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Field-reversed configurations~FRCs! are created and sustained using a rotating magnetic field
~RMF! in the Translation Confinement and Sustainment experiment. Normally this experiment is
operated in a manner where the RMF only partially penetrates the plasma column. This method of
operation may have significant advantages in producing less disturbances to the bulk of the FRC, but
requires driving an overall radially inward flow to maintainEu(r )50 everywhere~through theVrBz

term in the generalized Ohm’s law!. However, some RMF penetration is still required at the field
null R, whereBz50. For some experimental conditions it appears that the RMF does not even
penetrate as far as the null, raising the question as to howEu(r 5R) can be maintained at zero
despite a finiteh' j u(r 5R). Numerical simulations with a resistivity profile that is sharply peaked
near the plasma edge yield similar profiles, and provide insight into this physical process. An inner
magnetic structure forms, which rotates at a much lower frequency than the RMF. A tearing and
reconnection process produces a torque transfer from the outer RMF to the inner structure, allowing
it to act as an RMF downshifted to a lower frequency, and thus provide current drive to the inner
region of the FRC. This mode of RMF current drive is being called ‘‘edge-driven mode.’’ ©2004
American Institute of Physics.@DOI: 10.1063/1.1641381#

I. INTRODUCTION

A transverse rotating magnetic field~RMF! can be used
to drive toroidal current in a compact toroid~CT!. RMF cur-
rent drive was first investigated by Blevin and Thonemann1

in the 1950s and then studied extensively at Flinders Univer-
sity in a device called the Rotamak.2 At the University of
Washington ~RPPL!, the Translation, Confinement and
Sustainment3,4 ~TCS! experiment was built to study RMF
current drive in field-reversed configurations~FRCs!. In both
this device and the previous Star Thrust Experiment5 ~STX!,
FRCs have been successfully formed and sustained through
the application of the RMF to background gas immersed in a
forward bias field.

An internal magnetic probe has been used to measure the
magnetic field profile in the TCS experiment over a wide
range of parameters, including antenna length and RMF fre-
quency. Normally, both this and the STX experiment were
operated in a mode where the RMF did not penetrate to the
axis of symmetry, but to a point near the magnetic null. Good
agreement has been reported between numerical simulations
using a two-dimensional~2D! (r 2u) code,6 and the experi-
mental measurements. Both the code and experiments
showed a characteristic flattening of the radial axial magnetic
field profile Bz(r ) near the magnetic field null, and a radial
RMF profile where the RMF penetrated slightly beyond the
null. However, it has been found recently that for some ex-
perimental conditions in TCS, equilibrium was reached
where the RMF did not even penetrate to the null, and there
was no distinctive flattening in theBz(r ) profile. For these
experimental conditions, our previous explanation6 for the
physics of partial penetration, namely that a radial flowur

forms such that theur3Bz component of Ohm’s law gener-
ates the needed azimuthal electric fieldEu on the inner field
lines, is inadequate. The calculations demand that the RMF
penetrate at least to the magnetic null sinceBz50 there. It
was found that if a resistivity profile that is sharply peaked
near the wall is assumed in the RMF code, results similar to
the recent experimental observations were obtained. The pre-
dictedBz profiles no longer had a distinct flattening near the
null, in agreement with the experimental data. A resistivity
profile that is peaked near the wall could be produced by
micro-instabilities due to the large electron velocities in-
duced by the RMF at large radius, or due to other effects
introduced by the RMF itself.7

If the ions are not rotating azimuthally, and all of the
electrons are rotating synchronously with the RMF, the azi-
muthal line current isI sync8 50.5̂ ne&ers

2vRMF, wherevRMF is
the rotation rate of the RMF,r s is the separatrix radius, and
^ne& is the average electron density, so that the electron line
density is p^ne&r s

2 . From Faraday’s law, the actual azi-
muthal line current isI rev8 5(BzExt2Bz0)/mo , whereBzExt is
the axial magnetic field external to the FRC, andBz0 is the
axial magnetic field at the axis of symmetry. The ratio of
these two azimuthal line currents isz5 I rev8 /I sync8
' 4BzExt /mo^ne&evRMFr s

