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Detailed measurements in the TCS Rotating Magnetic Field (RMF) driven FRC device dis-
play a highly non-uniform resistivity profile, highly peaked near the separatrix where the ratio

of electron drift velocity vde to ion sound speed vs is large. The RMF parameters determine the
plasma density. The plasma temperatures are governed by power balance, and higher tem-
peratures result in higher diamagnetic currents, mostly inside the magnetic field null, and

higher magnetic fields, with surprisingly little increase in absorbed power. The results are well
modeled by a ‘Chodura’ type resistivity scaling with electron collision frequency scaling as
mch�xpi(1) exp[)vde/vs]).
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INTRODUCTION

FRCs have the highly desirable and unique
features for a fusion confinement scheme of very high
beta, a natural unconstrained divertor, and simple
singly-connected cylindrical geometry. The recent
adaptation of Rotating Magnetic Field (RMF) cur-
rent drive pioneered in Australian rotamak experi-
ments [1] has provided a means of sustaining FRCs in
steady-state in the reactor relevant density regime of
1019–1020 m)3 [2]. The FRC currents are diamag-
netic, and simply a consequence of the plasma
pressure, but plasma resistivity leads to a negative
azimuthal electric field and poloidal flux decay. In
non-sustained FRCs this flux decay sets the ultimate
FRC lifetime.

RMF CURRENT DRIVE

RMF produces an azimuthal force on the
electrons which counteracts the resistive friction with
ions. The force is distributed throughout the FRC by
various mechanisms such as radial flow (Fh ¼ �jerBz),
and an analysis based on torque is most appropriate
for calculation of Eh at the FRC field null and the
rate of change of FRC poloidal flux.

d/p

dt
¼ 2pREhðRÞ ’

2

neer2s ‘s
TRMF � Tg
� �

ð1Þ

rs ¼
p
2R and ‘s are the FRC separatrix radius and

length. TRMF ¼ 2pðB2
x=loÞrsd�‘s is the RMF torque

and Tg ¼ 0:5pe2hn2
exeg?ir4s ‘s is the resistive torque.

Bx is theRMFmagnitude in vacuum(with frequencyx),
d� is its penetration distance into the FRC, xe is the
electron rotation rate (assuming the ions are station-
ary), and g? is the cross-field plasma resistivity. The
average electron rotation rate needed to reverse the
external fieldBe is hxei ¼ 4ðBe=loÞ= hneier2s . TheRMF
will self consistently increase its penetration into the
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FRC and raise bothBe and hxei untilTg equalsTRMF,
resulting in d�=rs � hxei=x .

For a prolate FRC confined inside a flux
conserver of radius rc with initial bias field Bo, an
increase in poloidal flux increases xs � rs=rc and
Be ¼ Bo=ð1� x2s ). Torque balance yields an equilib-
rium density of

n�e ¼
2Bx

log?e2xr2s
� �1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d�=rs
xeh i=x

s

; ð2Þ

and once this value of density is reached both RMF
penetration and flux build-up will cease. The attain-
able external magnetic field Be ¼ ð2lonmkTtÞ1=2,
where nm is the peak plasma density and
Tt ¼ Te þ Ti is the sum of electron plus ion temper-
ature. The above result is fairly insensitive to tem-
perature and, as long as hxei � <0:5x (where the
previous RMF torque expression is valid), increases
in temperature (with ne approximately constant) will
result in automatic increases in Be and hxei . Further
penetration of the RMF may also occur, depending
on details of the resistivity profile. If hxei should
approach about x/2, the RMF frequency should be
increased to preserve the highly desirable partially
penetrated RMF condition, which both helps main-
tain closed field lines during anti-symmetric RMF
application [3], and provides strong stabilization
against interchange instabilities [4]. The external bias
flux should also be adjusted to keep xs� 0.8 to
produce average beta values commensurate with the
more moderate hbi resulting from the low separatrix
densities obtained with RMF drive (hbi ¼ 1� x2s=2
for a prolate FRC confined in a cylindrical flux
conserver).

ANALYSIS

Internal magnetic field profiles have been ana-
lyzed at two times for many experiments. At an early
time the temperature is higher, before being limited
by impurity ingestion and radiation barriers. At a
later time, quasi-steady temperatures persist for as
long as the RMF is applied. The density stays fairly
constant, decreasing approximately proportional to
any reduction in Bx due to use of a capacitor bank
powered RMF supply. Density, magnetic field, and
a ¼ xe=x profiles are shown at early and late times
for a typical discharge in Figure 1. The density
profiles are approximately rigid rotor (RR—uniform
xe), but slightly broader near the field null due to an

increased xe near the separatrix, which is the feature
that allows the RMF to penetrate into a highly
conducting plasma column. We utilize a simple
double rigid rotor (DRR) model, with twice the
electron rotation rate near the edge as in the center
(as indicated in Figure 1) to produce a good approx-
imation to the experimental density and magnetic
field profiles.

At the typical hxei=x values of � 0.18 seen in
Figure 1, the RMF penetration does not change
much with plasma temperature. This is due to an edge
resistivity that is very much higher than the central
plasma resistivity. The higher xs, Be, and overall
higher azimuthal current obtained at the higher
temperature are due to an increased electron diamag-
netic rotation rate, mostly inside the field null, which
does not strongly affect the RMF current drive
process.

