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Abstract
Field reversed configurations (FRCs) have been formed and sustained for up to 50 normal flux decay times by
rotating magnetic fields (RMFs) in the translation, confinement, and sustainment experiment. For these longer pulse
times a new phenomenon has been observed: switching to a higher performance mode delineated by shallower RMF
penetration, higher ratios of generated poloidal to RMF drive field, and lower overall plasma resistivity. This mode
switching is always accompanied by, and perhaps triggered by, the spontaneous development of a toroidal field with
a magnitude up to 20% of the peak poloidal field. The global data cannot be explained by previous RMF theory
based on uniform electron rotational velocities or by numerical calculations based on uniform plasma resistivity,
but agrees in many respects with new calculations made using strongly varying resistivity profiles. In order to more
realistically model RMF driven FRCs with such non-uniform resistivity profiles, a double rigid rotor model has been
developed with separate inner and outer electron rotational velocities and resistivities. The results of this modelling
suggest that the RMF drive results in very high resistivity in a narrow edge layer, and that the higher performance
mode is characterized by a sharp reduction in resistivity over the bulk of the FRC.

PACS numbers: 52.55Lf

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Field reversed configurations (FRCs) differ from all other
toroidal plasmas, such as tokamaks, reversed field pinches,
and spheromaks, in that they have minimal toroidal field
and their toroidal current is thus almost purely diamagnetic.
That current is then simply the manifestation of a pressure
gradient. Sustaining or growing the configuration amounts
to sustaining or increasing the poloidal flux (and hence the
pressure gradient), which requires maintaining the toroidal
electric field at or above zero. The use of rotating magnetic
fields (RMFs) to accomplish this has a long history, primarily
in rotamak devices [1]. In the absence of heating or fuelling
near the field null, a simple approximate expression has been
derived for the rate of change of poloidal flux for elongated
(prolate) FRCs:

dφp

dt
= 2πREθ (R) = 2

neeR2ls
(TRMF − Tη), (1)

where rs is the separatrix radius, R = rs/
√

2 the radius of
the field null for an elongated FRC, ne the electron density,
a Author to whom any correspondence should be addressed.

ls the FRC separatrix length, and TRMF and Tη are the
torques produced by the RMF and by electron–ion friction
(resistivity) [2].

The cross-field plasma resistivity is a key confinement
parameter since minimizing the resistivity will minimize the
required external torque, and thus the power required to
maintain the configuration. In our experiments the RMF is
applied to a weakly pre-ionized deuterium gas inside a flux
conserver of radius rc in the presence of an axial bias field B0.
As an FRC is formed and its poloidal flux built up, rs increases,
compressing the external flux, φe = πr2

c B0, and raising the
external field to Be = B0/(1 − x2

s ), where xs ≡ rs/rc. This
results in an increasing resistive torque, and a quasi-steady
condition is reached when Tη equals TRMF.

Most RMF analyses have been based on assuming a
uniform plasma resistivity and a uniform electron rotational
frequency ωe (rigid rotor (RR) model) at some fraction
ωe = ζω of the RMF frequency ω [2–4]. (Our formal
definition of ζ for an elongated FRC is ζ = I ′/I ′

synch where
I ′ = (Bz(rs) − Bz(0))/µ0 is the diamagnetic line current and
I ′

synch = 0.5〈ne〉eωr2
s is the maximum possible line current

synchronous with the RMF, assuming the ion rotational
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Long pulse FRC sustainment

frequency ωi = 0.) For a given RMF amplitude, Bω, this
analysis produces a relationship between the applied RMF
torque, the plasma resistivity, and the achievable plasma
density [5, 6]. However, experimentally, when the resistivity
was estimated based on the ratio of absorbed RMF power to
the square of the driven current, serious discrepancies were
noted. Much higher plasma densities and driven currents
were produced than calculated, especially when taking into
account FRC lengths ls greater than the RMF antenna length
la [7]. Under some low ζ drive conditions experimental
features were also observed that could not be accounted for by
simple uniform resistivity modelling; most notably the RMF
not penetrating to the FRC magnetic field null. These features
are prominent in the measurements reported here. Although
we have always modelled RMF drive in terms of total RMF
and resistive torques, assuming that radial plasma flow could
redistribute the RMF drive forces, it was difficult to understand
how the FRC flux could be maintained with so little RMF drive
at the null, where the RMF flow driven EMF, vr × Bz, was
unavailable.

