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A numerical study of rotating magnetic fields as a current drive for field
reversed configurations
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A fixed ion model has been developed to study the use of a Rotating Magnetic(RMIg) as a
current drive mechanism in a Field Reversed Configura#®C). This model is used to investigate

the physics of RMF current drive in a parameter range of interest to two experiments at the
University of Washington. Empirical expressions are found to characterize the critical RMF
magnitude required for full penetration and the rate of RMF penetration. It is shown that in the
presence of a strong anisotropic plasma resistivity, the direction and magnitude of the axial bias field
can have a strong influence on the penetration of an RMF. Calculations that include the effects of
realistic RMF antennae at finite radius are used to find the effects of coil spacing and positioning.
© 1999 American Institute of Physid$$1070-664X99)01507-4

I. INTRODUCTION numerical model similar to those of Hugrass and Grifam,

. ) . ~and Ohnishiet al.® has been developed and applied to this
There are two experiments at the University of Washing+,-gpiem. Empirical relationships have been developed to

ton designed fo investigate the use of a Rotating Magnetif e ict the conditions required for RMF penetration and the
Field (RMF) as an azimuthal current drive mechanism for @ a6 of penetration. In addition, the effects of anisotropic
Field ReversedlConﬂguraUq(ﬂFRC?. In the star thruster ex-  51a5mq resistivity have been investigated. It has been found
periment (STX)," the RMF is being employed during the hat yhile the imposed axial bias field has no effect when the
formation phase to reverse an initial forvya_rd bias fleld_ andyosumed plasma resistivity is isotropic, it can have a large
form an FRC, using a methodology similar 1o previouSeftect on the RMF penetration when the resistivity is aniso-
Rotamak and FRC* experiments. A major goal of this ex- tropic. Calculations that include the effects of RMF antennae

periment is to investigate the use of RMF as an alternatey finite radius are used to find the effects of coil spacing and
formation method for FRCs. In the translation, Conf'nementpositioning.

and sustainmerCS)® experiment, an RMF will be applied A full three-dimensional magnetohydrodynaniMHD)

to an existing FRC. The plasma configuration will be formedcq e that includes the Hall term in its Ohm’s law is required
conventionally and then translated into a sustainment char% get a thorough understanding of RMF current drive in an
ber where an RMF will be applied. The primary goal of this pgrc This study is only a first step in that quest: however,
experiment is to use an RMF to overcome the resistive 10Sgyis simplified model provides essential insight into some of
of trapped flux, and demonstrate flux buildup in an existinginq complex physical phenomena introduced when RMF
FRC. fields are added to an FRC.

To drive an azimuthal current in a cylindrical plasma,  ne physical model employed in this study is discussed
antennae are used to generate an external magnetic field of goc. II, along with a brief description of the numerical

the form Brye=B,, cos@t)X+B,, sin(wt)y. The frequency rocedure. Section Il presents the results of the study, fol-

of the applied field is in the range.<w<wc, Where |oyeq by a summary and conclusions in Sec. IV.
wsi=eB,/m; is the ion cyclotron frequency with respect to

the rotating field strength, and.;=eB,/m, is the electron

cyclotron frequency with respect to the rotating field || pyysicAL MODEL

strength. Under these conditions, the electrons are tied to the

rotating field while the ions are unaffected, and an azimuthal A fixed ion computer model has been developed to study

electron current is generated. the interaction of an RMF with a cylindrical plasma. In this
In the past, most experiments were designed with arnodel, the plasma is represented as an infinitely long cylin-

RMF magnitude comparable to that of the induced axialder of radiusR, surrounded by a vacuum. The model as-

field. Both of the University of Washington experiments aresumes the electrons move through a uniform density of sta-

designed to demonstrate the induction and sustainment dionary ions, and electron inertia is neglected.

axial magnetic fields significantly greater than the RMF cur-

rent drive fields. To achieve this, higher temperattewer ~ A. Model equations

plasma resistivitymust be reached. An objective of this pa-

per is to extend previous theoretit@nd computationaf A L

work into this new parameter range where the classical skin _

depth for the RMF is small compared to the plasma radius. A gt "~ B )= Gpl(IXB)=VPel, @

With these assumptions, the relevant equations are
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B=VXA, 2
1
J=—VXB, (3)

Mo

whereA is the magnetic vector potential, is the ion fluid
velocity, B is the magnetic field strengtld, is the electric
current density,7 is the plasma resistivity, an&, is the
electron pressure.

