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A numerical model has been used to study the effects that open field line plasma may have on the
rotating magnetic fieldRMF), when it is applied to a field-reversed configurati&fRC) for current

drive. The model is a two-dimensional{6#) magnetohydrodynamic computer simulation. The
RMF is found to be an extremely good partiglemp 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 regisnch 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 Physic§DOI: 10.1063/1.1368140

I. INTRODUCTION current exceeds the capability of the RMF field near the wall,
leading to an internal magnetic structure that rotates slower
A transverse rotating magnetic fie{MF) is being in-  than the RMF. This generates to a chaetigilibrium, which
vestigated as a current drive mechanism for the fieldis not at all desirable.
reversed configuratiotFRC). Much of the pioneering work In Sec. Il we review the expected RMF profile in the
for this RMF current drive was performed by Jones and coregion between the FRC separatrix and the plasma tube wall
workers, and has been summarized in a recent revieWased on a vacuum solution. This is compared with a nu-
article! Much of this work employed a device known as a merically calculated profile, and it is shown that the presence
rotamak, which normally has significant plasma pressure owf low-density plasma can significantly affect the solution. A
the containment vessel wall. More recent experiments at thghysical explanation for these results is then offered. A sum-

University of Washingtoh® employ flux-conserving coils mary and discussion of the implications of this effect is dis-
where the external field naturally increases when the FRGussed in Sec. IIl.

expands radially. This permits the separatrix position to be
controlled, and thus ensures that it is inside the tube wall.
Experiments, and numerical modelfrigave both found that
when the separatrix is inside the containment vessel WaIII,I' OPEN FIELD LINE EFFECTS
RMF action sweeps the open field-line plasma inward, leadA. Vacuum solution

ing to an extremely low plasma density beyond the separa-

trlx.ln revious numerical magnetohydrodynam(HD) between the FRC separatrix and the vessel wall, we will
P g Y Y examine the vacuum solution for the RMF field. In a

studies? the separatrix radius was inside, but very close to .
the containment vessel wall. In this paper, the same numer}{?iﬁum' trle RMF C?nl be “r’gpl;etshented with Z@qunet?]t
cal model is used to explore the case where the separatrﬁégioi r\f;opr\ p;jsr: ?aﬁéfy the eqeu;/t?grl:um exists in the
radius is further from the containment vessel wall, leaving a vz
significant open field line region that may contain low- V?A,=0, r=R. (1)
density plasma. It is found that the RMF acts as a very effi- ] ) )

cient particle pump, which continuously sweeps the plasmd he solution to this equatidrcan be expressed as

from this region into the FRC. This can leave an extremely

low-density region near the vessel wall. However, if a  A,= >, A, e"?,

plasma source exists that maintains the plasma density in the n

open field line region above a criticébut low) value, the \ynere

RMF field magnitude is amplified in the open field line re-

gion, and thus increases with decreasing radius, between the A, =a,"+8,r ", (2
wall and the FRC. This effect can greatly reduce the penetra-

tion time for the RMF, but it can also cause the RMF to B.,—— aAZ:_E (na,r™D—npg r-(+ygind (3
penetrate too far. Then the torque required to maintain the v or n " " ’

Before exploring the effects of the plasma in the region
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FIG. 2. Equilibrium magnetic and density profiles for $tandardcalcula-
tion.
condition and adjustments are made to maintgif, andP
as a function ofy, as described previousfyThe initial con-

- . _ditions for thestandardnumerical simulation of this section

FIG. 1. RMF field lines, as they wrap around a perfectly conducting cylin- . .

der. are a uniform temperaturé.,= 30 eV, external axial mag-
netic fieldB,,= 115 G, andxs=0.75. The simulation region
extends front =0 tor =40 cm, and a flux conserving coil is

If we consider only then=1 mode, we know thaB, at R;.=47 cm. The RMF field ramps on in ks to B

—Bgrwr asr—, and that if there were a perfectly conduct- =35 G, and has a frequenay,s=1.1x 10° s 1. A uniform

ing cylinder atr=R, thenA,—0, asr—R. For this case resistivity of 125uQ m is employed, and the plasma tem-

a;= —Bgryr, andp;=BgrweR?, SO perature is limited to values less than 30 eV.

A low minimum pedestal density.,i,, iS applied to cir-
it (4)  cumvent numerical difficulties associated with the Hall term
in the MHD equations. For thetandard case,n,,=1.2
X 10'® m~3, which is approximately 0.1% of the peak equi-
librium density. It will now be shown that the selection of
this value can have a dramatic effect on the calculation—if it

-
(=)

n (x10'8 m3)

(3]

R2
By=Brur| 1+ —
r

In this case the RMF field magnitudes represented &)
increases to double its large radius valuer decreases and
approachef. This increase results from the field lines wrap- .
ping around the conducting cylinder, as illustrated in Fig. 1)s too large. L . )
On the other hand, a FRC is not a perfectly conductingf Figure 2 shows the magneic f|eI(_1I and density prof|Ie§
cylinder, but it is still possible to calculate the RMF field or the standardcase after the calculation has reached equi-

between the containment wall and the FRC, assuming thi br”:jm' lThe 'Ingt vglue %BRMF ant(jj th.ehnémerlcallil C?ICU'
region is a vacuum. If the RMF field at the vacuum vesse ated value 0By, have been used with E(p) to calculate