Many features of detailed experimental mea-
surements provide proof of the assertion that the
resistivity profile is highly peaked near the FRC edge
[5,6]. Using the DRR model we thus assign an inner
resistivity gi to the bulk of the plasma column, and
use g? ¼ ge near the edge. The DRR analytic model,
and the analytic expression for the RMF screening
currents, give the following results for the resistive
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Fig. 1. Internal FRC profiles for RMF driven FRCs obtained

from internal Bz � Bh probes and a cross-tube interferometer.

Bx � 4 mT and x ¼ 0:95� 106 rad/s.
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torque and the power absorption due to both the
azimuthal diamagnetic currents and the axial screen-
ing currents. Calling xe ¼ xr in the center, and
xe ¼ 2xr near the edge,

Tg ¼ 0:29p enmð Þ2xrr
4
s gi þ 0:29ge½ �‘s

¼ 1:07pnm
Be

lo

� �
r2s gi þ 0:29ge½ �‘s: ð3Þ

Pabsh ¼
Z

g?j
2
h ¼ 0:29 enmxrr

2
s

� �2
gi þ 0:58ge½ �‘s

¼ 4p
Be

lo

� �2

gi þ 0:58ge½ �‘s ð4Þ

Pabsz ¼
Z

g?j
2
z ’ 2p

rs
d�
� � Bx

lo

� �2

ge‘s: ð5Þ

Experimental data in TCS experiments ( rs � 40 cm)
are best modeled in numerical calculations by using a
resistivity profile g?ðrÞ ¼ gi þ ge½1þ expððrs � rÞ=
dgÞ��1 with ge � 25gi and dg � 1 cm [6]. If we use
the less extreme DRR analytical model, with
ge ¼ 10gi over the outer 5 cm, and plot the measured
peak electron density nm against a relationship based
on equation (3), as done in Figure 2 for operation at
various RMF frequencies, we arrive at a resistivity
scaling gi ¼ 15n�1=2m ð1020m�3ÞlX-m. This is similar
to the density dependence inferred from high density
theta-pinch formed FRC decay rates [7].

The temperatures listed next to the data points
on Figure 2 are the total plasma temperatures. Tt was
limited in all TCS experiments by high impurity

content and strong radiation barriers. However,
based on the available data, better performance
(lower effective average resistivity) was always
achieved at higher temperatures. This was also seen
vividly when the temperatures were raised using anti-
symmetric RMF [3]. The two calculated data points
shown in Figure 2 were performed with identical
resistivity profiles (chosen to model the 258 kHz
data), but with different temperatures. The higher
temperature calculation resulted in a lower plasma
density since the resistive torque is proportional to
g?nmjh and jh is proportional to the external axial
field Be / ðnmTtÞ1=2 . The opposite result is seen in
the experiments, and our best inference over the
limited experimental temperature range is that g? is
also proportional to T�1=2t .

The resistivity profile used in the calculations
was chosen based on the formula, first attributed to
R. Chodura and used to model h-pinch implosions,
mch � xpið1� exp½�vde=vs ]) with gch ¼ memch=nee2

[8]. vde is the electron drift speed relative to the ions,
and vs is the ion sound speed. This formulation has
provided good modeling of h-pinch FRC formation
and decay in numerical calculations where the mea-
sured flux decay rate drops by up to two orders of
magnitude after the current profile is broadened
(reducing vde) [9]. Its validity is also supported by
recent 2-fluid calculations at the UW which show
rapid non-linear turn-on of anomalous drift wave
turbulence when vde approaches vs [10]. Near the edge
of the FRC vde � xrs , which is much larger than vs,
and the resistivity is very high. Power absorption
measurements also attest to the high edge resistivity,
with Pabs barely increasing as the temperature and
overall current increase. Most of the power absorp-
tion occurs in the edge region, partly due to the FRC
azimuthal currents there, but also due to the axial
RMF jz screening currents.

For typical TCS operating conditions Bx was
about one-third of Be. Pabsh calculated from equation
(4), using the resistivities inferred from torque bal-
ance, was only about one-half of the total measured
absorbed power. The same factor of two increase in
absorbed power due to the axial screening currents
was seen in the numerical calculations. Based on
equation (5), this excess power absorption can be
reduced if the ratio of Be=Bx is increased. Be /
(nmTtÞ1=2 and RMF drive produces a density
nm / Bx, so Be=Bx scales with (Tt=nmÞ1=2. Since the
temperature in the TCS experiments was pegged to a
fairly constant value by a high impurity content and
radiation barriers, high values of Be=Bx (up to 6)
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Fig. 2. Experimentally measured peak FRC density versus

scaling parameter. The RMF frequencies fx ¼ x=2p and total

temperatures Tt are indicated.
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were only achievable by operating at low values of Bx

and low nm. In those cases Pabsz became negligible
compared to Pabsh. A new facility, TCS/upgrade is
nearing completion, with vastly improved vacuum
and wall conditioning, which should permit high
temperatures to be reached and high values of Be=Bx

to be achieved at high density.

SUMMARY

The drift wave scaling represented by mch � xpi

(1 – exp[) vde=vs ]) is favorable for scaling to larger
and hotter devices. The reduction in effective plasma
resistivity with size (lower values of vde for the same
overall current and density) has been noted in scaling
from the smaller rs = 20 cm STX experiment to
TCS, and the improvement in resistivity with tem-
perature (larger vs) has been seen in all TCS exper-
iments. The ratios of vde=vs near the FRC edge in
TCS were about 4, but would be reduced to � 0.15 in
a reactor sized device. If the ‘Chodura’ scaling
continued to hold, it would be highly favorable for
RMF as an efficient means of maintaining steady
state FRCs.
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