Equations(1) to (3) are solved numerically in the— 6
plane assuming no axial variatio@/@¢z=0). The ions are
assumed to have a fixed background densityN,, with

zero velocityu= 0. The electron pressure is assumed uniform”/

(VP.=0). It is convenient to Fourier expand the variables
in 6 so that each quantit@(6) can be expanded as

Q()=Qo+ (4)

N
> Q.eM+c.c.l.
n=1

Boundary conditions at the outer radiuss R, must be ap-
plied to all three components o&. The combination of
boundary conditions o#\, and A, are arranged to sed,
=B,q, WhereB, is the applied axial bias field independent
of 6. The applied boundary conditions @ andA, are

A n-o 19
T: ) I’c7l’ (rAqsn O) Bz, Ar,n>0,
J
=0, E(rA¢,n>0):O- 5

The boundary conditions applied #, are more complex

since they must accurately represent both the external rotat-
ing magnetic field and the effects of internal screening cur-
rents. It is assumed that there is no net axial current, so for

the n=0 component the conditioB,,-,=0, or equiva-
lently, (9/dr)A,n-0=0 is applied. Except for calculations
with anisotropic resistivity, this boundary condition is not
important sinceA,=0 for even harmonics, including=0.

Richard D. Milroy

The numerical model has two options for representing the
RMF. The first option, which is used for most of the calcu-
lations, assumes an idealized=1 single mode external
field. The second option accurately accounts for discrete
coils at finite radius. For the idealized single mode field, the
magnitude ofx,, is adjusted to give the desired external RMF
magnitude,

RB“’ —iwt

> '
whereB,, is the magnitude of the RMF in the vacuum region
when the plasma is absent. This formulation correctly ac-
counts for plasma screening currents, which tend to increase
the vacuum field magnitude near the plasma boundary. In
calculations that include the finite radius coil geometry of an
experiment, the coefficients,,~, are nonzero, as shown in
the next section.

As an initial condition,B,=0, B,=0, andB,=B,, is
applied throughout the plasma region. Except for calcula-
tions with an anisotropic resistivity, the solution is indepen-
dent of B,, and a value of 0 is used.

a= an;zzoy (7)

B. Scaling

Hugras$ has shown that this system can be character-
ized by two important dimensionless parameters; R/ 4,
where 6= (27/u,w)*? is the classical skin depth, and by
Y= wcelVei, Wherevq= n(ne?/my) is the electron—ion col-
lision frequency. Expressed in terms of fundamental vari-
ables, these two dimensionless parameters are

- oW 1/2

)\—R( 277) , (8
1 Bw>

Y=g na) 9

These parameters can be used to write Efjsto (3) in a

For higher mode numbers the boundary conditions derivedlimensionless form. Each quantityis transformed to a di-

by Hugrass and Grimfmare applied. In the vacuum region
around the FRCA, must satisfy the equation

V2A,=0, r=R.

The solution to this equation can be expressed as
A= A, e’ where A, = an(r/R)"+ Bn(r/R) ™",
n

where the first terngwith the «,, coefficien} accounts for the

field produced by external currents, and the second term

(with the B, coefficien} accounts for the field produced by

mensionless variablg usingf=q/q,. The scallng param-
eters are defined as,=1/w, r,=R, =Rw, A,
=RB,/v,, Bo=A,/R, and Joz(ll,uO)Bo/R. With these
definitions, and neglecting tHéP, term, Eqs(1) to (3) can
expressed as

internal plasma currents. Since the magnetic field is continu-

ous across the plasma boundary,

n n

oA
—=t ﬁan_ﬁﬁn-

or

r=R
The above two equations can be combined to Yield
R

o

n

A,
ar

(6)

