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Enhanced Confinement and Stability of a Field-Reversed Configuration
with Rotating Magnetic Field Current Drive
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A new experiment has been constructed to study the sustainment of a field-reversed configuration
(FRC) with a rotating magnetic field (RMF). FRCs were formed with cold, unmagnetized ions and
thus without a kinetic ion component that was believed to provide stability to internal tilt modes. No
destructive instabilities were observed for the RMF FRC. Only peripheral radial penetration of the RMF
was observed. The radially inward flow arising from axial screening currents at the FRC edge reduced
convective and conductive losses to the measurement limit of the diagnostics.

PACS numbers: 52.55.Hc, 52.55.Dy
Fusion research has focused on the tokamak concept
which has resulted in large, expensive reactor designs. This
dictates exploring novel, simpler, and less costly configu-
rations. A leading candidate is the field-reversed configu-
ration (FRC), a compact toroidal geometry, which has the
geometrically simplest, most compact, and highest b of
all magnetic fusion confinement schemes [1,2]. It has also
been recognized that the linear geometry, high plasma b,
and linear exhaust of the FRC make it the ideal candidate
for space propulsion applications [3].

FRCs have previously been made in a high-voltage,
pulsed device called a field-reversed theta pinch (FRTP).
Results from previous FRC experiments indicated confine-
ment scaling that could lead to fusion [4], but it was also
clear that the FRTP initiation method would not provide the
closed flux required for a reactor. There was a method that
had been investigated for years that generated the toroidal
currents directly by means of a transverse rotating mag-
netic field (RMF) as illustrated in Fig. 1 [5–7]. Past ex-
periments have been limited to currents of only a few kA,
so that the confining axial magnetic field generated was
no larger than the RMF. The effects of the RMF on the
FRC plasma confinement were also unknown as the plas-
mas generated in these experiments were partially ionized
and in contact with the vessel wall.

A new experiment, the Star Thrust Experiment (STX)
[3], was constructed of a size and power such that the axial
field swing DBz (200 G), produced by the RMF field, was
much larger than the RMF field Bv (20 G) used to gener-
ate it. The FRC was also formed in a flux-conserving coil
[1] and operated in a manner that prevented FRC contact
with the vacuum vessel wall. STX was also designed so
that the FRC could be produced in the conventional manner
(FRTP). In this way, the possibility of sustaining a preex-
isting FRC could also be investigated, as well as obtain a
measure of the influence of the RMF on the decaying FRC.

When applied to a plasma embedded with a constant ax-
ial magnetic field in a flux conserving coil, the RMF drives
a strong azimuthal current that reverses the direction of the
initial magnetic field, and produces the field-reversed con-
figuration. Unlike FRTP formation, where this current is
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driven by an induced azimuthal voltage caused by rapid
field reversal, the RMF current is driven in an inherently
steady state manner which allows for the sustainment of
the configuration. A starting point for understanding the
current drive process is the generalized Ohm’s Law, where
it will be assumed for the moment that the ions form a
fixed uniform background (the u 3 B term is ignored):

E 1 �u 3 B� � hj 1 j 3 B�ne

� h� j 1 �vce�nei�j 3 eB� , (1)

where B has oscillating components in the u and r direc-
tions due to the RMF at a frequency vRMF , and a steady
axial field provided by the axial field coils. If the Hall
term j 3 B�ne is small compared to the resistive term,
Eu � hju is positive, and from Faraday’s law, df�dt is
negative and the FRC decays. With the Hall term domi-
nant, Eu , for sufficiently small h or large � jzBr �, can be
negative with a subsequent increase in flux.

A requirement on the RMF is that it penetrate the
plasma. The solution of Ohm’s law, neglecting the Hall
term, is characterized by the RMF penetrating a distance
d � �2h�vm0�1�2, which is the resistive skin depth
for a conductor in an rf field. However, the regime of

FIG. 1. RMF current drive in a cylindrical flux-conserving coil.
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interest here is a plasma where nei ø vce (so that the
electrons stay magnetized to the RMF). In this limit, from
Ohm’s law, ju � 2nerv and jz � Ez��hvce

