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Effects of open field line plasma on rotating magnetic field current drive
in a field-reversed configuration

Richard D. Milroy
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~Received 3 January 2001; accepted 6 March 2001!

A numerical model has been used to study the effects that open field line plasma may have on the
rotating magnetic field~RMF!, when it is applied to a field-reversed configuration~FRC! for current
drive. The model is a two-dimensional (r –u) magnetohydrodynamic computer simulation. The
RMF is found to be an extremely good particlepump, continuously sweeping plasma into the FRC
from the outer region, and thus evacuating the space near the containment vessel wall. This effect
can lead to a very low density near the wall, providing good thermal insulation. However, if there
is a plasma source in the open field line region~such as outgassing from the containment vessel
wall! capable of maintaining relatively low-density plasma, the RMF may be amplified in this
region. While this effect may speed the rate of penetration, it also has a deleterious effect where
excessive penetration leads to predictions of an internal structure that rotates slower than the RMF,
and chaotic equilibrium. ©2001 American Institute of Physics.@DOI: 10.1063/1.1368140#
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I. INTRODUCTION

A transverse rotating magnetic field~RMF! is being in-
vestigated as a current drive mechanism for the fie
reversed configuration~FRC!. Much of the pioneering work
for this RMF current drive was performed by Jones and
workers, and has been summarized in a recent rev
article.1 Much of this work employed a device known as
rotamak, which normally has significant plasma pressure
the containment vessel wall. More recent experiments at
University of Washington2,3 employ flux-conserving coils
where the external field naturally increases when the F
expands radially. This permits the separatrix position to
controlled, and thus ensures that it is inside the tube w
Experiments, and numerical modeling4 have both found tha
when the separatrix is inside the containment vessel w
RMF action sweeps the open field-line plasma inward, le
ing to an extremely low plasma density beyond the sep
trix.

In previous numerical magnetohydrodynamic~MHD!
studies,4 the separatrix radius was inside, but very close
the containment vessel wall. In this paper, the same num
cal model is used to explore the case where the separ
radius is further from the containment vessel wall, leavin
significant open field line region that may contain low
density plasma. It is found that the RMF acts as a very e
cient particle pump, which continuously sweeps the plas
from this region into the FRC. This can leave an extrem
low-density region near the vessel wall. However, if
plasma source exists that maintains the plasma density in
open field line region above a critical~but low! value, the
RMF field magnitude is amplified in the open field line r
gion, and thus increases with decreasing radius, between
wall and the FRC. This effect can greatly reduce the pene
tion time for the RMF, but it can also cause the RMF
penetrate too far. Then the torque required to maintain
2801070-664X/2001/8(6)/2804/4/$18.00
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current exceeds the capability of the RMF field near the w
leading to an internal magnetic structure that rotates slo
than the RMF. This generates to a chaoticequilibrium, which
is not at all desirable.

In Sec. II we review the expected RMF profile in th
region between the FRC separatrix and the plasma tube
based on a vacuum solution. This is compared with a
merically calculated profile, and it is shown that the prese
of low-density plasma can significantly affect the solution.
physical explanation for these results is then offered. A su
mary and discussion of the implications of this effect is d
cussed in Sec. III.

II. OPEN FIELD LINE EFFECTS

A. Vacuum solution

Before exploring the effects of the plasma in the regi
between the FRC separatrix and the vessel wall, we
examine the vacuum solution for the RMF field. In
vacuum, the RMF can be represented with thez-component
of the vector potential,Az .4,5 If the vacuum exists in the
region r .R,Az must satisfy the equation

¹2Az50, r>R. ~1!

The solution to this equation5 can be expressed as

Az5(
n

Az,neinu,

where

Az,n5anr n1bnr 2n, ~2!

Bu52
]Az

]r
52(

n
~nanr (n21)2nbnr 2(n11)!einu. ~3!
4 © 2001 American Institute of Physics
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If we consider only then51 mode, we know thatBu

→BRMF asr→`, and that if there were a perfectly conduc
ing cylinder at r 5R, then Az→0, as r→R. For this case
a152BRMF, andb15BRMFR

2, so

Bu5BRMFS 11
R2

r 2 D eiu. ~4!