A, n=2an— .
r=R

7A (TixB) ! (J+(3xB)) (10)

p— u [ — ,

ot 222

=V XA, (12)

and

J=VxB, (12)
with a boundary condition

~ (7’/5\ 1 7.‘“

A+ Trz =vye It (13

If the RMF is fully penetrated and the electrons are rotating
at an angular velocity ob, the induced swing in the axial
field betweerr=0 andr=R is
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ABZ:MO

2
5 R<.
In dimensionless units, this can be expressed\Bs=\2. /
This means that for an FRC with zero pressure at the sepa-
ratrix, the axial field swings from-\?/2 atr =R, to —\?%/2
atr=0.

Clearly, the problem can be completely defined through =T =207
the specification ol and vy, where\ is a measure of the
diffusivity, and v is a measure of the RMF strength.

C. Numerical method / /

The equations are solved numerically using a finite dif-
ference mesh in the-direction and by Fourier expanding in =35T =50 T
the 0-d.|rect.|on.. Th|§ technlque IS foun,d to be very efficient, FIG. 1. Evolution of magnetic field lines as the RMF penetrates a plasma
especially in situations where few azimuthal mode numberggjymn.
are required to accurately represent the model. For most of
the problems studied in this paper, only tive 1 mode needs
to be included, since the calculated magnitudes of higher _
order modes are found to be small. However, an arbitraryu9rass and Grimfnfound that the steady-state value @f
number of modes can be included, and for some of the norl€XPressed as) is quite small for values ofy below a
linear calculations that include anisotropic resistivity or real-t"reshold value, but whepexceeds this thresholds jumps
istic coil geometry, up to 42 azimuthal modes are included [0 @ value near 1. Later, Hugrasextende_d these results,
Temporally, the equations are advanced using howing the existence of nonunique sqlutlons to the steady-
predictor-corrector algorithm, which has two basic Options_state problem. The fundamental meaning of these results is

The first option is a straightforward explicit algorithm that that for values of greater than about 6, the RMF will not

can advance each time step very quickly, but with a ver)f“"y penetrate untily (or equivalentlyB,) exceeds a given

restrictive time-step stability condition. The second option isféshold value. Nevertheless, once it has penetrgipdan
be reduced significantly below this value before the RMF

a semi-implicit algorithm that is unconditionally stable for ~* ) X
ill be expelled and efficient current drive lost.

any time-step size, but takes somewhat longer for each timg!"' B¢ , .
Figure 1 shows the calculated evolution of magnetic

step. Accuracy requirements demand a relatively small time ) . i
step for the semi-implicit algorithm. field lines into a plasma column with parameters relevant to

the STX experimeni{R=10cm, n=0.333x10*m 3, B,
=100G, w=2.2x10°sec?, T,=5eV, A\=11.07, andy

. RESULTS =16.6. Here time is labeled in the dimensionless unit
' _ B _ =(2m)/ w, or 2.856usec. The RMF is rotating in a counter-
A. Penetration condition and penetration rates clockwise direction and the field lines are distorted as they

Hugrass and Grimffirst studied the time-dependent attempt to drag the electrons with them. For this case, the
penetration of the RMF into a plasma column with a modelStéady normalized azimuthal current is found to be
very similar to that presented here. They showed that the 0-98, with full penetration achieved & 40T. _
magnitude of the external-driving field must exceed a certain If this calculation is repeated with the RMF magnitude
critical value before much current is driven in the plasmareduced by 10% t@,=90G, ory=14.9, we find that com-
column. Their measure of the current drive is the parametepl€te penetration is never achieved and the steady normal-
a, which is defined as the ratio of the driven current dividedized azimuthal current is onlyrs=0.42. The equilibrium
by the current obtained if all of the electrons rotate synchrofield lines for this case look very much like thosetatST,

nously with the RMF. From Ampe’s law the actual driven N Fig. 1. If, on the other hand, the RMF magnitude is in-

complete penetration is achieved by 27T, compared td
=40T for the case withB,=100G. This is illustrated
graphically in Fig. 2, which shows as a function of time
during penetration for these three calculations. Clearly, the
magnitude of the RMF must exceed a critical value before
the field can fully penetrate the plasma column, and after this

lgo=—1/2newR?. critical field is reached, the rate of penetration is a strong
Thus, @ can be expressed as function of the field strength.