2�2nei
2�

[5]. The electrons are in synchronous rotation with the
RMF, and their response to the axial electric field is
severely restricted (small jz), and unable to screen out
the RMF field. From another viewpoint, the corotating
electrons experience a nearly steady transverse field, and
the effective field penetration can be many times the
resistive skin depth. One can define two dimensionless
parameters that describe the RMF penetration condition.

gv �
vce

nei
, l �

R
d

. (2)

Penetration can be maintained as long as gv . l [8,9].
The Hall term has two pondermotive components: the

� jzBr � term acting in the u direction and the � jzBu� term
acting in the r direction. Since jz , Br , and Bu vary in time
at the frequency vRMF , both the pondermotive forces in
r and u directions have a steady part. From the � jzBr �
force, the electron fluid will attain that steady value of
azimuthal velocity that corresponds to the balancing of the
steady accelerating torque by the retarding torque (due to
electron–ion collisions). In this way a steady azimuthal
current density,

ju � 2nevRMFr , (3)

is produced. Since the RMF field was observed to pene-
trate only to the field null, these pondermotive forces acted
only at the outer edge of the FRC. The effect of large
plasma screening currents � jz� allows for the radially act-
ing � jzBu� force to produce a radially inward pressure
at the plasma edge. In equilibrium (Eu 	 0), the larger
� jzBr � term must now be balanced by urBz and the flow
term in Eq. (1) cannot be ignored. To achieve equilibrium
inside the FRC, where there is no RMF, the axial field pres-
sure must be balanced by a radial inward plasma flow as
well. This flow was manifested experimentally by the ra-
dially inward displacement of the plasma pressure profile.
The flow and radial profile changes have been observed in
recent resistive 2D MHD calculations of the RMF driven
plasma [10], with profiles that are identical to those found
in the experiment. This induced flow opposes the radially
outward flow from plasma diffusion and would thus inhibit
particle loss at the separatrix.

The STX chamber consisted of a 3-m-long, 20.5-cm
inner radius quartz vacuum tube that was surrounded by
8 parallel-fed, four-turn solenoidal coils at a radius of
23 cm. The coils provided a flux-preserving axial field
that prevented plasma wall contact during RMF current
ramp-up.

The RMF is generated by two mutually perpendicular
coils driven 90± out of phase. In order to drive the RMF
antennas, two power supplies, capable of delivering sev-
eral megawatts for the duration of the experiment, were
employed in order to rapidly ionize and heat the plasma.
Details of the RMF antenna system are given elsewhere
[3,11].

Because of the pulsed nature of the power supplies, the
time that the flux could be held constant on the main pinch
coil was limited to roughly 0.5 ms. This, however, was
sufficient to establish an equilibrium condition and gain
information about the power input and losses from the
FRC. The formation sequence employed in the discharge
of Fig. 2 was to first form an FRC via the FRTP method.
The initial FRC decayed away rapidly. Out of the remnant
plasma, the RMF was applied at 0.1 ms and rapidly re-
stored the toroidal current and reformed the FRC. A plot
of the internal field structure for both the initial and RMF
FRC is shown in Fig. 3. This data was obtained from a
radial array of internal magnetic probes that recorded both
the axial and azimuthal internal field components.

If the RMF was applied immediately after field reversal,
the initial FRC turbulence died away and field reversal
was never lost. A Langmuir triple probe was used to moni-
tor the plasma flow in the end region axially outside the
FRC. The end flow increases steadily during the decay of
the initial FRTP FRC. It is not until the RMF FRC is estab-
lished that the end flow is reduced to near zero [12]. It was
observed in both the RMF MHD calculations [10] as well
as the experiment that the plasma density near the sepa-
ratrix was quite small [12]. The dramatic decrease in
separatrix pressure for the RMF driven FRC compared to
the early FRTP FRC is readily observed in Fig. 3(b). With
the RMF induced reduction in pressure near the separatrix,

FIG. 2. Time history for various plasma parameters during a
discharge. Be is the external axial magnetic field, Bu is the
azimuthal component of the RMF field, Rs is the FRC separa-
trix radius, N is the FRC particle inventory, Tp is the pressure
balance temperature at the magnetic null, and Ep is the FRC
energy. Dashed lines indicate the time frame that quasisteady
conditions were maintained.
1445