In this case the RMF field magnitude~as represented byBu)
increases to double its large radius value, asr decreases and
approachesR. This increase results from the field lines wra
ping around the conducting cylinder, as illustrated in Fig.

On the other hand, a FRC is not a perfectly conduct
cylinder, but it is still possible to calculate the RMF fie
between the containment wall and the FRC, assuming
region is a vacuum. If the RMF field at the vacuum ves
wall BuWall is known, Eq.~3! can be used to write

Bu5S 2a1
b

r 2D eiu, a52BRMF,

~5!
b52RWall

2 ~BRMF2BuWall!.

Thus, if bothBRMF andBuWall are known, Eq.~5! can be used
to specify the RMF field between vacuum tube wall and
FRC ~assuming this region is a vacuum!. This equation al-
lows the Bu predicted by the MHD code, to be compare
with the vacuum solution. Similarly, ifBRMF andBuWall are
measured in an experiment, it can be used to predictBu

between the wall and the separatrix.

B. MHD simulation results

The numerical simulations reported in this paper emp
parameters relevant to the Translation Confinement and
tainment ~TCS! experiment at the University o
Washington.6 The details of the numerical model have be
described elsewhere.4 The calculations are initialized with
Bz andn profile of a FRC in equilibrium. During the calcu
lation, the FRC length is adjusted to maintain the averagb

FIG. 1. RMF field lines, as they wrap around a perfectly conducting cy
der.
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condition and adjustments are made to maintainn, T, andP
as a function ofc, as described previously.4 The initial con-
ditions for thestandardnumerical simulation of this section
are a uniform temperatureTeo530 eV, external axial mag-
netic fieldBzo5115 G, andxs50.75. The simulation region
extends fromr 50 to r 540 cm, and a flux conserving coil i
at Rc547 cm. The RMF field ramps on in 1ms to Brmf

535 G, and has a frequencyv rmf51.13106 s21. A uniform
resistivity of 125mV m is employed, and the plasma tem
perature is limited to values less than 30 eV.

A low minimum pedestal densitynmin , is applied to cir-
cumvent numerical difficulties associated with the Hall te
in the MHD equations. For thestandard case,nmin51.2
31016 m23, which is approximately 0.1% of the peak equ
librium density. It will now be shown that the selection o
this value can have a dramatic effect on the calculation—
is too large.

Figure 2 shows the magnetic field and density profi
for the standardcase after the calculation has reached eq
librium. The input value ofBRMF and the numerically calcu
lated value ofBuWall have been used with Eq.~5! to calculate
the vacuum solution forBu . The magnitude of this quantity
is shown as a dashed line in Fig. 2. TheBu profile calculated
by the MHD code is seen to agree well with the vacuu
prediction. Figure 3 shows the results from an identical c
culation, except thatnmin has been increased to 8.431016

m23, which is about 0.7% of the peak equilibrium densit
For this case the calculatedBu profile rises significantly over
the vacuum based prediction, which leads to greater pene

-

FIG. 2. Equilibrium magnetic and density profiles for thestandardcalcula-
tion.

FIG. 3. Equilibrium magnetic and density profiles for a calculation whe
nmin has been increased to 8.431016 m23.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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tion. This is manifested through more driven current, as
quired to support the larger swing inBz , higher density and
pressure, and larger separatrix value.

This numerical result may seem somewhat contriv
since it depends upon the setting of an artificial pede
density. However, mechanisms do exist for the creation
plasma near the vacuum vessel wall in experiments.
quartz wall is known to outgas, and could easily be a su
cient source of neutrals. For the calculation shown in Fig
approximately 5.431016 ions per cm per s~cm21 s21! were
generated by the code to maintain the pedestal density.
density generation occurs in a thin annular region around
vacuum vessel wall. The particle production rate is suffici
to add about 2.5% of the FRC inventory in the 500ms cal-
culation. The power required to ionize this much plasma
miniscule—approximately 0.4 W/cm of length, when a to
ionization cost of 50 eV per ion is assumed. This can
compared to a total Joule heating rate of about 7.75 kW/

C. Physical understanding

In this section, the physical mechanism for RMF amp
fication in the open field line region is described. Here,
u-dependence of the variables is represented spectrally

q~u!5q01S (
n51

N

qneinu1c.c.D . ~6!