If the RMF is reduced below a critical value after it has
fully penetrated, the force on the electrons will not be suffi-
cient to overcome the electron—ion drag. Then the current

1
|aD=E(Bz(r=0)_Bz(f=R))-

If all the electrons were driven synchronously with the RMF,
the current density per unit length would be

a=m(82(r=R)—Bz(r=0)).
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FIG. 2. Azimuthal current time history for three different RMF magnitudes.

reaches the critical value and full penetration is achieved.
drive level will drop back to a level consistent with an RMF After this, the field level can be decremented in steps until it

that is not fully penetrated. Figure 3 shows the magnetic field®2ches a level where the RMF is expelled from the plasma,

lines for the same calculation illustrated in Fig. 1, except a€Stablishing the critical value for field expulsion. Figure 4

t=50T, B, is suddenly reduced from 100 to 70 G is showsy,., which is the critical value of required to achieve
reduced to 11)6 As the RMF field magnitude drops in the complete RMF penetration, plotted as a functionofrhese

plasma column, the rate of electron rotation slows. Since thEeSUlts agree with Hugrass’ observatidhat for values of
magnetic field lines are tied to the electron fluid, field lines!®SS than about 6.5, the critical valuepfequired to achieve

rotate more slowly at the column center than at the outsigd?€netration is the same as that for expulsion. It is found to be

This leads to an antiparallel configuration causing quick fielg@PProximately

annihilation, and a rapid reduction in current drive. =112\, for A<6.5. (14)
There are three key questions concerning RMF penetra- . .

tion that this study attempts to answer. First, what is th or I_a_rger values _OR it has peen found tha_t the followmg

critical RMF magnitude required for full penetration, and empirical formula is a good fit to the numerical calculations

how does it scale witih? Second, what is the time required Ye=1.12(1.0+0.12\—6.5°%%, for A>6.5. (15

to achl_eve f_u_II penetratlon_when the RMI_:_magmtude SThe point at which the field is expelled from the plasma
above its critical value? Finally, what efficiency can be i
: , . ... _remains the samey(=1.12\) for all values of\. For large
achieved when the RMF magnitude is below the critical . . ; .
o . : values of\, a larger RMF magnitude is required to achieve
value and the current drive is restricted to a region near the : : : s
separatrix? complete penetration than is required to maintain it after pen-
- : : etration is achieved.
A procedure similar to that of Hugrasis used to find : . .
L . T . An estimate of the time required for the RMF to pen-
the critical RMF magnitude. A calculation is started with . : .
. : . etraterp has been made by running several calculations with
small subcritical RMF magnitude. It is run long enough to

establish a constantg value for this field, after which the various values ofy=yc. From ‘Qe fprm of Eq(10), It is
. o . expected thatp should scale as“. Sincerp becomes infi-
field is incremented to the next level where a new is

established. This is done repeatedly until the field levelte at y=vc, It s expect_ed thatrp should vary .Wlth a
normalized form ofy that is a measure of the difference

betweeny and y.. This measure is defined as

Y= 7c
= ) 16
/ / W= (16)
Figure 5 shows the penetration time g for three series of
calculations withh =100,A =11, and\ =6.5. The numerical
data are compared with the simple curve

=70 T t=75T A2
Tp= ' (17)
2\
which is seen to be a reasonable approximation to the data
/ over a very wide range of and\. Clearly, when designing
/ an experiment that requires full penetration, the design point
/ v should be significantly greater than .
. Next, we examine the steady-state level of current drive
=80T =85T that can be achieved when the RMF magnitude is below the

FIG. 3. Evolution of magnetic field lines as RMF is expelled from a plasma_criticaI value. Sever_al ?alCUIatior_]s have been_ made wikere
column. is held constant whiley is slowly incremented in steps. The
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FIG. 7. Azimuthal current time history for different values of parallel resis-
tivity. For (ii) and(iii), parallel resistivity is in the-direction. For(iv) and
(v), parallel resistivity is in the local direction @&.