2 . Here Bz0 is approximated as
2BzExt , so (BzExt2Bz0)'2BzExt . z is an important param-
eter for characterizing RMF current drive. When it is small,
most electrons are not rotating synchronously with the RMF,
and consequently the RMF cannot penetrate deeply into the
FRC. Conversely, whenz approaches one, most of the elec-
trons are rotating synchronously with the RMF, and the RMF
penetrates deeply into the FRC. The phenomenon described
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in this paper was most prominent in lowz shots.
This paper will present a description of the new physical

process resulting from a non-uniform resistivity profile, and
compare experimental data with numerical predictions. Sec-
tion II provides a description of the experimental measure-
ments, the RMF code, and the previously assumed physical
mechanism for partial RMF penetration. In Sec. III, numeri-
cal calculations will be compared with experimental data as
evidence that a newly discovered physical mechanism can
transfer torque applied to the electrons in the outer region
where the primary RMF field penetrates, inward to the elec-
trons at the magnetic field null and beyond. A discussion and
conclusions are presented in Sec. IV.

II. BACKGROUND

A. Internal magnetic probe

The internal magnetic field was measured on TCS using
a 420 mm long by 6 mm diameter probe containing 31 mag-
netic pickup loops. The probe was inserted at the axial mid-
plane of the FRC and extended from the wall to the axis of
symmetry. The first 11 loops were spaced 20 mm apart and
spanned fromr 50 to r 5200 mm. The remaining 20 loops
were spaced 10 mm apart and spanned fromr 5210 to r
5400 mm, providing higher spatial resolution in the outer
region where the magnetic field gradients were larger. Each
loop was wound on a 9 mmlong by 1 mm wide frame and
consists of 30 turns of 37mm diameter gold plated tungsten
wire.

The probe could be rotated so that the loops aligned to
measure only the axial magnetic fieldBz , or only the trans-
verse magnetic fieldBu . Normally the probe was rotated
half-way between theBz andBu extremes with the recorded
signals containing some of both. Theu-component was then
assumed to be from the RMF and thus oscillate at the RMF
frequency f RMF. Therefore, the signal within610 kHz of
the RMF frequency was defined to be in theu-direction, and
the rest of the signal was defined to be in thez direction. The
validity of these assumptions was tested by firing a sequence
of identical shots with the probe in each of the three posi-
tions. For most analysis these assumptions could be safely
used, although there were certain instances where they could
not be.

Two addition points are worth mentioning. The first is
that althoughBu implies the azimuthal component of the
magnetic field in cylindrical coordinates~assuming cylindri-
cal symmetry of the various modes, and the RMF being a
pure n51 mode!, the probe really measured just the trans-
verse field along one radial cord. The second is that whenBu

is plotted versus radius at a given time~as it is in several of
the figures! it is really the magnitude of the envelope of the
Bu signal that is plotted. This is done to show the character-
istic RMF amplitude of the oscillatoryBu signal versus ra-
dius.

B. RMF code

Numerical simulations have been made using a 2D mag-
netohydrodynamic~MHD! (r 2u) code that has been de-

scribed previously.6 It is important to note that while this
model advances the MHD equations in the (r 2u) plane, the
equations have been modified to include some three dimen-
sional ~3D! effects that are essential for RMF current drive.
The equations are modified to account for an axial equilib-

rium based on̂b&512 1
2 xs

2 , wherexs is the FRC’s separa-
trix radius divided by the external axial flux conserver’s ra-
dius. Also, flow parallel to the magnetic field lines tends to
equalize pressure between the connected inner and outer field
lines. The model includes terms that make this pressure ad-
justment. In Ref. 6, pressure was equalized between con-
nected inner and outer field lines assuming no rotation. In the
present version of the code, the ions are allowed to rotate and
the effects of centripetal force are correctly accounted for. In
this case the pressure between connected inner and outer
field lines at radiir i and r o can be expressed as

Po

Pi
5expH miv

2

2kTave
~r o

22r i
2!J ,

where Po is the pressure on the outer field lines,Pi is the
pressure on the corresponding inner field line,mi is the ion
mass,v is the rotation velocity, andTave is the average tem-
perature on the field line.

