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A numerical model has been developed to study the use of a Rotating Magneti¢HN&RI as an
electron current drive mechanism for the formation and sustainment of a field-reversed
configuration(FRC). Previous models assumed a fixed ion model, but here a full two-dimensional
(r-6) magnetohydrodynamic model has been developed. The model has been applied to two classes
of problems:(1) For the sustainment problem, a RMF is applied to a preexisting FBGor the
formation problem, a RMF is applied to a plasma column with an initially uniform axial magnetic
field and background plasma density. The RMF-induced current reverses this bias field, forming a
FRC. The code employs an option to include some three-dimensional effects to satisfy the average
B condition and equalize pressure and density between inner and outer field lines, when it is applied
to sustainment simulations. @000 American Institute of Physics.
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I. INTRODUCTION tial penetration of the RMF, as observed in the STX
experiment$. In fact, the RMF only penetrates to near the
magnetic field null, providing just enough current drive to
makeE, zero there. A steady radial inward flow of the fluid

. ° . 24 ?)rovides the current drive on the inner field lines. It is as-
Rotamak and the field-reversed configuratiofFRO.*" e that the fluid is transported from the inner field lines

Jones has recently compiled a review of this wWorkhe  pacy 1o the outer field lines by a steady flow parallel to the
RMF field penetration and the resultant current drive hav%agnetic field(primarily in thez direction.

been studied analytically and numericdify}°

A transverse rotating magnetic fiel(RMF) has been
used to generate toroidal currents in a plasma coltifinis
mechanism has been studied extensively in both th

) ! ’ : . A description of the MHD model used for these studies
Previous numeric studies have not "FCI,UdEdéI“'d flow orcan be found in Sec. II. The results of the numerical calcu-
plasma profiles. In this paper, an existing codehich |44ions and a discussion of the relevant physics are given in

solved for the time evolution of the magnetic field in & gec |1 Finally, the implications of these results and plans
plasma with stationary background ions, has been extended, f,ture work are discussed in Sec. IV

through the addition of the ion momentum and temperature

equations of form a fully two-dimensionél-6) magnetohy-

drodynamic(MHD) model. In addition, the model has been Il. COMPUTATIONAL MODEL

adapted to optionally include some of the effects of flowp The pasic MHD model

parallel to the magnetic field line§n the z direction and . ]

axial pressure balance for a FRC. In this paper we focus on A two-dimensionaf-§ MHD model has been developed

calculations with parameters based on the results of the St Study the evolution of the RMF and plasma profiles. This

Thrust ExperimentSTX) at the University of Washingtoh. Model is an extension of a previous mdtedat assumed a
Here, the numerical model is applied to two types ofuniform density of stationary ions. The MHD equations for

calculations. First, the formation of a FRC from an initial this model are

uniform background plasma and axial magnetic field is ex- A 1
amined. In these calculations, the evolution of the configu- ~ —-=UXB—7J— —[(JXB)—~VP,], 1)
ration is followed as a RMF-induced toroidal current re-
verses the axial magnetic field, creating a FRC. an
In a separate set of calculations, the sustainment of an E+V-nu=0, @

existing FRC is examined. In this case, the calculation is
initialized with a density, temperature, and a magnetic field
profile corresponding to a FRC. Then the evolution of the
profiles is calculated, as a new equilibrium is sought with
RMF current drive. For these calculations, ttred) MHD Enk (—+u-VT) = 92— PV-U+V-(kVT)

model includes some three-dimension@D) effects by 2°°

equalizing pressure on the inner and outer field lines, and by “:Vu—R @)
satisfying the conditioh (B)=1-3x2. With a suitable ' &

choice of resistivity, equilibrium is predicted with only par- B=V XA, (5)

Mn
ot

Ju
—+u-Vu)=(JXB)—VP—V~H, 3)
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ner and outer field lines. Thus, pressure, temperature, and

J= ,u_oVXB' (6)  density should rapidly equalize between inner and outer field
lines.

P=nkgT, (7) The numerical model has optional switches; one adds a
term that forces the solution to evolve toward satisfying the

Pe=f1eP, (8)  averageg condition; the other adds terms to equalize the
density, temperature, and pressure between inner and outer

M=~ p(Vu+Vu'=3V-u), 9 field lines.