FIG. 5. RMF penetration time vgy .

time between each increment is long enough to allow the

current drive parametet to reach its steady-state valug. ~
. . . . . JA ~ 1 ~ N~ ~ o~

The results of this series of calculations are summarized in - — =(GxB)— — | J, + —J,+(IXB)

Fig. 6, where curves fox=6.5, 11, 32, and 100 are shown. 2)\? 7L

The dotted lines in this figure show an empirical fit to the

numerical data,
1.6 YVe— Y 8
as=\/—xex -4 v .
C

This fit is accurate to approximately 20% for<3/vy,
=<.95. Clearly, for large values of, the current drive effi-

ciency is very low fory<<vy,.

; (19

where J,=(3-B)/B?, J,=3-7J,, and \=R(u,0/27,)"2
Figure 7 shows the time history of the azimuthal current, for
a set of calculations with different forms of anisotropic re-
sistivity. All of the calculations have the same basic param-
eters (R=10cm, B,=120G, B,=350G, w=2.2
x1Psec!, T.=5eV, n=0.333x10°m 3, A=11.07, y
=19.2, andB,,=\?/2) similar to those of Fig. 1, but with a
higher value ofB,,, and consequently. Also, it should be
noted that since the resistivity is now dependent on the mag-
netic field direction, these calculations are now dependent on
. . . the axial bias field. InitiallyB,= B,y uniformly throughout
sy oo o, e ey e CACUlon egon, s sibsequenty 11 vlue s apied
Istivity . - P ... .~=""as a boundary condition at=R. All of the calculations in
resistivity, the ratio of perpendicular to parallel resistivity is _. :
: . ig. 7 have the same value for, , but 5, varies from 1 to
7. /7,=1.96. In FRC experiments, the transport is observecf S
. . . ..~z of that value. For two of the curves in Fig. 7 the parallel
to be consistent with an anomalous perpendicular resistivity,. ..~ . o .
. . . direction is assumed to be tleedirection, while the others
larger than classical. However, in the absence of a toroidal N .
S . . correctly employ the local direction & to specify the par-
magnetic field, the plasma current is perpendicular to the . L .
allel and perpendicular directions. When the parallel direc-

field and no measurement of the parallel component of resqion is assumed to be in thedirection, decreasing, leads
o a slower rate of penetration as expectaihce the resis-

tivity has been made. For other toroidal plasmas it is foun
that the ratio ofy, /7, is considerably greater than 2. tive skin depth decreases with decreasing resistivity. How-
ever, it is found that when the local value Bfis used to

To account for anisotropic resistivity in this study, EG0)
specify the parallel direction, the penetration rate does not

is modified to
slow with decreasingy,, and in fact increases.
To understand these results consider the schematic in

(18)

B. Anisotropic resistivity effects

0'5_ _ . Fig. 8. AssumeB, is positive, pointing out of the page. This
~ Numerical Calculation field combined with the RMF is upward and pointing out of
Empirical Fit the page. The RMF fieltshown as vertical lines in Fig) 8

0.4
rotating counterclockwise, dragging the electrons in the same
direction. IfJ tends to follow the field lines, it flows into the
page on the right-hand sid®RHS), and out of the page on
the left-hand sidgLHS). This is the same direction as the
current in the RMF coils, and will thereforenhancethe
rotating magnetic field. 1B, is negative(pointing into the
page, the effect is reversed and the induced axial current
will opposethe penetration of the RMF.