The significance of the RMF penetration profile has
become more apparent in recent experiments on the translation,
confinement, & sustainment (TCS) device [8], where the
discharge pulse lengths were extended from 2.5 to 10 ms
by increasing the size of the RMF capacitor bank from
30 to 60 kJ. It was then observed that the performance,
as indicated by spontaneous switching between different
ratios of the external confinement field Be to Bω, would
undergo abrupt changes. This was accompanied by subtle
but highly repeatable switches in the RMF profile Bθ(r)

between shallower penetration (higher performance) and
deeper penetration (lower performance). Recent calculations
with non-uniform resistivities, which illuminate the ‘edge
driven’ process [9], provide a mechanism for understanding
this phenomenon, and lead to simple methods for evaluating
the resistivity differences between the two modes. The plasma
must have high resistivity in the driven, low density edge
region, but much lower resistivity throughout the bulk of
the FRC. Many features, such as a non-steady behaviour
with cyclical RMF tearing and reconnection caused by vastly
different edge and central electron rotational speeds, which are
predicted by the non-uniform resistivity calculations, are seen
in the experimental measurements [9].

Switching to the higher performance mode was always
accompanied by, and sometimes preceded by, the development
of the toroidal field. This toroidal field was concentrated near
the field null with a magnitude of 10–20% of the peak poloidal
field, and thus did not significantly affect the high-β nature of
the FRC equilibrium. (〈β〉 = 1 − 0.5x2

s is a consequence
of axial equilibrium for elongated FRCs confined inside
cylindrical flux conservers.) It has been noted in previous
rotamak experiments that significantly higher performance
(tripling of the achievable toroidal current) could be attained
when an external toroidal field was imposed using a central
current carrying rod, but in those cases the toroidal field near
the field null exceeded the peak poloidal field, and the magnetic
configuration was that of an spherical tokamak (ST) [10].
Those recent results were also somewhat in contradiction to
earlier RMF driven ST experiments where the toroidal field
addition had very minor benefits [11]. We, thus, cannot say
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Figure 1. Long pulse operation of TCS. Bint and Bext are obtained
from internal probes located at r = 0 and 40 cm.

definitively whether our spontaneous toroidal field generation
has any bearing on the improved performance that we observe,
but it certainly is an interesting phenomenon.

In order to analyse the mode switching in the simplest
possible analytical manner, we develop a double RR (DRR)
extension to the previous uniform resistivity simple RR
analysis. The bulk of the FRC electrons are assumed to be
rotating at a velocity determined from the measured density
and total diamagnetic current, while a narrow edge layer is
assumed to co-rotate with the RMF. The central rotation speed
and position of the edge layer are determined from simple
equilibrium considerations. Separate resistivities in each
portion are calculated by matching the total resistive torque to
the RMF drive torque, and the Ohmic power absorption in both
portions to the total measured deposited RMF power. In this
manner, it is calculated that the switching to high performance
mode signifies a sharp reduction in the central resistivity. Since
the toroidal field is so small compared to the peak poloidal field,
it does not enter into the analysis and, while it may be expected
that the relatively large ratios of toroidal field to poloidal field
near the field null may have effects on nominal ‘cross-field’
resistivity, this topic is not a focal point of this paper.