In most previous simulations, a constant and uniform
plasma resistivity was assumed. In this paper we explore the
effects of using a resistivity that is peaked near the vacuum
vessel wall.

C. Partial penetration

For most of the experimental data produced by the TCS
experiment, the RMF only penetrated the outer region of the
FRC, reaching in to a point just slightly past the magnetic
field null. A typical TCS magnetic field profile is illustrated
in Fig. 1~a!. This profile can be compared with that of a
numerical simulation with uniform resistivity~150 mV m!

FIG. 1. Experimental~a! and numerically calculated~b! magnetic field pro-
files for an RMF driven FRC.
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and similar parameters, shown in Fig. 1~b!. The overall
agreement is reasonably good. TheBu profile is observed to
increase with distance from the wall, and then decrease to a
small value inside of the magnetic null. TheBz profile de-
creases sharply with distance from the wall and flattens
somewhat near the null. The biggest difference between the
experimental and the numerical profiles is the degree of flat-
tening near the null. Previously experimental profiles show-
ing distinct flattening near the null have been reported for
both STX8 and TCS,4 but the profile shown in Fig. 1~a! is
more typical of recent TCS operation.

The shape of the RMF field lines, as inferred from the
probe data is shown in Fig. 2. As the RMF rotates in a
counter-clockwise direction, it exerts a torque on the elec-
trons. Due to resistivity, the electrons rotate slightly slower
than the RMF and tend to pull the field lines back in the
opposite direction. This leads to RMF screening currents as
well as RMF phase slippage, as can be seen by the bending
and wrapping of the field lines shown in Fig. 2.

The RMF applies a torque to the electrons in the outer
region where it has penetrated. However, current drive must
also be applied to the inner region of the FRC where the
RMF has not penetrated. It has been shown that this can be
accomplished through a convective flow that is radially in-
ward under the center of the antenna, and swirls around the
ends of the FRC and then back towards the midplane on the
connected outer field lines.6 To better understand this mecha-
nism, consider theu-component of the generalized Ohm’s
law, Eu5hJu1n rBz1 1/en^JzBr&, where Eu is the azi-
muthal electric field,h is the plasma resistivity,Ju is the
azimuthal current,n r is the radial inward plasma flow driven
by the RMF,Bz is the axial magnetic field, and̂JzBr& is the
average of the oscillatingJzBr with Jz the RMF induced
axial current andBr the radial component of the RMF.Ju is
normally negative and̂JzBr& is normally positive in the re-
gion where the RMF has penetrated. Consider the case of
radially inward plasma flow at the mid-plane, with the RMF
penetrated slightly beyond the null. Then in the region out-
side the null, the 1st, and 2nd terms on the right-hand side

~RHS! are negative, while the 3rd term is positive. In the
inner region where the 3rd term is near zero, the first term is
still negative, but the second term is positive. Thus with the
appropriate flow, an equilibrium can be reached withEu zero
everywhere. This has been demonstrated numerically,6 and is
thought to explain the experimental results.4,5 It should be
noted that at the magnetic field nullBz is zero, so in equilib-
rium the RMF must penetrate beyond the null for the^JzBr&
term to balance thehJu term there.

III. EDGE DRIVEN MODE

Recently the TCS experiment was modified by wrapping
flux conserving straps around the quartz tube at a radius of
r c50.41 m, thus making the effective coil radius much
closer to the wall radiusr w50.40 m. The intent of the straps
was to help prevent the FRC’s separatrix from making wall
contact. Although this modification did not increase the ef-
fectiveness of the RMF current drive, it did make the experi-
ment much more reproducible on a shot-to-shot basis. How-
ever, with this change, a significantly different magnetic
profile was often observed. The RMF was confined to a re-
gion near the radial edge of the FRC, and did not penetrate to
the magnetic null; an absolute requirement for equilibrium
according to the argument of the previous section. For this
reason, we refer to this mode of current drive as ‘‘edge-
driven mode.’’