The axial currentJz , in the open-field line region must b
approximately in phase and in the same direction as the
rent in the RMF antennae. At first this may seem counte
tuitive, since image currents are usually in the opposite
rection and buck out the magnetic field. But if we consid
the forces on the open-field line plasma, it becomes appa
why the RMF has to increase with decreasing radius fr
the wall. The total force on the plasma can be expresse
(J3B)2¹P. Considering only then50 component of the
radial force, and splitting the first term into its two spect
components yields

Fr ,05Ju,0Bz,022 Re~Jz,1Bu,1* !2
]P0

]r
, ~7!

where theJu,0Bz,0 term represents the contribution from th
n50 component, and the Re(Jz,1Bu,1* ) represents the contri
bution from then51 component. Since the RMF quickl
penetrates the low-density plasma in this region, the
muthal current in this region is negative, and can be
pressed asJu,05nqevRMFr . The first term in Eq.~7! is thus
negative, and will drive a radially inward fluid velocity unt
one of the other two terms is large enough to balance it.
inward radial velocity has two effects:~1! It evacuates the
plasma from the region near the wall and that creates a p
sure gradient that opposes theJu,0Bz,0 term; ~2! It convects
the RMF inward, generating the RMF amplification. In th
caseJz,1 is predominantly real and negative whileBu,1 is
predominantly real and positive so22 Re(Jz,1Bu,1* ) is posi-
tive, which is a radial force out.

In is instructive to evaluate the requirements for t
pressure gradient to balance theJu,0Bz,0 term. For simplifi-
cation it is assumed that the temperature is constant. Th
Downloaded 31 May 2001 to 128.95.33.235. Redistribution subject to A
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Ju,0Bz,05nqevRMFrBz5kBT
]n

]r
,

which implies

]n

]r
5

qe

kB

vRMFrBz

T
n. ~8!

For thestandardsimulation case withvRMF51.13106 s21,
r 50.40 m,Bz50.0115 T, andT530 eV. If we approximate
rBz /T as constant in the annular region between the sep
trix and the wall, the above equation implies that the dens
must decay ase2170r in this region, or about 1e-folding
every 6 mm. Without anexternalsource of plasma, this ma
be accomplished, and equilibrium established without rad
flow on the open field lines. If there is a significant spa
between the plasma and the wall and no plasma sourc
this region, the wall density will be kept very low by thi
effect. However, if plasma is continuously generated, as r
resented by the pedestal density in the numerical simulati
the pressure gradient alone cannot balance theJu,0Bz,0 term,
and a radial flow causes RMF amplification until the seco
term in Eq.~7! grows untilFr is zero.

It is also instructive to estimate the requirements for
RMF to balance theJu,0Bz,0 term. A rough estimate can b
obtained by assuming that the change in magnetic pres
from the decrease inBz is matched by an increase in th
magnetic pressure from an increase inBu ~over its vacuum
solution!. This can be expressed as

D~Bz
2!52 1

2D~Bu
2!,

or, assumingDB is small compared toB

DBu52
2BzDBz

Bu
. ~9!

The termDBz can be estimated from¹3B5m0J, so

DBz'm0nevRMFrDr . ~10!

For the simulation case withnmin58.431016 m23, vRMF

51.13106 s21, r 50.40 m, andDr 50.1 m, the above equa
tion predicts aDBz57.4 G. Then usingBz5115 G andBu

535 G, Eq.~9! predictsDBu548 G in approximate agree
ment with the simulation shown in Fig. 3. Equations~9! and
~10! show that if the density is sufficiently low, or if the
separatrix is close to the wall soDr is small, the effect can
vanish.