R —10°%%. 2 (10) A FRC maintains the averaggcondition by expanding

a fmp== or contracting axially. 1f(8) is less than * 3x2, it will

where A is the magnetic vector potentia, is the number shrink axially. This has the effect of increasing the density
density,u is the ion fluid velocityM is the ion massB isthe ~ and temperaturéand pressupeat the axial midplane, and
magnetic field strength] is the electric current density;is ~ consequently increasing tkig). Conversely, ik8) is greater
the plasma resistivityP is the total plasma pressurB, is  than 1-3xZ, the FRC will expand axially. To account for
the electron pressurédg is Boltzmann’s constanty is the  these effects in the code, EQ) has been modified to read as
viscosity, R, is the power loss due to radiation, ahg, is an
the as_sumed concentration of |mpL_Jr|t|es in the pla_sma. o —+V-nu=hgthy, (12)

It is assumed that the plasma is confined within an infi-  Jt
nitely long cylinder of radiusR, surrounded by a vacuum.
Equations(1)—(9) are solved numerically in the-6 plane,
assuming no axial variationd(dz=0). The variables are .- . o . :
Fourier expanded i, and finite difference techniques are dition, a.ndn” Is the contr!butlon from flow-alon.g field lines
used to solve for the Fourier coefficients. The numericaﬁ0 gquall;e pressure on inner and outer field lines. The term
techniques and boundary conditions for the magnetic field's 'S defined as
equations are discussed in an earlier pdpeowever, the n ({Bo)—(B)
boundary condition for the=0 component ofA, (or B,) hB:—(—),
has been modified to correspond to that of a flux conserver at Y7p (B)

a specified radius. In this paper, the previous model is expn the closed field lines<0), and is zero on the open field
trapolated to include fluid flow and time varying plasma pro-|ines (=0). ¢ is the magnetic flux function defined as the
files, but the magnetic field solver is essentially unchangedn—g component of A,. Here,(Bp)=1— 5 is the desired
A small artificial viscosity coefficieng, is used in ad- yajye of(g), and 75 is an input parameter that defines the
vancmg_E_q.(S) to.p.rowde. numerlca! stability. The thermal {jme scale over which the FRC length will change.
conductivity coefficientx, in Eq. (4), is chosen to keep the The termn, is defined differently on the inner field lines

temperature profile relatively flat, as observed in current €Xihan on the outer field lines. On the inner field lines it is
periments.(It would be incorrect to assume a classigdl  Jefined as

here because the RMF opens the field lines in the region that

it has penetratedl. . 1 [n,To—niT,
While the numerical model is capable of including an nillzzw( YT+ T,)

arbitrary number of Fourier modes, only tme=0 andn a0 0e

=1 modes have been retained. It was shown ediiat this  \yhere the subscriptsi” and “o" designate whether the

is sufficient, since the magnitude of the higher-order modega|ye is measured on an inner field line or on the correspond-

is small. In addition, then=0 component ol is zeroed.  ing outer field line, andr, is an input parameter defining the

This prevents apin-upof the ions that is not observed in time scale over which the pressure difference is equalized.

experiments, presumably due to charge exchdnge pro-  The rate of change of density on the outer field lines is de-
cess not included in this model. fined as

whereng is a contribution from the change in FRC length
that moves the solution toward satisfying the avergg®n-

(12

: (13

. Bzl .
- _ Noi=~ 151 Ml (14)

B. Phenomenological inclusion of 3-D effects B

Two physical effects that are very important to equilib- The sign difference between outer and inner field lines re-
rium FRCs are missing from ané plasma model. First, if it  sults from the fact that if this process is increasing density in
is confined by a flux-conserving coil, a FRCs length will one region, it must be taking it from the other. The magnetic
adjust to produce an averagedefined by' (B)= —%xi, field ratio term accounts for the fact that the cross-sectional
wherex,=r¢/R., rg is the separatrix radius, arie,, is the  area of a magnetic flux bundle is inversely proportional to
flux conserving coil radius. Second, since the plasma is freéhe local field strength.
to flow parallel to the magnetic field lines, the plasma pres-  The temperature equation is modified as
sure is equalized between inner and outer field lines on an T
Alfvén time scale. In addition, strong parallel thermal con- = . . :
ductivity rapidly reduces temperaturegdigferences betweenin- | T (YT D7 (Mgt i)+ Ty, (15
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FIG. 1. Time history of@) external field(b) trapped flux(c) excluded flux FIG. 2. Profiles of(a) axial magnetic field(b) plasma density(c) plasma
radius and separatrix radius, afel temperature, for thetandardformation pressure, andd) « at 10, 50, 150, and 30fs, for thestandardformation
calculation. calculation.