; ; the vacuum solution foB,. The magnitude of this quantity
wall B is known, Eq.(3) can be used to write ) AT s
owall a® is shown as a dashed line in Fig. 2. TBg profile calculated

B\ ., by the MHD code is seen to agree well with the vacuum

By=| —at 2 e’ a=—Brur, prediction. Figure 3 shows the results from an identical cal-
culation, except thah.,, has been increased to &40

B=—R&.(Brur— Bowan)- ) m=3 which is about 0.7% of the peak equilibrium density.

For this case the calculatd&j, profile rises significantly over

Thus, if bothBgye andB ,y4 are known, Eq(5) can be used ethe vacuum based prediction, which leads to greater penetra-

to specify the RMF field between vacuum tube wall and th
FRC (assuming this region is a vacuunThis equation al-
lows the B, predicted by the MHD code, to be compared

) . - ) 1 15
with the vacuum solution. Similarly, Bgye and B gy, are
measured in an experiment, it can be used to preBljct 10 n B
between the wall and the separatrix. 50 / \'7“2 e I 10”2
& / :
B. MHD simulation results m 0 /A g
The numerical simulations reported in this paper employ - V ‘ \ 5 °
parameters relevant to the Translation Confinement and Sus- 10
tainment (TCS experiment at the University of r=rg
Washingtorf. The details of the numerical model have been -15 10 20 30 a6
described elsewhefeThe calculations are initialized with a ricm)

Bz_andn profile of a FRC in_equilibrium. _Dur_ing the calcu- FiG. 3. Equilibrium magnetic and density profiles for a calculation where
lation, the FRC length is adjusted to maintain the avedge n,,, has been increased to &40° m=3.
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tion. This is manifested through more driven current, as re- an

quired to support the larger swing By, higher density and J9,0Bz0=N0ewrmrB,= kBTEv

pressure, and larger separatrix value.

This numerical result may seem somewhat contrivedWhich implies

since it depends upon the setting of an artificial pedestal 5, Je WrME'B,

density. However, mechanisms do exist for the creation of il Tn. (8)

plasma near the vacuum vessel wall in experiments. The B

quartz wall is known to outgas, and could easily be a suffiFor thestandardsimulation case withogye=1.1x 10 s,

cient source of neutrals. For the calculation shown in Fig. 3r =0.40 m,B,=0.0115 T, andr =30 eV. If we approximate

approximately 5.4 10'® ions per cm per scm 's™ %) were  rB,/T as constant in the annular region between the separa-

generated by the code to maintain the pedestal density. Thitix and the wall, the above equation implies that the density

density generation occurs in a thin annular region around theust decay a® >’ in this region, or about k-folding

vacuum vessel wall. The particle production rate is sufficientevery 6 mm. Without aexternalsource of plasma, this may

to add about 2.5% of the FRC inventory in the 508 cal- be accomplished, and equilibrium established without radial

culation. The power required to ionize this much plasma iflow on the open field lines. If there is a significant space

miniscule—approximately 0.4 W/cm of length, when a totalbetween the plasma and the wall and no plasma source in

ionization cost of 50 eV per ion is assumed. This can bghis region, the wall density will be kept very low by this

compared to a total Joule heating rate of about 7.75 kw/cmeffect. However, if plasma is continuously generated, as rep-
resented by the pedestal density in the numerical simulations,

C. Physical understanding the pressure gradient alone cannot balanceljh, o term,

In thi . he phvsical hanism for RMF i and a radial flow causes RMF amplification until the second
n this section, the physical mechanism for ampli-io- 0 in Eq.(7) grows untilF, is zero.

f;::non 'g the Oﬁetﬂ f'eld.“rl;? region 1s destcr:jbed. I—t|er|(|e, the It is also instructive to estimate the requirements for the
ependence ot the variables IS represented spectrally as pyie o palance the, B, term. A rough estimate can be

N _ obtained by assuming that the change in magnetic pressure
E q.e"?+c.c.|. (6)  from the decrease iB, is matched by an increase in the
=t magnetic pressure from an increaseBip (over its vacuum
The axial current],, in the open-field line region must be solution. This can be expressed as
approximately in phase and in the same direction as the cur- A(B2)= — 1A(B2)
rent in the RMF antennae. At first this may seem counterin- z 2 o
tuitive, since image currents are usually in the opposite dieor, assumingAB is small compared t&
rection and buck out the magnetic field. But if we consider 2B,AB,

q(0)=do+

the forces on the open-field line plasma, it becomes apparent AB,=— 9)

why the RMF has to increase with decreasing radius from By

the wall. The total force on the plasma can be expressed ahe termAB, can be estimated frorfi X B= u0J, S0