Figure 3 shows a typical magnetic field profile for a shot
where the RMF did not penetrate to the magnetic field null.
Notice how the axial magnetic field increases linearly with
no tendency to be steeper in the outer edge where the RMF is
applying a torque, and little tendency to flatten near the null,
unlike the traces shown in Fig. 1. Other parameters of inter-
est at the time of this radial profile were:f RMF5236 kHz,
Ttotal522 eV, density at the field nullno5831018 m23,
separatrix radiusr s50.35 m, andz50.13. It should be noted
that edge-driven mode was typical for these high RMF fre-
quency, lowz shots.

It was found that when the numerical model was run
with a resistivity profile that was sharply peaked near the
vacuum vessel wall, magnetic profiles similar to the edge-
driven experimental observations were predicted. This phe-
nomenon was initially found when the Chodura resistivity9

formula was added to the code, expressed as:

FIG. 2. RMF field lines inferred from experimental data.

FIG. 3. Experimentally measured magnetic profiles where the RMF, at the
applied frequency, did not penetrate to the magnetic field null.
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hchod5
menchod

ne2 ,

where

nchod5Ccvpi~12e2u ve / f vs u!.

Cc and f are input parameters with magnitudes in the vicin-
ity of 0.01 and 3.0, respectively,n is the plasma density,ve is
the electron drift velocity relative to the ions,vs is the sound
velocity, andvpi is the ion plasma frequency. These param-
eters lead to a resistivity that varies approximately ash
} ve /vsAn , which tend to be peaked near the wall for an
RMF driven plasma. However, this resistivity varies strongly
in both space and time and made the interpretation of nu-
merical results somewhat difficult. For the calculations re-
ported in this paper, a simple time independent resistivity
profile given by

h5h01hedge~11exp~~r 02r !/x!!21,

was used, with parametersh0531mV m, hedge

51200mV m, r 050.35 m, andx50.01 m assumed for the
perpendicular resistivity. The parameter values for the paral-
lel resistivity were the same, except for the parameterh0

~only affects central region! which was half as large.
The code was initialized with an FRC profile, but no

RMF. A 235.5 kHz RMF that began, att50, to quickly ramp
up to a vacuum value of 2.5 mT, was applied as a boundary
condition. The temperature was clamped at a maximum
value of 30 eV, and the ions were allowed to spin up to a
frequency of 4.5 kHz, on the order of typical experimental
values. The time history of the trapped fluxf for this calcu-
lation is shown in Fig. 4. After about 20ms, the RMF had
penetrated deeply into the FRC, driving the trapped flux up
to about 1.4 mWb. The FRC responded to this increased flux
by growing radially, increasing the external field, and conse-
quently the density, since the temperature was clamped at 30
eV. The RMF was unable to sustain the current for these
conditions and the inner penetrated field lines tore off, leav-
ing an innerstructurethat rotated more slowly than the RMF.
After this, the trapped flux grew slowly for about 0.5 ms,
where it came to a quasi-equilibrium value until about 0.75
ms. As can be seen in the figure, the magnitude of the
trapped flux had a high frequency oscillation during this pe-
riod.

Figure 5 shows a typical magnetic field profile during

the quasi-equilibrium period. Note that there are two curves
for the Bu profile. The curve labeled ‘‘n51’’ is the magni-
tude of then51 component ofBu in the code, while the
‘‘filtered’’ curve is a value that would be plotted if it were
measured by an internal probe and processed using the same
methodology that is used in the experiment, whereBu was
measured as a function of time and then passed through a
notch filter at610 kHz either side off RMF. The envelope of
this signal is then calculated and plotted as a function ofr at
the specified time. In the inner region, this curve has a much
lower value than the dotted curve because the slower rotation
of the inner structure shifts the frequency of then51 com-
ponent outside the range of the notch filter. The data for the
Bz curve were passed through a 10 kHz low-pass filter so
that it also represents an averaged profile.

