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FRC Studies on FRX-B

W. T. ArmstronE, J. C. Cochrane, J. Lipson, R. Y. Linford, K. F. McKenna,
A. G. Sgro, E. G. Sherwood, R. E. Siemcn, and M. Tuszewski

Introduction
Recent experimental studies of Field-Reversed Configurations (FRC) oll the

FRX-B1 device have included 1) character:?ation of FRC formation with regard to
loss of bias flux, 2) examination of FRC equilibria through separatrix
profiles, 3) formation of r’RC’s with different end-mirror configurations, and
4) extension of FRC parameter range. Studies on loss of bias flux during the
pre-ionization (PI) phase of FRC formation are presented in another paper
dedicated solely to PI considerations. 2 Loss of bias flux during the reversal
phase of FRC formation is reviewed in the first section of this paper. use of
barrier fields during the reversal phase to enhance trapping of bias flux is
included in the third section of this paper. In addition to barrier field
studies, results from different mirror configurations are also discussed in the
third section. A critical diagnostic for interpretation of the results from
the different machine modifications is the excluded-flux probe array. Analysis
of excluded-flux measurements to obtain the FRC separstrix profile is described
in the second section. Finnlly, preliminary results of FRX-B operation in an
extended range of plasma parameters is briefly discussed in the fourth section.
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heating) was employed. The initial conditions we-z an electron temperature of

4 eV, 100% ionization, and +,/$0 = 0.5. Though the detailed results for the
simulation with Chodura resi~tivity diverge somewhat from the data, the end
l~alue of $1/$0 is similar. The inadequacy of classical resistivity to recover
the final observed .$l/$O suggests that the resistivity ❑ust be anomalous during
this time. There are preliminary indications from the computer aiimulations
that Oi/$o evaluated at the peak of the external field is bigger for larger
bias fields. Hence, a substantial improvement in $1 may be possible for
operations at larger bias fields.

Separatrix Profile from Analysis of Excluded Flux Measurements
At each of nin stations along the FRX-B coil, the excluded-flux radius

172 is obtained with flux loop ($.) and BU probe (Bp) data.
‘A $ R rp(l+ /mr2B )

g g p are 10cated ::ai;ab;:di::errp;he ::t;;:luded ‘lUX ‘adius
These diagn sti s
profile, ‘A+ (z) 9 is therefore . length of the
theta-pinch coil. In general, ‘A$(z) differs from the sepuratrix profile
: (z). The latter profile is important sin e it gives the dimensior,s of the
F~C equilibrium. A numerical procedure 5 has been developed to determine a
separatrix profile consistent with the rA Plasuti oressure on open field
lines is neglected and constant flux is ~s$~~; at the Ir,,er coil surface at a
given time.

We ~ive in Fig. 2 numerical analysis results for a typjcal shot frum past
data.l The separatrix profile (solid 11,,=) [Ind the correspondingexperimental

excluded-flux radius profile (dotted line) are shown in Fig. 2P along with the
five experimental values of rA$ (circles) nvailable frOm StatlOnS on half the
coils In Fig. 2, rs(z) corresponds to a nrobable smooth profile. Several

are consistent with tile experimental data since, as was shown
~;;~;;~;;;~~’ the excluded flux array can only resolve fe~tures of the
separatrix that have a scale length greater than about a coil radius.

FRC Behavior for Different Barrier and Mirror Field Geometries
Studies of FRC formation have been performed utilizing different barrier

and mirror field geometries with a variety of main field amplitudca. Table I
briefly summarizes the different configurations and the FRC behavior observed.
Referring to Table I, case9 (1) and (2) had a SOlid, main coil (100 cm lonR
with n 25-cm id) which passively produced 10% mirror fields at each cnd of the

coil. cases (3), (4), and (5) employed an .nzimuthnlly-slotted main coil
(100 cm long with a 22-cm id) which i~ad no passive mirrors. The coil was
slotted to allow application of an octopole bnrrlcr field from an azimuthal
array of lonfjitudinnl conductors. ~n addition to the blotted main coil and

barrier field cofl~, case (3) filso utilized independent ❑ irror coils at both
ends of tllc milin coil,. These mirror coils produced a peak, on-axis field of
-11 kC during the rise of the main fi~ld. Furthermore. a “non-zero-crossing, ,B2

theta-pinch PI was used in critics (2), (3), and (5) where large bia~ ficld~
(--3oO kC) complimented the high BmL\ opcrutions conventional
“xcro-crosafng 112 theta-pinch PI was URCti With the lllO(!CSt ;filf3 field levels
(-’2.3 kG) in case:] (1) and (4)0 A D2 fill nt 17 mtorr was UEICd in all C~HCH.