2. Basic experimental operation

TCS has a 2.6 m long, 80 cm internal diameter vacuum
chamber consisting of two 1.25 m long quartz tubes joined by
a metal foil lined plastic ring containing vacuum access ports.
Various measurements, such as internal magnetic field probing,
CO2 interferometry, and bolometry are performed through
these access ports. An axial bias field is provided by a parallel
arrangement of (20) 56-turn coils at an effective flux confining
radius of 47 cm. The coils are powered by a small capacitor
bank with a rise time of about 4 ms, and then crowbarred. There
are also azimuthal copper straps (flux rings) placed directly on
the vacuum vessel, with effective L/R field penetration times
(in vacuum) of ∼4 ms. When the RMF is activated in the
presence of a slightly pre-ionized D2 gas fill and initial axial
bias field, an FRC is rapidly formed, compressing the external
flux against the flux confining boundaries, and raising the
external field. The basic experimental operation is indicated
by the time traces of external and internal magnetic fields,
and the traces of Bω (always derived from the measured RMF
antenna currents), shown in figure 1. The FRC internal field
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has approximately the same magnitude as the external field,
which is typical of RMF driven FRCs. The operation is very
insensitive to the initial puff gas fill pressure (within limits of
about a factor of 3). Spectroscopic studies of C and O impurity
lines indicate that the density is sustained by recycling after
the first 0.5 ms, with a magnitude determined by the applied
RMF torque and plasma resistivity. The FRC can be sustained
as long as the RMF is applied, and the 10 ms experimental
sustainment time is about 50 times the natural flux confinement
time of ∼200 µs, as determined by the external and internal
field decay rates when the RMF is turned off.

The data shown in this paper were obtained using 1 m
long strip antennae rather than the original 1.6 m long low
inductance tube antennae, although the FRC length only
decreased from about 1.8 to 1.6 m. This did, however, result in
generally deeper penetration profiles due to the need to drive
more current per unit antenna length [7] (it is a feature of RMF
current drive that this penetration adjustment occurs naturally).
The RMF was run at a frequency of fω = 105 kHz. In the
discharge shown in figure 1 there is an initial startup phase,
lasting about 0.5 ms, where a relatively higher value of Be

is obtained. (Be is measured by an external probe located
outside the plasma tube, just under a central copper flux ring,
and approximately equals Bz(r = 40 cm) measured with the
internal probe during most of the discharge.) This peak field
can be up to 50% higher than during the following period,
which is attributed to an initially higher plasma temperature.
The temperature is subsequently reduced by recycling impurity
ingestion and strong radiation. After startup, the FRC settles
into a phase we now call ‘lower performance’. However, after
about 4 ms Bext and Bint begin to vary in an oscillatory manner,
and then settle into a ‘higher performance’ mode after 5–6 ms.
This higher performance mode is always accompanied by the
generation of a steady toroidal field of about 1–2 mT near the
FRC field null (which is usually a precursor to the first jump
in Be). The behaviour is highly repeatable, although the exact
timing and number of transitions can vary somewhat from
shot to shot. The average resistivity inferred from achieved
densities and external fields will be shown to be up to a factor
of two lower during the higher performance mode.

Bω, and the resultant external field and FRC separatrix
radius, decrease during the discharge, primarily due to
multi-MW losses in the drive tubes of the RMF power supply.
There is also some decay due to the 1.5–0.5 MW absorbed by
the FRC during the pulse, as seen by the differences between
the plasma and vacuum traces of Bω in figure 1. After the first
0.5 ms, bolometric measurements show that a large fraction of
the absorbed power is radiated away, which limits the plasma
total temperature to 20–40 eV. The peak plasma density decays
from about 2 × 1019 to 1 × 1019 m−3 during the discharge,
roughly proportional to the decay in Bω. It is seen, however,
that the ratio Be/Bω increases, which is an unambiguous
indication of higher performance.

3. Analysis

The azimuthal RMF force on the electrons 〈jezBr〉 is due to
the RMF induced in-phase axial oscillation of the electrons
interacting with the radial component of the RMF. This

δ∗

Figure 2. RMF lines calculated using the two-dimensional model of
[4] for conditions where only partial penetration will occur. Partial
penetration is the steady equilibrium solution for our experimental
conditions where the average diamagnetic electron rotational
frequency is less than the RMF frequency (see [2]).