where the first term is from adiabatic changes with density  The initial conditions for thestandard calculation re-
flow, and the second terril;, is from parallel thermal con- ported in this section include a uniform=5x 10" m~3, and
duction. It is also defined differently on inner and outer fieldB,=30 G. The rotating magnetic field has a vacuum strength

lines, of B,=20G, and rotates at a frequency of,,=2.2
x 10° rad per second. The stated strengtiBgf=20 G is the
TiT:M and Tyr=— ni %Tm (169 ~ magnitude that the RMF would have if there was no plasma.
277 No B In fact, the strength of tha=1 component 0B, is greater
where 7; is the time scale over which the temperature dif-than 20 G, due to the effects of screening currents in the
ference is equalized. plasma, as explained elsewhéso corrections are made to

include 3-D effects. These effects cannot be included since
the initial conditions do not correspond to a FRC, as required
11l. RESULTS for the averageB condition to apply.
. The time history of several key quantities
A. FRC formation (BzeslsiMag: Taves @) for this calculation is shown in Fig. 1.
A FRC can be formed through the application of a RMFThe boundary condition conserving flux on theinch coil
to a cold plasma column with a positive embedded axialat 22.6 cm radiuscauses the external axial magnetic field to
magnetic field* The plasma is preionized prior to the appli- rise from the initial 30 G bias to over 100 G by 2p8. The
cation of the RMF. The RMF induces an azimuthal current ininduced reverse flux remains zero until a sufficient reverse
the plasma sufficient to reverse the magnetic field, therebfield is induced to compensate for the forward bias field, but
forming a FRC. In this section, the results of numerical cal-almost 0.2 mWhb of flux is induced by 35@s. The excluded
culations to simulate this process are reported. flux radius is seen to rise rapidly to about 15 cm, even
These calculations are initialized with a uniform positive though there is insufficient reversal to form a separatrix until
B,. The initial density is uniform, and the temperature is setl75 us. After this time,r,,, andrg are in close agreement.
to 1 eV. A plasma resistivity of the maximum of classical, or The temperature rises, almost linearly to its final clamped
25 u)m is employed. Cooling due to impurity radiation value of 50 eV in about 17ms.
with f;,=0.03 is assumed. A temperature clamp limiting Radial profiles of several key variables are shown in Fig.
the temperature to 50 eV, a typical value inferred from the2. The axial magnetic field profile shows the RMF rapidly
STX resulté is also applied. Without this clamp, the simula- starts to penetrate the initially cold resistive plasma, but as
tion temperature rises to a significantly higher value. Thehe plasma heats and becomes more conductive, the penetra-
reason for this discrepancy is not understood, and will baion rate slows. Initial axial field reversal is achieved at 20
discussed further in Sec. IV. us, but the field does not reverserat 0 until 350 us. The
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density plot shows that the plasma is initially compressed 150
inward radially, but as it heats and the pressure increases | / N—t"
moves back out. The=ug,/(w,m) curve shows the RMF B, 100
penetrating radially into the plasma column, even as flow (&) J
slowly moves the plasma out. The parameteis 1, where 50
the electrons are rotating synchronously with the RMF. This e
plot shows thata is almost exactly 1 in the outer region, s 04 / e
where the RMF field magnitude is large, but then falls off (mWb) //
rapidly. This calculation clearly illustrates the time scale and 0.2
profiles that may be expected when RMF is utilized to in-
duce a reverse field and form a FRC. 1(5)
It is anticipated that 3-D effects play an important role in ’ \
the formation of an equilibrium FRC, and could become im- \
portant shortly after field reversal is achieved at about:50 Lirc 1.0 \ L~
A full three-dimensional code is required to accurately rep- 7 N——
resent these effects during the formation process, and is be 0.50 100 200 300 200 500
yond the scope of this paper. 1(usec)

FIG. 3. Time history of(a) external field,(b) trapped flux, andc) FRC
B. Sustainment of an existing FRC length for thestandardsustainment calculation.