(JXB)—VP. Considering only thenx=0 component of the

radial force, and splitting the first term into its two spectral AB,~ ponewruer AT (10

components yields For the simulation case with,,;,=8.4X10 m 3, wryr

9Py =1.1x10° s, r=0.40 m, andAr=0.1 m, the above equa-

Fro=J90Bz0— 2 R&J, 1B} 1) — o (7)  tion predicts aAB,=7.4 G. Then usin@,=115 G andB,

=35 G, Eq.(9) predictsAB,=48 G in approximate agree-

where theJ, 0B, o term represents the contribution from the ment with the simulation shown in Fig. 3. Equatiai$$ and
n=0 component, and the R¥(,B} ,) represents the contri- (10) show that if the density is sufficiently low, or if the
bution from then=1 component. Since the RMF quickly separatrix is close to the wall sbr is small, the effect can
penetrates the low-density plasma in this region, the azivanish.
muthal current in this region is negative, and can be ex-
pressed adyo=ng.wryer. The first term in Eq(7) is thus
negative, and will drive a radially inward fluid velocity until
one of the other two terms is large enough to balance it. The By comparing the results of Figs. 2 and 3, one may want
inward radial velocity has two effect$l) It evacuates the to conclude that this effect is always beneficial. RMF pen-
plasma from the region near the wall and that creates a prestration was more rapid and the resulting equilibrium had
sure gradient that opposes thgoB, o term; (2) It convects  higher pressure ari8l, when the pedestal density was higher.
the RMF inward, generating the RMF amplification. In this However, this calculation was carefully chosen, with an open
caselJ,, is predominantly real and negative whiBy; is  field-line density sufficient for significant RMF amplifica-
predominantly real and positive s62 Re(J, ;B ,) is posi-  tion, but small enough for a quiescent equilibrium. In a third
tive, which is a radial force out. calculationny;, has been increased to X80 m~3, which

In is instructive to evaluate the requirements for theis about 1.5% of the peak equilibrium density. In this case
pressure gradient to balance thg,B,, term. For simplifi-  the peakB, is about 115 G at 1js into the calculation, and
cation it is assumed that the temperature is constant. Thenpenetration is rapid. In a previous pabérwas shown that

D. Consequences of RMF amplification
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continues to drive the current with this structure, but the
solution appears chaotic, and thus undesirable for FRC cur-
rent drive. In addition, a significant plasma density is pre-
dicted all the way to the wall. This could be catastrophic in
experimental plasma—especially if the RMF opens the FRC
field-lines’ so there is direct parallel thermal conduction path
to the wall.

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

In the simulations presented here, the initial conditions
include a very low density on the open field lines. It is natu-
ral to question whether this is important, particularly since
penetration continues until the penetration conditioralis  this probably will not be true for planned experiments on
mostsatisfied, and a balance is achieved so that the RMFCS® If the simulation were initialized with a significant
penetrates to the null, but not beyond it. The RMF amplifi-open field line density, but with a very low pedestal density,
cation alters the penetration condition so that more current iwould RMF amplification take place, at least transiently dur-
driven in a higher density FRC. To support the increasedng the initial RMF penetration? Calculations with a rela-
current, the RMF must apply a larger torque to the electrondively high initial open field line density10% of the peak
If this exceeds the total torque that the RMF can supply, thelensity showed that this change in initial conditions has
entire magnetic structure inside the vacuum vessel beginamost no effect. During initial penetration, the RMF pushes
rotating slower than the RMF. This is illustrated in Fig. 4, this initial plasma ahead of it, quickly evacuating the outer
which shows the magnetic field lines at several times, profadius region. This result has an additional significance, be-
jected onto the — @ plane. Note that the graphs are plotted incause it shows that the density outside of the FRC must
a rotating frame of reference to make the external RMF apeuickly drop to a very low value, and that the RMF continu-
pear vertical and stationary. The corresponding simulatiomusly sweeps plasma from this region. In the absence of a
time (us) for each of the graphs is shown in its center. plasma source near the wall, E®) (or a variant of it that

The internal structure is rotating significantly slower includes temperature variatipean be used to estimate the
than the RMF. In fact, in Fig. 4 the structure appears to haveélensity near the wall.

a period of 7.25us, which means that its rotation frequency Future work will include a comparison with experimen-
relative towgy is 0.87< 1CP. Thus the internal structure is tal results. In particula3, probe data will be analyzed and
rotating with a frequency ofo=0.23x 10°, which is about the magnitude compared with the vacuum solution to see if
21% of wgye. This is only an average rotation rate however,the amplification effect is evident, especially if FRCs with a
because the internal shape of the structure is seen to vagjgnificant gap between the wall and separatrix are formed.
with its phase. In facti., is found to vary wildly as a func- In addition, numerical and experimental probe signals will be

FIG. 4. Evolution of magnetic field lines during one rotation of the magnetic
structure.

tion of radius and time during each rotation. carefully compared to ascertain whether internal rotating
structures exist in the experimental device. Some initial re-
I1l. DISCUSSION AND SUMMARY sults indicate that this is indeed trbie.
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