translates into an applied torque equal to

TRMF = 2πrsδ
∗B2

ω

µ0
	a, (2)

where δ∗ is the RMF penetration distance. Equation (2)
is derived from the analytic solution of the RMF diffusion
equation [2], and examination of the RMF internal structure
in figure 2 gives an intuitive idea of why it scales in such
a manner. We analyse the current drive in terms of torques
since the RMF forces can be transferred to the FRC interior
by various mechanisms, and must balance the total resistive
retarding torque on the electrons. In the past, analytical
expressions have been used for the RMF penetration distance
δ∗ (δ∗ ∼ (2η/µ0
)1/2, with 
 = ω − ωe), but these are
inappropriate for a plasma with non-uniform resistivity and
electron rotation velocity. We will use actual measured values
of δ∗, along with equation (2), in our data reduction analysis.
Although equation (2) was derived from a uniform resistivity
analysis, numerical calculations using the code described in
[4] and [9], with non-uniform resistivity, show that this gives
reasonable values for TRMF even with non-uniform resistivity.

As a first step, we analyse experimental results for the
retarding torque on the electrons based on a simple RR profile,
with Bz(r) = Be tanh KRRu, ne(r) = nm sech2 KRRu and
u = (r/R)2 − 1, where R = rs/

√
2 is the location of the

field null for an elongated FRC [12]. KRR is a form factor near
unity. Assuming a uniform resistivity ηRR = meνei/e

2ne, the
torque on the electrons is then

TηRR =
∫ rs

0
2π(ωe − ωi)meneνeir

3 drls

= 0.5πe2n2
m tanh KRR(1 − 1

3 tanh2 KRR)

×(ωe − ωi)r
4
s ηRRls/KRR. (3)

We have included the ion rotation speed ωi = 2πfi since
RMF driven FRCs in TCS are observed to spin up to
about fi ∼ 9 kHz in the driven electron direction. Writing
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ωRR = ωe − ωi, the peak value of the external field is
Be = µ0enmωRRr2

s /4KRR, and the torque can be expressed
in terms of the external magnetic field, which is the most
accurately measured quantity.

TηRR = 2πenm tanh KRR

(
1 − 1

3
tanh2 KRR

)
r2

s ηRRls

(
Be

µ0

)
.

(4)

Equating equations (2) and (4) yields a RR value for the average
plasma resistivity:

ηRR = B2
ω(δ∗/rs)	a/ls

enm tanh KRR(1 − (1/3) tanh2 KRR)Be

= 1020B2
ω(mT)(δ∗/rs)	a/ls

nm(1019m−3)Be(mT)
µ� m, (5)

where we have taken KRR = 1, which is an appropriate fit
for the measured profiles. The RR profile has an edge value
Bz(rs) = Be tanh KRR and the above analysis does not take into
account the resistive torque exerted by the edge plasma, where
Bz increases to Be and ne drops from nm sech2 KRR to zero.

If we calculate the resistivity based on the measured
absorbed power, as has been done in the past [5, 6], the ratio
of resistivity measured in this way, to that of equation (5),
is given by Pabs/(ωeTηRR) (we use ωe rather than ωRR for
power calculations since the RMF force acts on the electrons).
This ratio always considerably exceeds unity, which implies
that the resistivity cannot be uniform. The recent numerical
calculations of [9] show that the resistivity must be much higher
in the edge region than in the centre in order to account for many
of the observed data. We have thus developed a DRR model,
with an interior rotation speed difference between ions and
electrons of ωri, and an edge rotation difference ωre = ω − ωi.
The ion rotation is assumed to be uniform, consistent with
Doppler broadening measurements [5]. We assume the inner
region, with u = (r/R)2 − 1, extends out to a location u∗ < 1.
In the outer region we modify the simple RR profile by defining
a variable w = (r/Re)

2 − 1 so that Bz(r) = Be tanh Kiu,
ne = nm sech2 Kiu for u � u∗ and Bz(r) = Be tanh Kew,
ne = nm sech2 Kew for u � u∗. The values of u∗ and ωri, are
determined from requiring the DRR profile to have the same
〈β〉 as measured from internal probes, and making it produce
the measured Be. For a given value of Ki for the inner region,
the edge region parameters Re and Ke can be determined by
matching ne and Bz at r∗ = R(1 + u∗)1/2 = Re(1 + w∗)1/2.
The solutions can be obtained from graphical plots of u∗ versus
〈β〉 for Ki chosen to best match the actual profile. We use
Ki = 1, but the final results have very little dependence on
this choice. u∗ always turns out to be between 0.6 and 0.85,
corresponding to r∗ between 1.27R and 1.36R, very close to
the separatrix at rs = 1.41R. Equilibrium constraints thus
result in a very narrow edge region where the density decreases
to near zero, in agreement with observations for our RMF
driven FRCs. This contrasts with the simple KRR = 1 RR
value of ne(rs)/nm = sech2 1 = 0.42.