The calculations of the previous section show how the

application of a RMF to a plasma column with an embeddeddecays, displaying a flux lifetime of about 7. At about

xial bias fiel n |l field reversal. However, th . .
axial bias field can lead to field reversal. However, t eS%hIS time the RMF reaches the magnetic null and the current

calculations cannot predict the formation of an equilibrium, . . L i
. . : rive generates a growth in flux, and after some initial oscil-
FRC since the 3-D effects described in Sec. IIB are not_. o2

ations, equilibrium is reached.

applied. In this section, we examine the use of RMF to sus-
tain a FRC. The calculations are initialized wittBa andn
profile of an equilibrium FRC. Furthermore, the FRC length
is adjusted to maintain the averagecondition and adjust-

The radial profiles of some key parameters after equilib-
rium is reached are shown in Fig. 4. The magnetic field pro-
file in Fig. 4(a) shows that the RMF barely penetrates to the

ments are made to maintain T, andP as a function off, as magnetlc null. TheB, field profile has a very d|st|_nct|ve flat
region around the null—a feature observed in the STX

described in Sec. Il B. If RMF boundary conditions are not . 2
. . . ) experiments:
applied, the configuration decays monotonically, because thé
initial trapped flux is lost through resistive diffusion. How-
ever, if an appropriate RMF boundary condition is applied,

this decay stops and flux growth is observed once the trans 100} = 50(|MBCCI
verse field penetrates to the magnetic null. B 0 I

The initial pressure profile is specified aB(u) (&) !
=P,e~ b whereP,=B2/2u,B,, is the initial external -100+ B
axial magnetic field strengtta and b are profile adjusting —
parametersu=(r/ro,)?>—1, andr, is the radius at the field 0 ottt
null. The initial axial magnetic field is specified to produce A
pressure balance. “, 1000}

The initial conditions for thestandardnumerical simu-  (m/sec)
lation of this section are a uniform temperatufie, -2000—~tto bttt A1
=20eV, external axial magnetic fielB,,=80G, andxg 80 LA B S B 7!

=0.8. The profile parameters are setate 2, andb=2. The
simulation region extends from=0 to r=21.5cm, and a (nt/m?) 40+
flux conserving coil is aR.=22.6 cm. The RMF field ramps

on in 1 us, to B,,+=20G, and has a frequency @,

=2.2x10°s % The relaxation parameters;, 7, and 7y

are all set to 1us. A uniform resistivity of 25uQm is
employed, and cooling due to impurity radiation witf,, a&l,
=0.03 is assumed. Like the formation calculations, the
plasma temperature is limited to values less than the experi

& - werss ebesa
mentally observed 50 eV. 0 4 8 12 16 20
The time history of the external axial magnetic fiélgl,, r (cm)
the trapped fluxg, and the FRC length (¢ are plotted in

F'Q 3. NOt_e: the parametérerc _i5 a length relative to the pressure, and) normalized azimuthal current ang for the standardsus-
initial starting length. For the first 2s the trapped flux tainment calculation.

FIG. 4. Equilibrium profiles for(a) magnetic field,(b) radial velocity,(c)
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It is found that the equilibrium radial velocity, shown in 80—
Fig. 4(b), is uniformly negative, or inward. This profile can 40} =20 sec
be sustained with an unchanging density profile, due to the B ok
contributions ofn in Eq. (11). Particles are convected radi- G -40f
ally inward from the outer field lines to the inner field lines _80k
by u,. This leads to a small pressure imbalance, with the 3
inner field line pressure higher than the outer field line pres-
sure. This, in turn, leads to an axial flow toward the FRC F
ends on the inner field lines, and a corresponding flow to- adlJ 1;
ward the midplane on the outer field lines. Equatidhs), i
(12), and (13) permit this behavior in the two-dimensional 00
(r-6) MHD model. r (cm)

