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Drift Motion of Field-Reversed-Configuration Plasma across a Curved Magnetic Field
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Plasma Physics Laboratory, Osaka University, Suita, Osaka 565, Japan

(Received 3 July 1996)

We report the first observation of the behavior of a field-reversed-configuration (FRC) plasma
translated into a curved magnetic fieldBcur . The FRC shows a unique behavior inBcur . The plasma
splits into two parts: one is a bulk plasma confined in a field-reversed magnetic geometry, deflecting
strongly acrossBcur despitebE (the ratio of directed to transverse magnetic-field energy density)¿1;
the other is probably a peripheral plasma outside the separatrix, propagating rigidly alongBcur . This
motion of the FRC may be due toE 3 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
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There are many experimental, theoretical, and co
puter studies of cross-field plasma propagation in sev
research areas such as the penetration of solar wind
the geomagnetic field [1], active releases of plasma
the magnetosphere [2], laser-plasma expansion aga
a magnetic field [3], plasma-beam injection into a ma
netic containment device [4,5], and, recently, plasm
heating in tokamaks by injecting an intense plasm
beam [6] or spheromak [7] in the high-beta limitsbE ;
plasma directed energy densityytransverse magnetic field
energy density. 1d. Generally, the magnetic field doe
not restrict the plasma motion. In thebE ¿ 1 limit,
for the case of the plasma beam that is not confin
inside closed magnetic flux lines, the magnetic field
pushed aside, stretched, or squeezed by the plasma b
until the field has diffused. Then the field penetrati
into the plasma deflects positive and negative spec
in opposite directions causing a transverse polarizat
electric field, which allows the plasma beam to contin
an undeflectedE 3 B motion across the magnetic field
However, the plasma moves along the magnetic fi
when the polarization electric field is short-circuited b
some depolarization current [8]. On the other hand,
the case of the plasma with closed flux lines, there
as yet no experiments except for the spheromak-tokam
interaction [9].

A field-reversed-configuration (FRC) plasma [10] is o
of the compact toroids, withkbl , 0.9, wherekbl is the
volume averaged plasma beta. Hereb is defined as the
ratio of the local plasma pressure to the external magn
field pressure. Most of the plasma is confined inside
separatrix of the field-reversed magnetic geometry by o
a poloidal magnetic fieldBp. This fieldBp is generated by
a plasma diamagnetic current that flows exclusively in
toroidal direction. An externally applied vacuum magne
field insulates the FRC from a chamber wall.

We report the first observation of the behavior of t
FRC injected into a curved magnetic field. The valu
of bE are about 50, thus the so-called high-beta regi
in beam propagation studies [4]. The translated F
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splits into two parts in the curved magnetic field. On
is a bulk plasma confined in the field-reversed magne
geometry. This bulk of the FRC does not go straigh
but strongly deflects into the direction “opposite” to the
bend of the curved magnetic field despitebE ¿ 1. The
other is a plasma withoutBp reversal, propagating along
the curved field lines. Another feature of experimen
is that for a plasma beam having no closed flux line
in the same apparatus, the plasma beam does not
continue an undeflected straight motion, but travels rigid
along the curved field lines. This implies that th
polarization electric field which should be establishe
inside the plasma beam has been short-circuited by so
depolarization current. These results, therefore, sugg
that no polarization electric field may be short-circuite
inside the separatrix of the FRC, even when the fie
outside the separatrix is short-circuited.

Data are obtained in the FRC Injection Experime
(FIX) machine. A detailed explanation of the machin
is described in Ref. [11]. The FRC plasma is formed
the theta pinch (att  50 ms) and continuously translated
inside the adjoining metal chamber with axial velocit
yz of about 105 mys. Then the translated FRC passe
through the midplanesz  3.4 md at t , 80 ms. Plasma
density n and pressure balance temperatureTe 1 Ti of
the translated FRC in this region aren , 7.0 3 1019 m23

and Te 1 Ti , 60 eV, respectively. A pair of saddle
shaped transverse fieldBx coils, 0.6 m wide and 0.6 m
long, is installed at each side of the metal chambe
0.5 m upstreamsz  2.9 md from the midplane. The
axial guide field Bz applied here is produced by a
solenoid that has a 1.04 m inner diameter. The stren
of Bz, being uniform over the length of 3 m, is fixed
to 2400 G in these experiments. Figure 1 shows
schematic drawing of curved magnetic field lines in th
vacuum in the case whereBz andBx are2400 and 70 G,
respectively. An array of 10 quartz tubes (6 mm o.d
each of which contains 10 magnetic probes, is located
0.2 m downstreamsz  3.1 md from the center of the
Bx coils. Each probe in a quartz tube is spaced eve
© 1997 The American Physical Society
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FIG. 1. Schematic drawing of a curved magnetic field in th
FIX for Bz , 2400 G and Bx , 70 G case. The solid lines
show curved magnetic field lines. Note that the direction ofBz
is opposite to that ofz axis.

