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Figure 6. Internal probe frequency content for discharge 12939 with internal probe oriented to measure both Bz and Bx at (a) 3–4 ms and
(b) 6–7 ms.
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Figure 7. Toroidal field development during transition to higher performance mode. Bz and Bθ profiles taken with internal probe aligned at
45˚ to the z-axis. Btor obtained with internal probe aligned to record only Bx .

in the ion diamagnetic direction. RMF sustained FRCs spin up
in the electron direction, usually to a relatively higher velocity
compared to the ion thermal velocity. The radial pressure
imposed by Bω has been measured to have a strong stabilizing
effect on the rotating n = 2 instability [13], but the ion rotation
frequency is almost independent of the magnitude of Bω. It is
thus not surprising that the n = 2 distortion develops as the
RMF magnitude runs down.

A very interesting feature of the transition to the higher
performance mode is the development of a steady toroidal field.
This was measured on discharges where the internal probe was
aligned to record only Bx , which is assumed to represent the
toroidal field since the same phenomenon is seen on all such
shots. The time trace in figure 7 shows the external field plus
measured probe signal near the field null, both unfiltered and
with a 10 kHz low-pass filter applied. The first transition to an
increase in Be seems to be preceded by the development of a

weak toroidal field. Once the higher performance mode is fully
established (after 5 ms for the discharge shown in figure 7) the
toroidal field sometimes changes direction (as seen at 7 ms in
figure 7), but this does not seem to affect the overall perfor-
mance. Since we only measure the internal field at the FRC
midplane, we cannot comment on its overall axial structure.

The toroidal field is too small to have much influence on
the overall FRC equilibrium, but it can be large compared to
the poloidal field near the field null, and may affect transport
properties there. Detailed profiles are also shown in figure 7
for the toroidal field both before and after the transition to the
higher performance mode. They are superimposed on Bz and
Bθ profiles obtained on a different shot with the internal probe
aligned in the normal 45˚ manner.

We are not certain what causes the transition to the
higher performance mode, but we suspect it may be related
to a decrease in the ratio of Bω/Be as the RMF magnitude
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decreases. This decrease occurs independent of the
performance mode because Be scales as (neTt)

1/2, while ne

scales approximately linearly with Bω and the total tempera-
ture tends to be rather independent of RMF magnitude. It also
cannot be said at this time whether the toroidal field develop-
ment leads to higher performance, or is just a consequence of
it. However, calculations based on relaxation to high beta min-
imum energy states, with conservation of generalized helicity,
generally yield small toroidal fields [14], and other measure-
ments of translated FRCs in TCS also showed small toroidal
fields [15], so we might be seeing additional evidence of such
a relaxation process.

5. Summary and conclusions

It is possible to both form FRCs and sustain them for long
periods in quasi-steady-state using RMFs. A much bet-
ter understanding of the current drive process has been ob-
tained through the use of detailed profile and frequency spec-
trum measurements coupled with numerical calculations. The
RMF drive process appears to be characterized by strong
drive in the edge region near the FRC separatrix, accompa-
nied by fairly high plasma resistivity. The measured inte-
rior and edge values are fairly typical of Chodura type resis-
tivity (η ∼ (1000/n

1/2
e (1019 m−3))[1 − exp(vDe/f vti)] µ� m

with f ∼ 3), which was previously used to model FRC flux
decay [16].

A higher performance mode appears to develop
spontaneously for longer RMF pulse lengths, at least under
the circumstances under which the TCS experiments were
run. A trigger for this mode has not been identified, but it
may be related to the aforementioned lower values of Bω/Be.
The mode is accompanied by the spontaneous development
of small values of the toroidal field, which could possibly
signify a relaxation process. The net result appears to be
fairly low interior plasma resistivities. Plasma turbulence is
minimized when the RMF magnitude is small compared to the
axial confinement field. These conditions were only achievable
in TCS at low values of Bω since the plasma temperature, which
along with the plasma density sets the diamagnetic current in
high beta FRCs, was held low by impurity radiation. Better
performance at higher values of Bω should be achievable if the
impurity content can be lowered and temperatures raised.

The edge drive properties of RMF, along with the re-
sultant high edge resistivity and high edge thermal deposi-
tion, may rule out RMF as a stand-alone FRC current drive
mechanism. However, RMF can be extremely useful for
startup, and has been seen to greatly enhance particle life-
times [17] and interchange stability [13]. It should be ide-
ally suited for use in conjunction with tangential neutral beam
injection (TNBI) current drive near the field null, since the
RMF torque, which leads to plasma rotation, could be bal-
anced by TNBI momentum injection in the opposite direc-
tion. It may even be possible to influence the azimuthal cur-
rent and velocity profiles, which could lead to controllable
enhancement of performance rather than the spontaneous tran-
sitioning between performance modes seen in the pure RMF
drive experiments. Monte Carlo TNBI calculations show that
to effectively utilize TNBI the TCS flux levels will have to
be raised from the present 2 mWb levels (when using the

low inductance RMF antennae) to over 5 mWb [18]. This
can be done if the plasma temperature can be increased to the
100 eV level. Modifications to minimize impurities, including
changing to a mostly all metal construction (except for a single
central 1.25 m long quartz section protected by internal metal
flux rings) with larger inlet and output tubes, are currently
underway. The entire vacuum system will be bakeable to
200˚C and have provisions for discharge cleaning and wall
conditioning.
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