This equilibrium flow pattern is an essential feature of
RMF current drive for this plasma configuration. As shownFIG. 5. Profiles ofa) magnetic field, andb) normalized azimuthal current
in Fig. 4a), the RMF field only penetrates to the magnetic and «, for the standardsustainment calculation, &t 20 us.
null.  To achieve equilibrium, E%=u’Bl+ 739
+(JiBh)/(en) must be zero, or equivalently the=0 com- . _
ponent of thed component of the right-hand side of Bq)  Parameters are calculated using the peak density,fand a
must be zero. The superscript “0” or “1” is used to denote Bw corresponding to the vacuum value that would exist if the
then=0 orn=1 components, respectively. The$ term is plasma were not present. The profile apparently adjusts itself
negative everywhere, but it can be balanced by ihe0 SO that the parameters almost allow for full penetration, but
component of J:x BY). However, since the RMF only pen- fall short of it. This is exactly what is required if the RMF is

z r/: ’ . .

etrates to the null, botti> and B! vanish on the inner field 0 Penetrate to the null, but not beyond that point. It is rela-
lines. Here thenJ9 term is balanced by the radial flow tively easy to understand the mechanism that causes this.
through the (°xBY) term, which is positive on the inner With the fixed  used for this calculation, the parameter

field lines. This term is negative on the outer field lines, so £10€S not vary much. However, the parametevaries in-
larger contribution from the@=0 component of\liXB,l) is  versely with density. When the RMF penetrates beyond the
required there. field null, flux is generated and the FRC shrinks axially and

The equilibrium pressure profile, shown in Figcy also expands radially. This compresses the flux between the sepa-

has a distinct flat top, as required for pressure balance, sind@trix and the coil increasing the external magnetic field. To

B, has a flat region around the null. Figur&l¥shows the maintain pressure balance, the density must also increase,
ncZeraIized current profile, and the parameter which in turn decreases. On the other hand, if the RMF

=U,/(wmr). This parameter is almost exactly 1 in the does not reach the null, the FRCs poloidal flux decays and
outer region where the RMF field magnitude is large buithe FRC elongates and shrinks radially, which decreases the
falls to a relatively small value near the magnetic null. It density. This leads to an increasejipwhich continues until

rises again on the inner field lines, as it must, since pressuf@® RMF can penetrate to the null. The only balance that can
is maintained as a function of flux. The fluctuationseat P& reached is when the RMF just barely reaches the null so

small r reflect small numerical errors in equalizing pressuretnat the flux neither increases nor decreases. -
between inner and outer field lines. The algorithm used is W& now examine the process through which the equilib-
accurate to first order. rium is established. Figures 5 and 6 show the magnetic field
A penetration condition is often written in terms of two nd current profiles early in the calculation at 20 andus0
dimensionless quantitiegand\, where, y= wgo/ Vo, wee IS respectively. At 20us the RMF has penetrated to about 14

the electron cyclotron frequency in the RMF field,; is the
electron—ion collision frequency\=R/4§, R is the plasma _
radius, ands=(27/u,w) is the classical skin depth. These 100¢

r t='40/zs'ec
two parameters can be expressed as B :
0
1/B, G
Y= g(ﬁ) : 17 . B, ]
-log—m/—m—mm——mW——
1/2 1.5 ——————
w
x=rs(ML . (18) ~——a "\
27y 1.
) X X ) a & Je .o’.‘
Previous calculations showédhat full RMF penetration is 5F * 2
expected whern> vy, where
% 4

Ye=1.12[1.0+0.12X—6.5°4], for A>6.5. (19

This condition was derived for a fixed ion model with a

uniform plgsma dens_ity profile. For the equilibrium param-gig, 6. profiles ofi@ magnetic field, andb) normalized azimuthal current
eters of this calculationy =47, v.=80, andy=53. These anda, for the standardsustainment calculation, &t 40 us.

r (cm)
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t =20 isec t =30 usec TABLE |. Predicted equilibrium parameters whép,,; is varied.
TLimit Y A 7/ Ye Bze Xs g
20 37 45 0.48 101 0.847 0.30
50 53 47 0.66 134 0.887 0.55
90 55 49 0.66 175 0.91 0.70

region near the magnetic null means that many of the elec-
trons are rotating slower thamgye. In other words, the
plasma line densitN exceeds the critical line density,,

t =50 usec where N, is defined so that if all of the electrons corotate
with the RMF, the resulting , would exactly support thg,
profile. If we further simplify the definition oN. by assum-
ing momentarily that the plasma is concentrated in a thin
sheath at the null, Faraday’s law can be used to détjvas