D. Consequences of RMF amplification

By comparing the results of Figs. 2 and 3, one may w
to conclude that this effect is always beneficial. RMF pe
etration was more rapid and the resulting equilibrium h
higher pressure andBz when the pedestal density was highe
However, this calculation was carefully chosen, with an op
field-line density sufficient for significant RMF amplifica
tion, but small enough for a quiescent equilibrium. In a th
calculationnmin has been increased to 1.831017 m23, which
is about 1.5% of the peak equilibrium density. In this ca
the peakBu is about 115 G at 15ms into the calculation, and
penetration is rapid. In a previous paper4 it was shown that
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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penetration continues until the penetration condition isal-
most satisfied, and a balance is achieved so that the R
penetrates to the null, but not beyond it. The RMF ampl
cation alters the penetration condition so that more curren
driven in a higher density FRC. To support the increas
current, the RMF must apply a larger torque to the electro
If this exceeds the total torque that the RMF can supply,
entire magnetic structure inside the vacuum vessel be
rotating slower than the RMF. This is illustrated in Fig.
which shows the magnetic field lines at several times, p
jected onto ther –u plane. Note that the graphs are plotted
a rotating frame of reference to make the external RMF
pear vertical and stationary. The corresponding simula
time ~ms! for each of the graphs is shown in its center.

The internal structure is rotating significantly slow
than the RMF. In fact, in Fig. 4 the structure appears to h
a period of 7.25ms, which means that its rotation frequen
relative tovRMF is 0.873106. Thus the internal structure i
rotating with a frequency ofv50.233106, which is about
21% ofvRMF. This is only an average rotation rate howev
because the internal shape of the structure is seen to
with its phase. In factueu is found to vary wildly as a func-
tion of radius and time during each rotation.

III. DISCUSSION AND SUMMARY

An important new physical effect that could have sign
cant implications for the use of RMF current drive in a FR
has been investigated with a numerical model. It has b
found that if there is a significant gap between the vacu
chamber wall and the FRC, and if the plasma density in
region is prevented from becoming arbitrarily low, then t
RMF magnitude will grow with decreasing radius betwe
the wall and the FRC. If conditions are such that the grow
in RMF magnitude is modest, this effect can be beneficial
increasing the penetration rate and current drive efficien
However, if the effect is too strong, the current drive ef
ciency is increased to a point where the torque required
maintain the electron rotation is too much for the RMF.
this case, the calculations predict the formation of a magn
structure that rotates much slower than the RMF. The R

FIG. 4. Evolution of magnetic field lines during one rotation of the magne
structure.
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continues to drive the current with this structure, but t
solution appears chaotic, and thus undesirable for FRC
rent drive. In addition, a significant plasma density is p
dicted all the way to the wall. This could be catastrophic
experimental plasma—especially if the RMF opens the F
field-lines7 so there is direct parallel thermal conduction pa
to the wall.

The effect relies upon the existence of a mechanism
create new plasma near the vacuum chamber wall, howe
the required plasma creation rates are well within realis
outgassing and ionization rates for experimental plasm
However, it should be noted that we have neglected o
field line losses due to axial flow. Inclusion of this effe
would increase the required plasma production rate.

In the simulations presented here, the initial conditio
include a very low density on the open field lines. It is na
ral to question whether this is important, particularly sin
this probably will not be true for planned experiments
TCS.6 If the simulation were initialized with a significan
open field line density, but with a very low pedestal dens
would RMF amplification take place, at least transiently d
ing the initial RMF penetration? Calculations with a rel
tively high initial open field line density~10% of the peak
density! showed that this change in initial conditions h
almost no effect. During initial penetration, the RMF push
this initial plasma ahead of it, quickly evacuating the ou
radius region. This result has an additional significance,
cause it shows that the density outside of the FRC m
quickly drop to a very low value, and that the RMF contin
ously sweeps plasma from this region. In the absence
plasma source near the wall, Eq.~8! ~or a variant of it that
includes temperature variation! can be used to estimate th
density near the wall.

Future work will include a comparison with experime
tal results. In particular,Bu probe data will be analyzed an
the magnitude compared with the vacuum solution to se
the amplification effect is evident, especially if FRCs with
significant gap between the wall and separatrix are form
In addition, numerical and experimental probe signals will
carefully compared to ascertain whether internal rotat
structures exist in the experimental device. Some initial
sults indicate that this is indeed true.6
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