When Fig. 5 is compared with the experimental data of
Fig. 3, we note some striking similarities. First the RMF
~especially as seen in the filtered curve! drops to a very low
value well before the magnetic field null. Second, theBz

profile now has no tendency to flatten near the field null.
Thus, this simulation appears to be in much better agreement
with the experimental data than previous calculations where
a constant uniform resistivity was used. The next few para-
graphs will explore the current-drive mechanism that is ac-
tive in the simulation during the period when the RMF does
not penetrate to the null. Then more data will be presented to
show that the same physical mechanism appears to be active
in the experiment.

While the RMF amplitude appears to be small at the
null, there is still a significantBr andJz there, but rotating at
a frequency significantly slower than the RMF. This is im-
portant becausêJzBr& is the only term in the generalized
Ohm’s law that can balancehJu there. The slowly rotating
magnetic structure that has formed in the inner portion of the
FRC is applying a torque to the electrons there. But to do so,
a torque must also be transferred to the magnetic structure
from the outer RMF.

Figure 6 shows a sequence of magnetic field line plots as
the applied RMF makes a full rotation relative to the inner
structure. This figure is plotted in a frame of reference that
rotates with the RMF so that the applied RMF always ap-
pears vertical, and thus the inner structure appears to rotate
in a clockwise direction. In fact, both the RMF and the inner
field-lines rotate in a counter-clockwise direction, but the
inner field lines rotate at a much slower rate. By examining

FIG. 4. Time history of trapped flux from a simulation with a resistivity
profile that peaked near the vacuum vessel wall.

FIG. 5. Magnetic field profile from a simulation with a resistivity profile
that peaks near the vacuum vessel wall.
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this sequence of field-line plots, it is found that the magnetic
field lines tear and then reconnect each time the RMF makes
a full rotation relative to the inner field-lines. When the field
lines first-reconnect they are bent so that a retarding torque is
applied to the inner structure. As the outer RMF rotates fur-
ther, more field-lines reconnect and a larger positive torque is
applied (t50.452 ms). Thus a net oscillating torque is ap-
plied to the inner structure and consequently the electrons.
The total magnetic field contains a large component in thez
direction, so the field lines shown in Fig. 6 should be thought
of as a projection of the total field onto ther 2u plane. In a
real finite-length FRC the total field geometry would be more
complex, but it is still expected that the magnetic field lines
would tear and reconnect each time the RMF makes a full
rotation relative to the more slowly rotating inner field-lines.

The frequency of the oscillating torque isf RMF- f struct

where f struct is the rotation frequency of the inner structure.
The oscillating torque applied to the electrons causes the
oscillations in the trapped fluxfo , shown in Fig. 4. Similar
oscillations can also be seen in the external axial magnetic
field, BzExt . It will now be shown with a spectral analysis,
that this oscillation frequency isf RMF- f struct, and that exactly
the same oscillations appear in the experimental data.

Figure 7 shows the spectral amplitude of the externalBz

and the internalBu at a specific radial location and in a time
window of 0.5 to 0.75 ms~a period of quasi-equilibrium!. As

expected, the internalBu has a strong spike at the rotation
frequency of the inner structure, andBzExt has a strong spike
at f RMF- f struct. Figure 8 shows the same plot, but for an
experimental shot with identical conditions to that shown in
Fig. 3, except the internal probe was rotated to measure only
Bu . The spectral analysis is done in the time window of
0.8–1.3 ms, a period of quasi-equilibrium. Like the numeri-
cal data, Fig. 8 shows a distinct spike at a low frequency
labeled f struct that is being interpreted as the rotation fre-
quency of an inner structure, as well as a strong spike in
BzExt at a frequency off RMF- f struct. A loop external to the
vacuum vessel and internal to the flux coils, that azimuthally
averaged the axial magnetic fieldBz , was used to measure
BzExt . This signal also had a spectral spike atf RMF, due to
noise pickup from the RMF in which it is immersed.