A comparison of the density profile obtained from internal
field measurements (described in section 4) and that of
the DRR model is shown in figure 3. The experimental
profile was calculated from one-dimensional radial pressure
balance, using both the measured Bz and Bθ fields and

Measured

Radius (cm)

Figure 3. Comparison of the measured density profile, as obtained
from internal field measurements, with that of the DRR model.
DRR model conditions are rs = 36 cm, R = 25.5 cm, Ki = 1,
u∗ = 0.65 (r∗ = 32.8 cm), Re = 31.3 cm, Ke = 7.17,
ωri = 0.127 × 106 rad s−1, and ωre = 0.6 × 106 rad s−1.

the interferometric line density, assuming a constant total
temperature (calculated as 22 eV). The DRR profile has
Ki = 1.0 and Ke = 7.2, which brings the separatrix density
down to a low value matching the experimental measurements.
A continuation of the Ki = 1 simple RR profile is indicated by
the dashed lines. The inner difference between electron and
ion rotation frequencies of ωri = 0.127×106 rad s−1 is slightly
under the simple RR value of ωRR = 0.143 × 106 rad s−1.
The agreement between the experimental and RR profiles is
sufficient for our simple modelling, representing the strong
edge effects produced by the RMF drive.

Calling ηi and ηe the resistivities in the inner and edge
regions, respectively, the torque calculated from the DRR
model is

TηDRR =2πe2

{
ηiωri

∫ r∗

0
n2(r)r3 dr+ηeωre

∫ rs

r∗
n2(r)r3 dr

}
ls

= πe2

{
ηiωriR

4
∫ u∗

−1
n2(u)(1 + u) du

+ ηeωreR
4
e

∫ wf

w∗
n2(w)(1 + w) dw

}
ls, (6)

where wf = (rs/Re)
2 −1. Ignoring the inconsequential torque

between r = 0 and r = R(1 − u∗)1/2 in the first integral, and
using an average value of wa = (w∗ +wf)/2 in the (1+w) term
in the second, a simple analytic expression can be arrived at.
Writing F(x) = tanh x(1−(tanh2 x)/3), and using the match-
ing result that Re = (ωriKe/ωreKi)

1/2R and R = rs/
√

2, this is

TηDRR = 0.5πe2n2
mωrir

4
s
F(Kiu

∗)
Ki

×
{
ηi +

ωriKe

ωreKi

(
1 + wa

2

) (
F(Kewf)

F (Kiu∗)
− 1

)
ηe

}
ls. (7)

Ke is always fairly large (to bring the separatrix density down
to near zero), and the parameter (ωriKe/ωreKi) is generally
about 1.5. Rewf , which gives the separatrix conditions, is
always between 1.5 and 2.5. If we divide the torque into inner
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Figure 4. Profile measurements for discharge 12939 at various times. Internal probe at 45˚ to axis; application of 10 kHz low pass filter
called Bz and portion at 105 kHz called Bθ .

and outer contributions, Tηi and Tηe, the absorbed power is
given by

Pabsθ = (ωri + ωi)Tηi + ωTηe. (8)

Equating equation (7) to equation (2) and equation (8) to the
measured absorbed power, gives us simultaneous equations for
the inner and outer resistivities. We have used Pabsθ to repre-
sent the portion of absorbed power attributable to the azimuthal
currents, and the largest source of error in the analysis lies in
choosing this fraction. We use Pabsθ = Pabs/(1 + (Bω/Be)

2),
which is fairly arbitrary, but choosing the full measured Pabs

in equation (8) sometimes yields negative values of ηi, and
reducing Pabsθ further (by say 1 + (rs/δ

∗)(Bω/Be)
2) some-

times gives unrealistic results with ηe less than the average
value. In the data reduction we will use these two limits to
place error bars on the calculations of ηi.

