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Drift Motion of Field-Reversed-Configuration Plasma across a Curved Magnetic Field
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We report the first observation of the behavior of a field-reversed-configuration (FRC) plasma
translated into a curved magnetic fidkl,.. The FRC shows a unique behaviorky,.. The plasma
splits into two parts: one is a bulk plasma confined in a field-reversed magnetic geometry, deflecting
strongly acros$B.,, despiteBz (the ratio of directed to transverse magnetic-field energy density)
the other is probably a peripheral plasma outside the separatrix, propagating rigidlyBalpngThis
motion of the FRC may be due # X B drifting, rather than displacement of the vacuum field by
diamagnetic currents. [S0031-9007(97)02700-2]

PACS numbers: 52.30.—q, 52.55.Dy

There are many experimental, theoretical, and comsplits into two parts in the curved magnetic field. One
puter studies of cross-field plasma propagation in severas a bulk plasma confined in the field-reversed magnetic
research areas such as the penetration of solar wind inggeometry. This bulk of the FRC does not go straight,
the geomagnetic field [1], active releases of plasma ibut strongly deflects into the directioropposité to the
the magnetosphere [2], laser-plasma expansion againsénd of the curved magnetic field despge > 1. The
a magnetic field [3], plasma-beam injection into a mag-other is a plasma withou®, reversal, propagating along
netic containment device [4,5], and, recently, plasmahe curved field lines. Another feature of experiments
heating in tokamaks by injecting an intense plasmas that for a plasma beam having no closed flux lines
beam [6] or spheromak [7] in the high-beta liniffz = in the same apparatus, the plasma beam does not also
plasma directed energy densitsansverse magnetic field continue an undeflected straight motion, but travels rigidly
energy density> 1). Generally, the magnetic field does along the curved field lines. This implies that the
not restrict the plasma motion. In th@g > 1 limit, polarization electric field which should be established
for the case of the plasma beam that is not confinedhside the plasma beam has been short-circuited by some
inside closed magnetic flux lines, the magnetic field isdepolarization current. These results, therefore, suggest
pushed aside, stretched, or squeezed by the plasma be#imt no polarization electric field may be short-circuited
until the field has diffused. Then the field penetratinginside the separatrix of the FRC, even when the field
into the plasma deflects positive and negative speciesutside the separatrix is short-circuited.
in opposite directions causing a transverse polarization Data are obtained in the FRC Injection Experiment
electric field, which allows the plasma beam to continug(FIX) machine. A detailed explanation of the machine
an undeflected X B motion across the magnetic field. is described in Ref. [11]. The FRC plasma is formed in
However, the plasma moves along the magnetic fieldhe theta pinch (at = 50 us) and continuously translated
when the polarization electric field is short-circuited byinside the adjoining metal chamber with axial velocity
some depolarization current [8]. On the other hand, fors, of about10° m/s. Then the translated FRC passes
the case of the plasma with closed flux lines, there ar¢hrough the midplanéz = 3.4 m) atr ~ 80 us. Plasma
as yet no experiments except for the spheromak-tokamatensity n and pressure balance temperat@ite+ T; of
interaction [9]. the translated FRC in this region afe~ 7.0 X 10 m™3

A field-reversed-configuration (FRC) plasma [10] isoneand 7, + T; ~ 60 eV, respectively. A pair of saddle
of the compact toroids, witB) ~ 0.9, where(B) is the  shaped transverse field, coils, 0.6 m wide and 0.6 m
volume averaged plasma beta. Hegtas defined as the long, is installed at each side of the metal chamber,
ratio of the local plasma pressure to the external magnetia.5 m upstream(z = 2.9 m) from the midplane. The
field pressure. Most of the plasma is confined inside thexial guide field B, applied here is produced by a
separatrix of the field-reversed magnetic geometry by onlgolenoid that has a 1.04 m inner diameter. The strength
a poloidal magnetic fiel@,. This fieldB, is generated by of B, being uniform over the length of 3 m, is fixed
a plasma diamagnetic current that flows exclusively in theo —400 G in these experiments. Figure 1 shows a
toroidal direction. An externally applied vacuum magneticschematic drawing of curved magnetic field lines in the
field insulates the FRC from a chamber wall. vacuum in the case whe® andB, are —400 and 70 G,