4 cm, which measures one field component on a giv
discharge. These 10 tubes are suspended with an inte
of 4 cm, parallel to they axis, except for the middle of
the array where two probes are spaced 8 cm apart.

Substantial deflection of the translated FRC is observ
when Bx is applied. This is illustrated in Fig. 2, which
shows end-on 2D contours ofBp on three differentBx

conditions:Bx  0, 70, and270 G. Values ofBp are time
averaged for 10ms. For the case ofBx  0 G shown in
Fig. 2(b), strongBp reversal appears near the machine ax
wheresx, yd , s20.06, 0d. Assuming that the translated
FRC is entirely cylindrical (dashed circle), one estimat
the separatrix radiusrs to be about 18 cm, which is
approximately consistent with the value of the exclud
flux radiusrDf; rDf is calculated to be 16 cm [11]. One
notes that the translated FRC shifts slightly to the negat
side of thex axis, which has always been observed in th
FIX translation experiments [12]. The reason of this sh
remains unknown, but probably by possible asymme
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of the solenoidal fields. One notes for the case ofBx 
70 G [Fig. 2(c)] that the strongBp reversal considerably
deflects to the right-hand side. For theBx  270 G case
[Fig. 2(a)], on the other hand, the signal ofBp deflects to
the left-hand side. As seen from the schematic drawi
of field lines shown in Fig. 1, such deflected directio
of the translated FRC is the opposite in which the fie
is curved. In other words, the translated FRC positive
propagates across the curved field, and never goes stra
The values of the opposite deflection are evaluated to
about 15 cm for theBx  670 G cases. This opposite
deflection of the translated FRC was promoted more
applying strongerBx to the plasma, plasma crashing int
the vacuum chamber wall was observed as the most vio
case, although the value ofbE was still greater than unity:
bE , 5. As seen from the data plotted in Figs. 2(a) an
2(c), the observedBp signals in the curved region are n
longer axisymmetric. These extend horizontally, whic
may indicate that the FRC expands to the direction of t
transverse magnetic field.

In a series of experiments, a plasma beam hav
no closed flux lines (named “non-FRC plasma”) is als
translated into the curved magnetic field. The non-FR
is produced with the same procedure as the FRC exc
that the negative bias field is not applied at the formati
phase. Considerable distinction of the motion between
non-FRC and the FRC is clearly visible in the series
para-axial, end-on framing pictures shown in Fig. 3. O
notes from the photographs betweent  85 ms andt 
105 ms in Fig. 3(a) the bulk of non-FRC (white parts in
those pictures) certainly moves to the left-hand side, a
then impacts against the chamber wall. In other word
the non-FRC travels rigidly along the curved magne
field, which is entirely contrary to the result of the FRC.

One notes from Fig. 3(b) for the case of the FRC th
two distinct plasmas are recognized betweent  75 ms
andt  105 ms. Magnetic probe signals at the same sh
revealed that the plasma on the right-hand side retain
FIG. 2. Contour plots of2Bz for z  3.1 m at (a)Bx  270 G, (b) Bx  0 G, and (c)Bx  70 G cases. Dashed circles show
an approximate separatrix shape for noBx case.
1917
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FIG. 3. Typical para-axial, end-on framing photographs
Bx  80 G case of (a) non-FRC plasma and (b) FRC plasm

strongBp reversal. On the other hand, the other plas
on the left-hand side had no reversed field, in other wo
had no closed flux lines. From the facts described abo
we conclude that the plasma on the left is separated f
the bulk of FRC and then travels rigidly along the curv
field lines in just the same way as the non-FRC plas
shown in Fig. 3(a). Data similar to such splitting behav
in Fig. 3(b) were also obtained whenBx was negative.
In those experiments, the bulk of FRC and the separa
plasma from the bulk deflected to the left- and the rig
hand side of the machine axis, respectively.

The above behavior of the non-FRC plasma has pr
ably been caused through the short-circuiting of the po
ization electric field [8]. Support for this conclusion com
from the plasma parameters listed in Table I. The value
bE of the non-FRC plasma is also much greater than u
sbE , 35d, moreover, both values of the dielectric co
stant and the plasma densityn also satisfy each critica
value to produce a sufficient polarization electric field
side the plasma beam; the requirement in our experim
is thate ¿ smiymed1y2 , 60 [13] or n ¿ hsmiymed1y2 2

1je0yzBxyer
p
i , 7.7 3 1012 m23 [14], wheremi, me, e0,

and r
p
i are ion mass, electron mass, dielectric const
1918
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TABLE I. Nominal plasma parameters on the FIX.vi
and Vi are the ion plasma frequency and gyrofrequenc
respectively. Parameters computed forBx  70 G and the non-
FRC plasma:Te 1 Ti  20 eV.