4. Resistivity measurements

Profile data for both the poloidal field Bz(r) and the envelope
of the RMF component Bθ(r) were obtained with a 6 mm
diameter boron-nitride covered internal probe inserted from
the top of TCS down to the centreline. The probe contained
31 single axis multi-turn loops spaced every 2 cm for the first
20 cm, and then every 1 cm out to the edge of the plasma tube.
The probe could be oriented to record the axial field Bz, the
horizontal field Bx , or a combination of the two. Usually,
the probe was oriented at 45˚ to the plasma tube centreline
to equally record Bz and Bx . The component at the 105 kHz
RMF frequency was then assumed to be due to the RMF Bθ ,
and the remainder to represent Bz. Assuming all the steady

components to be due to the axial field alone will be seen to be
not strictly correct, but pure Bz measurements show the errors
are small.

The profiles of Bz(r) and Bθ(r) obtained in the above
manner are shown in figure 4 for four times in a particular
discharge. On careful examination, there is a subtle but distinct
and highly repeatable difference in the Bθ profiles during
the lower and higher performance phases. During the lower
performance phase, the minimum in Bθ occurs inside the field
null. This is as would be expected from simple, uniform
resistivity calculations. Based on two-dimensional (r, θ )
calculations it is not understood why the 105 kHz signal
increases inside the field null, but it is probably due to three-
dimensional effects, since axial oscillatory currents on outer
field lines should be reflected by similar currents on their inner
field line connections. During the higher performance phase
the minimum in the Bθ profile occurs well outside the FRC
field null. This is seen to produce a relatively higher value of
the external field, and the drive performance, as characterized
by the ratio of Be/Bω, improves.

Resistivities inferred from the simple RR calculations and
from the DRR model for the four times shown in figure 4
are listed in table 1, along with data from lower (red entries)
and higher performance modes for two other discharges. The
values of δ∗/rs are taken from the Bθ(r) traces based on
the position where Bθ decreases to one-half its peak value.
Since the inferred resistivity is linearly dependent on this
value, there is some room for error, but the maximum possible
RMF torque given by analytic calculations [2] corresponds
to an effective value of δ∗/rs = 0.38, and the procedure is
reasonable. The listed value for ηRR is given by equation (5).
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Table 1. Resistivities inferred from the DRR model.

nm ηRR ηpabs ηinner ηedge

Shot θ∗/rs (1019 m−3) (µ� m) (µ� m) (µ� m) (µ� m)

12939
0.4 ms 0.16 1.70 109 260 30 380
4.7 ms 0.21 1.05 209 432 95 650
5.3 ms 0.185 1.26 124 393 3 590
9.3 ms 0.195 1.21 97 347 1 500

12889
6.3 ms 0.23 0.95 269 425 204 480
7.0 ms 0.18 1.10 136 345 28 660

12951
4.2 ms 0.21 1.12 212 404 127 610
5.0 ms 0.18 1.38 114 349 3 580

Bω and Be are measured accurately, but our cross-tube CO2

interferometer is only valid for the first 2 ms due to vibrations,
and the line density values for later times are scaled from
cross-tube continuum radiation measurements. The peak
density is calculated from the pressure profile, including
contributions from both the ion centrifugal force and the RMF
〈jzBθ 〉 radial force, assuming the total temperature is uniform.
This procedure should be reasonably accurate, even after the
formation phase, since the density does not vary much and
Langmuir probe measurements show the electron temperature
to be uniform to ±10%. It should be noted that nm, along with
Be, increases during the transition from the lower to the higher
performance mode.