We report the first observation of the behavior of therespectively. An array of 10 quartz tubes (6 mm o.d.),
FRC injected into a curved magnetic field. The valueseach of which contains 10 magnetic probes, is located at
of Bg are about 50, thus the so-called high-beta regim®.2 m downstream(z = 3.1 m) from the center of the
in beam propagation studies [4]. The translated FR@, coils. Each probe in a quartz tube is spaced every
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Axial field (Bz) coils  Transverse field (Bx) coils Metal chamber of the solenoidal fields. One notes for the casepf=
'\' A \\- T 70 G [Fig. 2(c)] that the strongs, reversal considerably

— — I deflects to the right-hand side. For tBe = —70 G case
04 E— N— 1 YI_)Z [Fig. 2(a)], on the other hand, the signal®f deflects to

_4«_\\\(&—“—_ the left-hand side. As seen from the schematic drawing

T 7 — <m of field lines shown in Fig. 1, such deflected direction
- 00 =2 oo of the translated FRC is the opposite in which the field

-—_‘\_(’_— Gamars is curved. In other words, the translated FRC positively
—-4—__.__‘___‘__‘

propagates across the curved field, and never goes straight.

-0.4

o a— : -
The values of the opposite deflection are evaluated to be
[ widplmey about 15 cm for theB, = =70 G cases. This opposite
24 29 | 34 f deflection of the translated FRC was promoted more in
Probe array CO2 laser . . .
interferometer applying stronge, to the plasma, plasma crashing into
z(m) the vacuum chamber wall was observed as the most violent
FIG. 1. Schematic drawing of a curved magnetic field in thecase, although the value gfz was still greater than unity:
FIX for B, ~ —400 G andB, ~ 70 G case. The solid lines Bz ~ 5. As seen from the data plotted in Figs. 2(a) and

js,how curved magnetic field lines. Note that the directio® of 2(c), the observeﬂp signals in the curved region are no
is opposite to that of axis. longer axisymmetric. These extend horizontally, which
may indicate that the FRC expands to the direction of the
4 cm, which measures one field component on a givetransverse magnetic field.
discharge. These 10 tubes are suspended with an intervalln a series of experiments, a plasma beam having
of 4 cm, parallel to they axis, except for the middle of no closed flux lines (named “non-FRC plasma”) is also
the array where two probes are spaced 8 cm apart. translated into the curved magnetic field. The non-FRC
Substantial deflection of the translated FRC is observe produced with the same procedure as the FRC except
when B, is applied. This is illustrated in Fig. 2, which that the negative bias field is not applied at the formation
shows end-on 2D contours &, on three differentB,  phase. Considerable distinction of the motion between the
conditions:B, = 0,70, and-70 G. Values ofB, aretime non-FRC and the FRC is clearly visible in the series of
averaged for 1Qus. For the case a8, = 0 G shown in  para-axial, end-on framing pictures shown in Fig. 3. One
Fig. 2(b), strongB, reversal appears near the machine axisiotes from the photographs betwees- 85 us andr =
where(x,y) ~ (—0.06,0). Assuming that the translated 105 wus in Fig. 3(a) the bulk of non-FRC (white parts in
FRC is entirely cylindrical (dashed circle), one estimateghose pictures) certainly moves to the left-hand side, and
the separatrix radiug; to be about 18 cm, which is then impacts against the chamber wall. In other words,
approximately consistent with the value of the excludedhe non-FRC travels rigidly along the curved magnetic
flux radiusrag; rae is calculated to be 16 cm [11]. One field, which is entirely contrary to the result of the FRC.
notes that the translated FRC shifts slightly to the negative One notes from Fig. 3(b) for the case of the FRC that
side of thex axis, which has always been observed in thewo distinct plasmas are recognized between 75 us
FIX translation experiments [12]. The reason of this shiftands = 105 us. Magnetic probe signals at the same shot
remains unknown, but probably by possible asymmetryevealed that the plasma on the right-hand side retained

-Bz (X100 G)
y (m)

x (m) x (m) X (m)

(a) (b) (c)

FIG. 2. Contour plots of-B, for z = 3.1 m at (a)B, = —70 G, (b) B, = 0 G, and (c)B, = 70 G cases. Dashed circles show
an approximate separatrix shape for mocase.
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Quartz tube
Probe array
Metal chamber

TABLE I. Nominal plasma parameters on the FIX.w;
and (); are the ion plasma frequency and gyrofrequency,
respectively. Parameters computedfgr= 70 G and the non-
FRC plasmaf, + T; = 20 eV.