_ 47TBZ, Ext
Mole®

where we have used the fact that the change in axial field
AB, is approximately B,.. With this definition, a new pa-
rameter that characterizes the profile shape can be defined as
{=N./N. For a RMF-driven equilibrium{ must be less
than 1 to support the axial fielbtherwise some electrons
would have to rotate faster than the RMIFor small{, the
plasma line density is much larger than that required to sup-
cm, and theB, profile is steep near here due to the strongport theB, profile, which implies that there must be a large
current drive. A flat region has developed just inside ofregion with a lowJ,. This corresponds to B, profile with a
where the current drive ends. Figuréobshows thatx~1 in  large flat region near the null. On the other hand/amp-
the outer region, where the RMF is strong. Figure 6 showgroaches 1, there is barely enough plasma to suppoi the
that by 40us, the RMF current drive has penetrated all thefield swing with all of the electrons participating, so the flat-
way to 11 cm, but thex profile is significantly below 1 inside tened region near the null must vanish. For the standard cal-
of 16 cm. That raises an interesting question: Are the eleceulation in equilibrium,B,s=0.130 G, N.=3.7x10""m™ %,
trons slipping relative to the RMF field, or has the rate of andN=6.9x10'"m™?, so/=0.55.
rotation of the RMF field slowed in this region. Figure 7 The 50 eV temperature limit was chosen to agree with
shows that it is the latter. This figure shows a projection ofexperimental observations with no further justification. How-
the magnetic field lines in the 6 plane, at four times during ever, the solution is quite sensitive to this parameter. Table |
the penetration phase of the calculation. By the RMF  summarizes the equilibrium parameters for three calculations
has penetrated too far and cannot provide the torque requiredhere the temperature limi .., was varied. The param-
to overcome the friction between the electrons and ions, seter ¢ varies from 0.3 to 0.7, witi |, ranging from 20 to
the electron velocity slows. This causes the field lines t®0 (with the resistivity held constantThe dependence of
wind up around these slowing electrons leading to an antiprofile shape ort is illustrated in Fig. 8, which shows the
parallel configuration, which quickly decays from resistive normalizedB, profiles for these three calculations. As the
effects. This phenomenon is found to repeat itself three timetemperature is increased, the density is forced lo{pees-
between 20 and 10fs for this calculation. This figure viv- sure balanceand the current drive becomes more efficient.
idly illustrates how the RMF can be expelled from the FRCThis results in an increaseld,, and consequently a largBy,
when it penetrates too far. swing and a largeB,.. However, there is a limit—if the
The only simulation parameters that affect the final equiparameter{ increases beyond 1, there are not enough elec-
librium, assuming equilibrium is achieved, are plasma temirons to support the field swing and the configuration col-
perature, resistivityy, RMF field strengthB,, RMF fre-  lapses. In fact, for a calculation like those summarized in
guencywgye, and flux on the coilp. . Other parameters that Table |, except withT;,;=100eV, the trapped flux in-
specify the initial conditions determine the path to the equi-creases for the first 150s, but then decays until field rever-
librium, but do not affect the equilibrium. The initial condi- sal is lost by about 35@s.
tions must be chosen suitably, however, or equilibrium will It is interesting to note that the RMF must penetrate all
not be found. For example, if the initial density is too low to the way to the field null i€, is to be zero there, as required
support theB, field gradient with all the electrons rotating at for unchanging trapped flux. At first glance, this may seem
the RMF angular velocity, the configuration will quickly de- almost impossible when there is a large flat region near the
cay along a path that does not lead to FRC equilibrium.  null, since the RMF can only penetrate a classical skin depth
The fact that our equilibriunB, profile has a large flat &, in the region of low current. This dilemma is resolved by

(20

FIG. 7. Magnetic field lines at four times during RMF penetration.
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small compared to the poloidal field pressure, the relation-

ship is still a good approximation. In addition, there is some

question about the validity of equalizing the pressure and
temperature between inner and outer field lines. It has been
shown that the transverse field associated with a fully pen-
etrated RMF will open all the field lin€'S.With partial pen-
etration, it is expected that the outer and inner field lines are
no longer connected. However, the time-averaged magnetic
field (which the ions seeis unaltered from that of a tradi-
tional FRC. It is beyond the scope of this paper for us to

] address these concerns.