Removal of passive mlrroru with the instnllntfnn of bnrricr COILH rcMulted
in FRC’S which ~uff~,d o rupld decay (10 to 15 us lifatjmes). Und-on fr~mf,ng
pictllrcs indlcotcd tho confi~ur.tion Wil14 ofto!l flrwsly turbul.cnt {Ind died
crruticfllly. The n-2 rotatinnn]. ill~tlll)ility wus ul)Hmt. TIIc ~40rt pla~ma
Iifotim(! nppo:lr!+ to bc a~~octilted with tho production of o “poor” FRC
cquilibrin. Ilxcl.udorl-tlux meu~ur(!munt~ indicnt.(! thut tha FKC cquilibriurn hud n
lcn~th ccnnpnrublc to the c.J1l ‘.ongth, won irrq;ul..arly positioned ulong thu
axlu, and displayed n tcildcncy tu move nxLiIlly. Al)pliCattOll Of tllc indcpcndcnt
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during FRC formation [case(3)) resulted in equilibria more
centered in the coil. However, the equilibrium length was still
the coii length and the lifetime was still 10 to 15 IJS.

‘Though the slotting of the main coil and presence of barrier field coils
may contribute to the rapid decay of the FRC, the lack of conttnuo~s ❑irror
fields appears to be the most likely cause of the short FRC lifetime. The
absence of mirror fields allows longer FRC equilibria. Equilibria wirh lengths
comparable to the length of the coil may have several deleterious cffect~ on
the FRC lifetime: 1) field line divergence at the coil ends may induce Ret
axial drifts of the FRC, 2) contact of the FRC with the rold end region maY
result in rapid cooling leading to annihilation of the FRC, or 3) complete

field line reconnection msy n-wer occur.
The octopole barrier fields were produced by energizing a set of 16

longitudinal conductors. Connecting the conductors! in two different
arrangements maximized either the B or the Be component of the octopole field
geometry. Both modes were studied ;nd gave a similar result: a ❑cdest Increase
ifi the separatrix radius was observed at early times (-10% increase -5 us after
the main field initiation was ?ypi~ai). However, the effect of fncreased

excluded-flux radius on late--time FRC behavior was obscured by the short plasma
lifetime described above. Uae of the barrier field (case (4)) is illustrated
in Fig. 3.

Extended FRC P~rameter Range
Past scaling stuciles of FRC parameters employed a blaa field of -2.3 kG o~ld

maximum main field of -9 kC (case (1), Table 1). These field values and
associated conventional PI technique limited the formation of FRC’S to a D
fill pressure ranee of 5 to 22 mtorr. Recent studies with a bias field o f
-3.0 kG maximum main field of -13 kG and “non-zero-crossing”

)

PI (case (2),
Table I have extended FRC formation over a range of fill pressure from S to 50
rotor;. Similar FRC behavior ia observed as in the previous operation:
1) separatrix radius is -5.5 cm, 2) atable period scales approximately linearly
with fill pressure up to ’50 IJe, and 3) n-? rotational instability terminates
the FRC. The increase in main field generally increased T, such that only a
modest increase in R/Pi is observed (PI is the vacuum ion gyro-radius). The
modest increase in stable period over the previous study (-15%) appears
consistent with a scnling af stable period with R/Pi. Mgreover, the stable
periods appear to be very Insensitive to the rather large lncreascs in Ti at a
~iven R/Pi (an increase in Ti of A 2.5 is typical).
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rig. 1. $li/$lo is compared between Fig.
experiment and simulation during the flux
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2. Measur~ments of the excluded-
radius vs z and the ass~ciated

rise of the main field. Thc dashed separatrix profile are compared.
and solid lines represent simulation
with classical and Chodura resistiv-

ity, respectively
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Fig. 3. Und-on frnming pictures .Irr
cnmpured for lmrr~cr field OpC?riltiOn

Wittl m~]ximivcd IIr (011 left) {111(1
maximized IJU (on ri@t). n] 1!
oHctllogrnm troces arc thu Imrricr

field (upper) and the main Uz flcld
(lowor).
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