation at higher values of s could be attributed to ●ither
excessive dynamics (formation ~roblem), or an exceedingly rapid
tilt rate, perhaps aided by initial asymmetries. In the recent
experiments, plasmas with inferred s values beyond 5 could be
formed that had reasonable lifetimes (many axial flov times).
However, these plasmas had a flat end-on radial intensity
profile, and could not be called ‘veil-formed’ FRCS .
(Normalized decay rates are also shown for these plasmas on
Fig. 3(a))

The present experimental results at high s indicate that the
observed FRC stability may not be explained solely on the basis
of ion kinetic effects. Numerical and analytic vork is
proceeding on other stabilizing mechanisms, such as plasma
rotation or separatrix shaping. The final vork must awa i t the
completion of a large s experiment, vhich will be capable of
forming both high s and hot plasmas in a large radius device.

3. SLOW FORII!ATIQN (IF MN!!M!! Fftcs IN ‘U” ‘in’”X”’ “......-A11Z4buns AL Simv auuRLB

The CSS experiment at tke University of Uashfngton was
desiuned to create ‘annlllar FRCS” (AFRCS) on a diffusive time
scale ●nd at voltages of 1/10 to 1/50 of those used in
conventional FRc generators. It produces closed-line
poloidal-field-only plasma in the annulus betveen concentric e
coils l-m long, vith diameters of 0.12 and 0.42 m. The CSS vas
first operated vith an effective risetime of 26 ps [14], while
the loop voltages remained < 2 kV, and the preionization system
and diagnostics vere upgraded. With this new system,
configuration lifetimes at fill pressures of 20 mtorr increased
from 40 to 80 Vs. Since the Alfven speeds in the plasmas which
are produced have remained about the same, this indicates that
plasma termination does not result from MHD instability. The
CSS ptoduces AFRCS over a range of pressure from < 4 to ~ 80
miorr, w~th typical trapped flux values of 6-10 mWb. Figure 4
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shows traces from Bz probes at the midplane near the inner and
outer coils for a range of filling pressures and constant
voltages. It can be seen that following the initiation of field
reversal there is a ‘pressure-dependent dynamic phase, dur~ng
which the waveforms show effects of both radial and axial
motion. This is followed by a quasi-steady period with edge
fields of 0.15 to 0.20 T. Plasma termination begins about the
time of crowbar-induced wall contact, and its suddenness appears
related to the thermal diffusivity.

In contrast to conventional FRCS, the separatrix in the CSS
is not associated with a given flux surface, but moves from one
to another as flux is supplied from the inner coil, creating
nested near-vacuum flux surfaces surrounding the plasma. The
inner flux surfaces contract tovard the null, while the x-points
move toward the coils ends and remain there.
Thomson scattering 2~t-3f3a:;0&shows very high density (> 10 m
electron temperature (= 7 eV) near the null at the time of peak
field, = 25 MS. This indicates very strong axial and radial
compression of the

4
nner, plasma-carrying flux surfaces. For

weak curvature, Bz is proportional to the plasma pressure (at
the reversal layer). The temperature is probably clamped by the
carbon radiation barrier, as less than .2X C could be needed to
balance the Ohmic input pover for these conditio
subsequently re-expands ~ 5X ~()~f~-3Th~ndp~~~~~to about ne = .
to T = 20 eV, vhere it may be limited by an oxygen’

f
radiation

barr er. The postulate T. = Te
i

is consistent vith both the
calculated electron-ion equ l~bration rate and the external
field.

The resistivity inferi-sd from a simple analytical model of
the flux balance is about 1.5 x 10 ‘4 Q-m, which is roughly 4
times classical for 2=1. Later in a given disc~arge the
transport appears to improve. From Fig. 4 it is clear that the
resistivity, which is reflected in the value of B achieved at
the plasma edge, is somewhat lover at high fill pressures than

at 10~)2-~:3?~
rect contrast to classical predictions, for vhich

R.h:-
h- . The observed behavior scales more nearly as

~iff!~j~~i---.=.::, ~: =1s0 acCu:diiig tfi a mldel by xi~l~ based cm
high @ low frequency instability theory[15]. This scaling tends
io be confirmed by numerical moaeiiing using a two dimensional,
one temperature formulation vith various transport models~16].

In conclusion, the CSS has satisfied its technological goals
of producing FRCS at very low voltages and on S1OV time scales.
Relatively 10V pover input to the plasma leads to strong axial
contraction, which in turn leads to severe radiation losses and
holds the temperature dovn. The observed resistivity is several
times classical for the 20 mtorr cases.
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Table I. Zero-Dimensional Pover Flow Analysis for 3 mtorr FF!CS

.

‘P ‘P ‘CP ‘Q ‘ei ‘C ‘nc

Ions 6.1 -57 11 3 -27 44 u
Electrons 2.7 -12 5 2 27 20 27

E = thermal energy, Pc = compression power, PQ = ohmic power,
PP

A
~ Lc=convectior, losses, Lnc= lossesequilibration PO er,

o! e: than particle convection (energies in kJ, powers in W).
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FIGURE CAPTIONS

Fig. 1. Variation of flux confinement time ‘+
in FRX-C/LStl

(r coil = 0.35 ;,]) and FRX-C (rCoil = 0.25 m) vith inverse shock

strength as measured by the minimum elongation of the jndQ

profile, ~md P normalized by an estimate of the initial

elongation CH. The confinement times are plotted vith different

ordinate scales to remove the r~oil dependence.

Fig. 2. End-vieving x-ray photographs of the FRC separatrix

shape for (a) optimum 3 mtorr conditions at t = 41 PS and (b) 5

mtorr conditions at t = 6 Ms.

Fig. 3 (a) T$ normalized to the tilt grovth time ~tilt vs. s (s

is average of first 20 ps). Discharges in D2 are denoted by +

and in H2 by squares. (b) Fxially integrated emission profjles.

Numerical results are for a non-tilted FRC under similar

conditions as in experiment.

Fig. 4. Bz VS t near the outer (upper curves) and inner (lower

curves) coils at the CSS midplane. Numbers on curves are

filling pressure in mTorr.
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