1.0 A temperature clamp was employed to prevent the tem-
perature from rising significantly above the temperatures ob-
served in experiments. The need for this clamp is not under-

FIG. 8. Normalized equilibriumB, profiles for three calculations, with stood at this time. It could be due to high thermal conduction

Tiimit=20, 50, and 90 eV. . .

losses not accounted for in the model. Because the RMF field
opens the field lines, the electrons actually see a short path to

making most of the flat region have a small negatB/ze the cold quartz Wa”S(The ionS, on the other hand, do not
thereby positioning the null near the outer edge of the flateally see the RMF component of the field since it oscillates
region. This is clearly illustrated in Fig. 8, where a dashedmany times while they execute one gyro-onbithe very low
vertical line, drawn at the expected position of the nullplasma density near the wallsvhich is also observed in
(xs/v2), is well inside of the position of the actual null. This experimentsshould limit the loss rate through this channel,
positioning of the null requires that the pressure is not &ut no analysis of the thermal conduction loss has been
perfect function ofi, as normally assumed for a FRC. This made. The temperature could also be limited by radiation
is allowed in the model. While Eq$13)—(15) continually  from impurities, however, the calculations already assume
work to equalize pressure between inner and outer field linesggiation cooling due to a 3% impurity content. This is be-
the steady-state radial flow ensures that the pressure on tgyeq to be in excess of the actual impurity content, since
inner field lines remains higher. doping with a 0.5% C@was found to roughly double the

radiation level and cause a major degradation in the RMF
IV. DISCUSSION AND SUMMARY current drive!® It has also been suggestéthat the resistiv-

A full MHD r-6 model has been developed to study 'ty €émployed by the model is higher than it is in the STX
RME current drive in a FRC. This is the first time that €XPeriments, leading to high heating rates. The resistivity
plasma motion and profiles have been self-consistently inused in the model is consistent with estimates from past FRC
cluded in RMF current drive calculations. It was found that a€xperiments and gives general agreement with the observed
steady-state RMF-driven equilibrium is predicted when somdield strength and profile. Perhaps, in experiments, the resis-
3-D effects are included. Both an axial pressure baldage tivity is reduced by the stabilizing effect of the RMF—
eragep) condition and equalization of pressure between in-especially in the outer regions where the RMF field strength
ner and outer field lines are included. Pressure equalizatiois larger. Reducing the resistivity in the calculations is found
between inner and outer field lines is an essential componens increase the trapped flux level significantly above the ob-
of the RMF current drive since it permits a steady flow ve-served levels, but other effects may be reducing the effective
locity, which provides the current drive on the inner field cyrrent drive in the experiments.
lines. Steady—statg _solutions can be found.vv_it.hout employing Clearly, it is desirable to apply a full 3-D model to this
the averageg condition, but only when the initial conditions . ypjem. The main difficulty is associated with the full in-

are carefully specified. Inclusion of the averggeondition lusion of the Hall term. which is the essence of RMF cur-
leads to steady-state solution over a much wider set of initia\f '

”» S ent drive. The semi-implicit numerical algorithm employed
conditions. However, it is acknowledged that there are ManY, this study is unconditionally stable, but it is found that the
other 3-D effects that could play an important role in RMF y Y !

current drive. For example, real-world RMF antennas havéim_e step must_be very small for suffiqient accuracy. In fact,
an azimuthal current flow at their ends, which makes thdYPical calculations are run for:210° time steps with 100
RMF field structure much more complex in this region, but it radial cells. It is expe_cted that a full 3-D calcu_lation unld_
is beyond the scope of this model to address this effect. need the same spatial and temporal resolution, making it
It is also acknowledged that the averageondition is  computationally expensive.

only approximately satisfied in the presence of a RMF. It Detailed comparisons between numerical calculations
was derived assuming that the external magnetic field is pa@nd experimental results await further reduction of the ex-
allel to the confining flux conserver, which is no longer perimental data. Hopefully, some of the outstanding ques-
strictly correct due to the presence of the transverse RMMEons discussed above will be illuminated during the course
field. However, since the pressure due to this component isf this work.
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