It is also informative to look at a contour map ofBu as a
function of time and radius inside the plasma, as shown in
Figs. 9 and 10 for the numerical and experimental data, re-
spectively. The experimental data were taken from the same
shot as Fig. 8, where the probe was rotated to measureBu

only, so the full bandwidth can be displayed. The oscillating
bands at the top edge of these plots are separated by one
RMF period. The bands drift to the right as they move in
radially due to the phase shift that occurs as the electrons
drag the field lines in the clockwise direction. In the calcu-
lation ~Fig. 9! there is a distinct break aroundr 50.3 m
where the field lines tear and the slower rotating internal
structure begins. The experimental data are more complex
but the lower frequency component, indicating a slowly ro-
tating structure, is clearly visible. However, a significant
fraction of the low amplitude signal in the inner region is at

FIG. 6. Time sequence of the calculated RMF field lines as the primary
RMF makes a full rotation relative to the inner structure. The circle indicates
the position of the vacuum-plasma boundary.

FIG. 7. Spectral amplitude of the calculated externalBzExt ~solid line! and
internalBu ~dotted line! during the time window of 0.5–0.7 ms.

FIG. 8. Spectral amplitude of the measured externalBzExt ~solid line! and
internalBu ~dotted line! during the time window of 0.8–1.3 ms.
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the RMF frequency. The experimental data show the inner
structure rotating at a significantly lower frequency than the
numerical data, reflecting a lower value for the parameterz
~about 0.13 for the experiment vs about 0.20 for the calcula-
tion!.

IV. DISCUSSION AND CONCLUSIONS

A new mode of RMF current drive, which we are calling
edge-driven mode, has been identified. In this mode, the pri-
mary RMF is confined to the edge of the FRC, and its torque
is transferred to a magnetic structure that co-rotates with the
inner electrons through a tearing and reconnection process
near the edge of the FRC. The inner structure rotates at a
frequency downshifted by a factor of approximatelyj from
the frequency of the RMF applied at the edge. This phenom-
enon occurs in numerical simulations when a resistivity pro-
file that is sharply peaked near the plasma edge is used,
suggesting that the experimental plasma may also have a
resistivity that is peaked near the vacuum boundary, and
much smaller in the core of the FRC. This profile could be
produced by micro-instabilities since the RMF induces large
electron velocities at large radius, or due to other effects
introduced by the RMF itself.7 The physical mechanism has

a uniquefingerprint where the external magnetic fieldBzExt

has a fluctuation at the RMF frequency downshifted by the
rotation frequency of the inner structure. Thisfingerprint is
clearly evident in the experimental data.

With this mode of RMF current-drive, there are two dis-
tinct regions in the plasma. In the outer region, the primary
RMF penetrates and rotates with frequencyf RMF, while in
the inner region a rotating magnetic structure forms and ro-
tates with a frequency off struct. Torque is transferred from
the outer primary RMF to the inner structure through a tear-
ing and reconnection process that takes place at a frequency
of f RMF- f struct. The plasma in the inner region experiences
RMF current drive, but at the downshifted frequency,f struct.
It is expected that the conditionf struct@ f ci , where f ci

5eBstruct/2pmi , should be obeyed. For the numerical~ex-
perimental! data we findf struct551 ~28! kHz, Bstruct50.001
~0.0004! T, and f ci57.6 ~3! kHz, thus the conditionf struct

@ f ci is clearly satisfied. Likewise, we expect that the param-
eterg5vce/n' should be of at least the same magnitude as
the parameterl5r s /d, where d5(2h/movRMF)

1/2 is the
skin depth,vce is the plasma electron cyclotron frequency in
the RMF, n' is the electron–ion collision frequency, and
vRMF is 2p f RMF. For the numerical calculation we findg
531.5, andl528 in the inner region. The resistivity of the
inner region was not known in the experiment, so the experi-
mental values of these parameters cannot be calculated at
this time.

In the experiment an average resistivity was estimated
by doing a power balance between the power input to the
antenna and the power absorbed by the plasma, assuming a
rigid-rotor profile and uniform resistivity. A similar average
can be calculated for the code by using the Poynting vector
at the calculation boundary to estimate the input RMF power.
Using this simple estimate, both the experimental data and
numerical calculation yield an averageh' of about 250
mV m. As discussed in Sec. III, the actual resistivity used in
the calculation was 31mV m in the center and 1200mV m in
the outer region. Thus the calculation’s resistivity profile is
consistent with experimental observations, but more detailed
measurements would be required to estimate the actual pro-
file.
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