FRC plasma non-FRC plasma

Configuration Closed field Opened field
Plasma species D1 D1

n , ne , ni sm23d ,7.0 3 1019 .9.0 3 1018

yz smysd ,1.2 3 105 ,1.3 3 105

bEf; 1
2 ry2

z ysB2
xy2m0dg ,50 ,35

´f; 1 1 s vi
Vi

d2g ,5.2 3 106 ,5.6 3 105

for vacuum, and ion Larmour radius defined asr
p
i 

yzyVis miyzyeBxd, respectively. Therefore it was ex-
pected that the non-FRC plasma continued undeflec
straight motion due to eitherE 3 B drift or displacement
of the vacuum field by diamagnetic currents [5] or, a
the most, deflected to the opposite direction in which t
field was curved due to secondaryE 3 B drift [5]. How-
ever, the non-FRC plasma certainly keeps on the curv
field lines and then impacts against the vacuum cham
wall. This indicates the existence of some short-circuitin
mechanism for the non-FRC plasma. Although seve
paths, along which the depolarization current flows [8], ca
be considered, widely-known end-shorting in a theta pin
[15] may give a reasonable explanation, since a sufficieR

nedl signal has been observed in the theta pinch ev
when the bulk of translated FRC has reached the curv
field region.

The result for the non-FRC plasma propagating rigid
along the curved field lines suggests that, in the FR
plasma case, the expected polarization electric field o
side the separatrix has been short-circuited. Inside
separatrix, on the other hand, the polarization elect
field may have been established and not short-circuit
This can be supported by the fact that the translated F
deflects strongly to the opposite direction, in which th
magnetic field is curved, and such an opposite deflect
has been promoted more in applying strongerBx to the
plasma. In other words, substantial longitudinal veloci
yx across the curved field has originated inside the FR
injecting into there. If this cross-field propagation of th
FRC is due to displacement of the vacuum field by di
magnetic currents, the plasma should either go straig
because the value ofbE is much greater than unity and
the transit timeDt for the FRC through the curved region
is about 4ms too short to deflect so strongly, or propa
gate along curved magnetic field lines. Therefore the p
duced polarization electric field and the poloidal field o
the FRC may have caused the plasma toE 3 B drift
across the curved magnetic field.

The above possibility of the existence of the pola
ization electric field can be provided by the measure
magnetic field profiles ofBzs yd and Bxs yd shown in
Fig. 4. These are measured simultaneously for the c
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FIG. 4. Averaged central FRC magnetic field profiles alon
x  28 cm for Bzs yd and x  212 cm for Bxs yd  270 G
case. Plotted data are average values of three shots.

of Bx  270 G, and the fields are time averaged fo
10 ms for the bulk of FRC at each location. Since a
values of Bxs yd involve the components for bothBp

due to deflection and stray fields due to possibly toroid
fields Bt observed in a translated FRC [12,16], the pro
file of the appliedBx (dashed line) is obtained by sub-
tracting [17] approximate values of thex component of
bothBp andBt. One notes from Fig. 4 that values of ap
plied Bx decrease rapidly fromjBxj , 300 to ,70 G near
the location ofy  212 cm and are almost zero inside
the magnetic axisfBzsRd  0g. Since Bx  270 G in
vacuum, this indicates that the appliedBx could not pene-
trate deeply inside the magnetic axis, but localize in th
region between the magnetic axis and the separatrix. Su
shallow penetration of the appliedBx could allow the
transverse polarization electric fieldEy  2yzBx to es-
tablish only in the region outside the magnetic axis. Th
field Ey is electrostatic so that it propagates to the re
gion inside the magnetic axis between the magnetic a
and the symmetry axis of the FRC along closed magne
field lines, and, consequently,2Ey could also appear in
Bp reversed regions where the appliedBx has not pene-
trated. This is because the electric potential associa
with the electrostatic component of the electric field mu
be constant along magnetic field lines, since the electr
thermal speed is much greater than the propagation vel
ity of the FRC. Therefore bothEy 3 Bp drifting outside
the magnetic axis ands2Eyd 3 s2Bpd drifting inside the
magnetic axis may cause the bulk of FRC to have a tran
verse drift across the curved magnetic field.

The penetration depth, however, is still muc
greater than the classical skin depthd. Assuming
d , s2hDtypm0d1y2, where h is Spitzer’s resistivity
g
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[18], one estimatesd , 0.17 cm for hym0 , 1.1 m2ys
and Dt  4 ms. For the non-FRC plasma, on the othe
hand, almost equal value ofd is also obtained from the
data:d , 0.37 cm for hym0 , 5.4 m2ys. Nevertheless,
for this case the appliedBx has penetrated deeply inside
the bulk of non-FRC, which is similar to those observe
in intense ion beam experiments [19]. The differenc
therefore, may be attributed to whether the magnetic fie
configuration is closed or not.

In summary, FRC plasma formed in a theta pinch i
for the first time, translated into the curved magnetic fiel
The translated FRC splits into two parts, and the bu
of FRC havingBp reversal deflects strongly across th
curved magnetic field. Although the data suggestE 3 B
drifting as a possible mechanism, theoretical modeling
required to conclude it confidently.
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