FRC plasma non-FRC plasma

Configuration Closed field Opened field
ERC Plasma species D* D*
plasma n~n, ~m (m>) ~7.0 X 10" >9.0 X 10'8
v, (M/s) ~1.2 X 10° ~1.3 X 10°
Bel= 3pv?/(B2/2p0)] ~50 ~35
g[=1+ (g)] ~5.2 %X 10° ~5.6 X 10°
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for vacuum, and ion Larmour radius defined a8 =
v./Q;(= m;v,/eB,), respectively. Therefore it was ex-
pected that the non-FRC plasma continued undeflected
straight motion due to eithd X B drift or displacement
of the vacuum field by diamagnetic currents [5] or, at
the most, deflected to the opposite direction in which the
field was curved due to seconddtyx B drift [5]. How-
ever, the non-FRC plasma certainly keeps on the curved
field lines and then impacts against the vacuum chamber
wall. This indicates the existence of some short-circuiting
mechanism for the non-FRC plasma. Although several
paths, along which the depolarization current flows [8], can
be considered, widely-known end-shorting in a theta pinch
[15] may give a reasonable explanation, since a sufficient
[ n.dl signal has been observed in the theta pinch even
when the bulk of translated FRC has reached the curved
(b) field region.
FIG. 3. Typical para-axial, end-on framing photographs for The result for the non-FRC plasma propagating rigidly
B, = 80 G case of (a) non-FRC plasma and (b) FRC plasma. along the curved field lines suggests that, in the FRC
plasma case, the expected polarization electric field out-
strongB,, reversal. On the other hand, the other plasmaide the separatrix has been short-circuited. Inside the
on the left-hand side had no reversed field, in other wordsseparatrix, on the other hand, the polarization electric
had no closed flux lines. From the facts described abovdield may have been established and not short-circuited.
we conclude that the plasma on the left is separated fronfihis can be supported by the fact that the translated FRC
the bulk of FRC and then travels rigidly along the curveddeflects strongly to the opposite direction, in which the
field lines in just the same way as the non-FRC plasmanagnetic field is curved, and such an opposite deflection
shown in Fig. 3(a). Data similar to such splitting behaviorhas been promoted more in applying strongegrto the
in Fig. 3(b) were also obtained whe®, was negative. plasma. In other words, substantial longitudinal velocity
In those experiments, the bulk of FRC and the separated, across the curved field has originated inside the FRC
plasma from the bulk deflected to the left- and the rightdinjecting into there. If this cross-field propagation of the
hand side of the machine axis, respectively. FRC is due to displacement of the vacuum field by dia-
The above behavior of the non-FRC plasma has probmagnetic currents, the plasma should either go straight,
ably been caused through the short-circuiting of the polarbecause the value @8g is much greater than unity and
ization electric field [8]. Support for this conclusion comesthe transit timeAz for the FRC through the curved region
from the plasma parameters listed in Table I. The value ofs about 4us too short to deflect so strongly, or propa-
B of the non-FRC plasma is also much greater than unitgate along curved magnetic field lines. Therefore the pro-
(Be ~ 35), moreover, both values of the dielectric con-duced polarization electric field and the poloidal field of
stante and the plasma density also satisfy each critical the FRC may have caused the plasmaFto< B drift
value to produce a sufficient polarization electric field in-across the curved magnetic field.
side the plasma beam; the requirement in our experiments The above possibility of the existence of the polar-
is thate > (m;/m.)"/?> ~ 60[13] orn > {(m;/m.)"/* — ization electric field can be provided by the measured
1}equ.B./ep; ~ 7.7 X 10> m~3 [14], wherem;, m., €9, magnetic field profiles ofB.(y) and B.(y) shown in
and p; are ion mass, electron mass, dielectric constanEig. 4. These are measured simultaneously for the case
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[18], one estimate$ ~ 0.17 cm for n/uo ~ 1.1 m?/s
andAr = 4 us. For the non-FRC plasma, on the other
hand, almost equal value & is also obtained from the
data:6 ~ 0.37 cm for n/uo ~ 5.4 m?>/s. Nevertheless,
for this case the applie®#, has penetrated deeply inside
the bulk of non-FRC, which is similar to those observed
in intense ion beam experiments [19]. The difference,
therefore, may be attributed to whether the magnetic field
configuration is closed or not.

In summary, FRC plasma formed in a theta pinch is,
for the first time, translated into the curved magnetic field.
The translated FRC splits into two parts, and the bulk
of FRC havingB, reversal deflects strongly across the
curved magnetic field. Although the data sugdésk B
drifting as a possible mechanism, theoretical modeling is
required to conclude it confidently.
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