The values of ηpabs in table 1 are given by the RR formula
(Pabsθ /ωeTRMF)ηRR, where ωe is taken as ζω + (1 − ζ )ωi.
ζ is determined from internal probe measurements and the
measured line density, and is between 0.29 and 0.35 for all
conditions except the 9.3 ms entry, where it is 0.24. It can
be seen that ηpabs always exceeds ηRR by at least a factor of
two, which we infer is attributable to a high edge resistivity,
where most of the RMF power (always over 50%) is absorbed.
The greater the difference, the greater will be the calculated
difference between ηi and ηe in our DRR modelling. It can be
seen that during the higher performance mode ηi is generally
under 30 µ� m. This value is reasonable given the relatively
high ratios vDe/vti of electron drift velocity to ion thermal
speed (vDe = ωrir ∼ 5 × 104 m s−1 near the field null and 2 ×
105 m s−1 near the edge, with vti ∼ 3×104 m s−1 everywhere),
which tend to lead to drift wave micro-turbulence. The much
higher ratios of vDe/vti in the outer edge, along with any RMF
induced turbulence, would be expected to result in much higher
resistivities there.

The inner and outer resistivities calculated using the DRR
model are plotted in figure 5 versus the simple RR resistivity
ηRR. Error bounds are shown on ηi based on the various
assumptions mentioned earlier of how much of Pabs is assigned
to Pabsθ . The leftmost grouping corresponds to the higher
performance mode, or to the startup condition for discharge
12939 (orange dashed lines). The blue diamonds are based on
assuming Pabsθ = Pabs, which clearly leads to non-physical
negative values of ηi. The upper limit orange triangles are also
somewhat non-physical since, in the lower performance cases
they sometimes lead to values of ηe being less than ηi. Only
the most likely value of edge resistivity is shown.

The lower inner resistivities during the higher perfor-
mance phase could be the reason for the shallower RMF
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Figure 5. Inner and edge FRC resistivities based on the DRR model.

penetration. RMF penetration not reaching the field null
was originally regarded as a mystery since in steady-state the
azimuthal electric field

Eθ = η⊥jθ + verBz − 〈vezBr〉 (9)

must be zero everywhere. In uniform resistivity code
calculations it was the RMF generated inward flow velocity
that could distribute the RMF torque to the portion of the FRC
where the RMF drive (bracketed term) did not penetrate (this is
why we use a torque based analysis), but it was difficult to see
how equilibrium could be achieved when at least some RMF
did not penetrate to the position where Bz = 0. Later non-
uniform resistivity calculations showed how the drive process
could be intrinsically unsteady, with some inner RMF rotating
at fri + fi and continually tearing and reconnecting with the
outer RMF rotating at the full fω [9]. (The lower rotating
component of Bθ would not be accounted for in plots such as
those shown in figure 4 where only the 105 kHz component
of the 45˚ aligned probes was assigned to Bθ .) This process
with two distinct electron rotational speeds was termed ‘edge
driven’ current drive. The non-steady behaviour produces a
non-steady torque oscillating at fω − (fri + fi), which causes
the FRC flux and all Bz(r) to oscillate at that frequency.

This ‘edge driven mode’ behaviour is clearly seen in the
contour plots of the frequency content of the internal probe
signals shown in figure 6, where the internal probe was oriented
to see both Bz and Bx . The average difference between electron
and ion rotation frequencies needed to produce the measured
Be based on the measured density profile is about 35 kHz for
all the long pulse data. The calculated DRR central value
of fri = ωri/2π is, of course less, about 25 kHz. The early
time contour plot (a) shows a distinct frequency content peak
at ∼30 kHz (mostly in Bx as determined when the probe is
oriented in the x direction), and again at sidebands of this
frequency around the 105 kHz RMF frequency (mostly in Bz).
(The ∼70 kHz sideband can also be seen in the Bext signal
of figure 1, where a 10 kHz spike filter around 105 kHz has
been applied to remove spurious RMF pickup.) The 30 kHz
content is much lower after the higher performance phase
begins, with the principal frequency content then occurring
at about 18 kHz due to an n = 2 distortion developing and
rotating at the ion rotation frequency of fi = 9 kHz. The
rotational n = 2 instability is ubiquitous, and usually lifetime
limiting in standard theta-pinch formed FRCs, which spin up
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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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