VOLUME 85, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 14 AUGUST 2000
FIG. 3. (a) Internal magnetic field radial profiles at t �
0.04 ms (FRC) and 0.3 ms (RMF FRC). Bz is the measured
steady axial field, Bu is the measured peak azimuthal RMF
field, and Br is the inferred peak radial RMF field. (b) b
determined from the magnetic profiles in (a) where b is
defined here as the local plasma pressure divided by the radial
magnetic pressure at the coil wall. The separatrix position Rsep
is determined by integrating the axial field radially outward
until c � 0. The dashed curves indicate values obtained from
the initial “conventional” FRC formed without the RMF field.

the pressure along the inner flux surface near the axis of
symmetry was near zero as well. The b at the separatrix,
bs, to within the accuracy of the field measurements
(	5%) was a few percent. The conventional start-up FRC,
however, showed the usual high bs 	 0.7 [Fig. 3(b)]. One
would expect that this reduction in pressure at the sepa-
ratrix should lead to considerable enhancement of the
FRC particle confinement. The very flat magnetic profile
stretched inward, as well as the very low separatrix beta,
was also seen in the 2D MHD calculations where strong
radial flow was present.

From Fig. 2 it can be seen that the FRC separatrix ra-
dius, energy, and particle inventory remained essentially
constant during the time the coil flux could be held con-
stant. These quantities were evaluated in the usual way for
the FRC geometry [1]. The experiments were performed at
an RMF frequency v � 2.2 3 106 rad�sec, and at an av-
erage RMF vacuum field Bv � 20 G. The average density
at a radius of 14 cm was found from axial interferometry
to be 	5 3 1018 m23. Using the measured ion tempera-
ture from Doppler broadening, Ti 	 2 3 eV, the inferred
STX electron temperature from pressure balance at the null
yields Te0 	 40 eV. The low ion temperature is not char-
acteristic of the usual FRC experiments, but due to the low
density of these discharges, charge exchange losses kept
the deuteron ion energy to that acquired during dissocia-
tion. Unlike previous FRC experiments, it was possible to
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independently determine the plasma density and tempera-
ture at the plasma edge since the current density, and thus
electron density [see Eq. (3)] is known from the magnetic
profile [see Fig. 3(a)]. The local temperature can then be
determined from radial pressure balance. It was found to
be somewhat higher (	60 eV) than the axial line average
inferred from interferometry at the null. Since there was
little current density (joule heating) and maximum density
at the null, radiative cooling may dominate the heat flow
from the low density, joule heated plasma edge.

With these conditions a l � 65, with a gv � 375, are
inferred at the FRC null. These values are well above criti-
cal level, and the RMF field would be expected to fully
penetrate the plasma. From previous analysis [8,9], the
RMF must diffuse radially inward into the FRC to drive
current. The time scale for penetration into 40 eV plasma
of radius R 	 19 cm as in Fig. 3 would be 	0.6 ms. The
actual penetration time was observed to be as rapid as
0.05 ms, indicating that the resistivity of the initial decay-
ing FRC is large (the electron temperature determined from
the triple probe is less than 15 eV at this time). It can be
seen in Fig. 3 that a large radial RMF at the null was not
required to drive current or reverse the axial magnetic field
deep within the FRC. The current driven radially inside
the magnetic null is a consequence of pressure equilibra-
tion along flux surfaces, i.e., P � P�c�.

The lack of deeper penetration may be explained by ei-
ther an equilibrium profile constraint, a lack of sufficient
time for penetration as the plasma temperature near the
edge rapidly increases, or an anomalously high resistivity
near the FRC null preventing further penetration. After
the RMF FRC is formed, the RMF field was observed to
move farther out from the FRC null as the FRC radius de-
cayed, and repenetration was not typically observed. The
possibility of ion corotation as the mechanism for the slow
flux decay was not likely due to the long ion-electron equi-
libration time (many milliseconds). No Doppler shift was
observed in the deuterium line emission along a chord near
the FRC edge during the discharge as well.

A global measure of the plasma resistivity can be ob-
tained from power balance. During the equilibrium period
where plasma conditions are nearly constant, the only en-
ergy input to the plasma is from the RMF antennas in the
form of the hj2

u heating of the plasma. It was determined
that the capacitor bank energy not accounted for by cir-
cuit losses was 30 J from 0.2 to 0.7 ms (when the RMF
was turned off). It was not possible to observe any plasma
loading losses from the antennas during the discharge so
that no detailed temporal information could be ascertained
about the power flow during the equilibrium. The average
power input into the plasma, however, can be determined
during this time and was 	60 kW with an uncertainty of
630 kW. Since the FRC energy remains constant during
the equilibrium period, the total power lost from the FRC
must be of the same order as the input.

Given the current density profile, derived from the mag-
netic field profiles shown in Fig. 3(a), along with the
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average temperature inferred from pressure balance (Te 	
Tp 	 40 eV), one would expect 	40 kW of classical re-
sistive heating from the axial and azimuthal currents. This
would indicate a near classical resistivity where the cur-
rents are driven. The Ohmic heating of the electrons is bal-
anced by thermal conduction losses, Pce, radiation losses,
Prad, and particle loss PN . Since the ions are observed to
be cold, there is also an additional power lost to equili-
bration with the ions, Pei 	 6 kW. From previous FRC
experiments [2], the major impurities are carbon and oxy-
gen. The radiation losses were estimated from doping the
deuterium fill gas with CO2. This method is appropriate
at these plasma densities because the impurity radiation is
relatively insensitive to electron temperature [13]. Doping
at 0.5% roughly doubled the radiation level and caused a
major degradation in the RMF current drive. This would
be expected, as the power lost through radiation was a ma-
jor loss channel in STX with the inferred radiative power
loss Prad 	 14 kW. Because of the low plasma density
near the separatrix, only convective particle losses are as-
sumed since the mean free path for the electrons is tens of
meters. The high FRC edge temperature also supports the
assumption of small thermal conduction losses.

Assigning all the remaining power loss to the convective
power loss, a lower bound for the RMF FRC particle con-
finement can be made. The energy and particle inventory
were observed to not decay during the equilibrium period
denoted by dashed lines in Fig. 2. Thus each electron-
ion pair that was lost was replaced, most likely through
charge exchange, and heated to the bulk FRC tempera-
ture. The energy loss from particle loss is 5

2kTp per pair,
reflecting both the particle kinetic energy loss as well as
the work done on the external field. There is also ioniza-
tion losses of at least 	25 eV per pair. Setting this equal
to the 40 kW of the remaining Ohmic power, a particle
confinement tN � 1.3 ms is inferred. Since no thermal
conduction losses were assumed, this should represent a
worst-case estimate. The energy confinement time consid-
ering only conductive and particle losses was 0.2 ms. The
confinement without the RMF could be obtained by turn-
ing off the RMF at various times in the equilibrium phase.
The FRC energy and particles decay on a much more rapid
time scale with 	tE � 0.04 ms, close to the predicted
confinement based on scaling laws obtained from previ-
ous FRC experiments [1,4]. The FRC confinement was
thus substantially improved by the application of the RMF
field. The particle confinement was found to be as good
as or better than that observed in even the largest FRC ex-
periments performed previously at much higher confining
fields.

Since the ratio of the ion gyrofrequency to ion colli-
sion frequency 	0.04 ø 1, the ions are essentially un-
magnetized due to the low ion temperature. Thus, for the
first time, the FRC produced in these experiments was
in a regime where the stabilizing influence of the large
orbit ions is minimal. The highly kinetic ions were as-
sumed to account for the observed stability of the FRC
to several MHD instabilities, in particular the tilt insta-
bility [14,15]. The growth time, 1�gtilt for this mode is
	ls�2yA � 0.015 ms, where ls is the axial FRC length.
This time is not much less than the energy confinement
time observed for the FRC formed initially, or after the
RMF field is switched off. It is, however, many times too
small to be consistent with the energy and particle con-
finement observed with the RMF present. The stabilizing
influence of the RMF may likely be due to dynamic stabi-
lization from the rapidly oscillating magnetic field pressure
from the RMF antennas where vRMF ¿ gtilt. In fact, dy-
namic stabilization for this mode has been predicted theo-
retically [16,17]. For example, the oscillating antenna end
currents (see Fig. 1) induce azimuthal currents at the end
of the FRC that together with the steady radial magnetic
field at the end of the FRC produce an axially oscillating
force that drives a tiltlike perturbation. Crudely, for sta-
bility one would like vRMF�gtilt �	75� . Bz�Bv �	5�
[17], so that stability can be achieved as long as the RMF
field stays penetrated to the null.
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