An axial bias field ofB,,=\?/2 was assumed for the
calculations of Fig. 7. For these conditions and when the

FIG. 6. Calculated current drive vgfor A=6.5, 11, 32, and 100.
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FIG. 8. Schematic of plasma current in the presence of the rotating magnet

field 'l‘—:IG. 10. Steady-state radial profile for three calculations with11.07: (i)

m=3m . Bo=\%2, and y=16.6; (i) 7=7,, and y=16.6; (ii) 7,
=%m , §20=0, andy=236.5.

RMF is fully penetrated, the induced current sustains an

. . . . . ~ _ 2
axial magnetic field profile withB,=\%/2 at the outer qyired to achieve full penetration wheris increasing, ang

. 2 _ .
boundary, decreasing te A“/2 by r=0. Thus in the outer rgps to a lower value before the RMF is expelled when it is
regions whereB, is positive, the anisotropic resistivity leads decreasing.

to the induction of axial currents which enhance the RMF. In Figure 10 shows the steady-state radial profile of the

the inner region wher8, is reversed, the induced axial cur- R\ field for the three calculations of Fig. 9 at points on the
rents oppose the penetration of the RMF. o curves with full penetration. Thg-axis, which is labeled
Clearly, with the inclusion of anisotropic resistivity ef- B,/B,,, is the normalized magnitude of the= 1 component
fects, the calculations become dependent on the magnituo(lﬁ BH‘“ The curve labeled,,=\2/2 shows an amplification
. Z

and o_Ilrectlol_n gf the_%pplltid g\x(ljal bIZS f'.elfl%.lflg _blas f|e{q of of B, relative to the boundary value as it penetrates in the
zero is applied B,0=0), the induced axial field is negative outer regions wher®, is positive. As it penetrates further

so the anisotropic resistivity mduce_s axial currents whic into regions of negativ@,, the magnitude oB, decreases.
oppose the RMF throughout the entire plasma volume. on th her hand. th labelBd.= 0 idl d
Figure 9 shows the steady normalized current as a func: n the other hand, the curve labeleqo=0 rapidly an

tion of v for three different parameter sets. In all three Curvegnonoton;\callyl decrealseshfrom the bhoundgry v;luelas It pen-
A=11.07. These curves are generated by running the code girates the plasma. In this case, the in UBgds always

a constanty until « reaches a steady-state value. The parampegat.iv.e, so the axial currents inducgd by the anisotropic
eter y is then changed by a small amount and the code i esistivity always oppose the penetration of the RMF field.

again run untila reaches a new constant value. The curves hle curfvles do noté)egmat the(;)u;er radial Eoundalb_ry\élttr)l a q
are double-valued because the full penetration thresholf?'!€ Of 1 as may e expected, because the applied boundary
value of y is larger wheny is increasing than the threshold conditions(see Sec. )l correctly account for the effects of
value where the RMF is expelled wheris decreasing. The the induced internal plasma currents. When the internal cur-
curve labeledr,= 5, corresponds to the parameters of Fig. rents. screer(or oppos¢ the penetration of the RMF they
1. As expected, the curve with,,=0 shows that a much gmpllfy the RMF at the boundary. On the other hand, if the
higher value ofy is required to achieve full penetration, and internal currents gnhance the penetration of the RMF, 'thgy
it displays much less hysteresis. The curve vBij=\2/2 reduce the magnitude of the RMF at the boundary. This is
h P Yd hvst Y ol ' hiah luey i also illustrated in Fig. 11, which shows the calculated steady-

as a wider hysteresis profii€, as a higher valuey @ re-  giate magnetic field lines for the same two anisotropic resis-
tivity calculations.

Figures 10 and 11 show that when an FRC bias field

19 ' C ST (~Bzoz)\2/2) is applied, a net amplification of the RMF is

L /,’/,/ 1
0.8 ,/,,I’

,)
0.6}
o, t e S
0.4f 1 ‘ )
o — M= )
02 - T M=%, Bio=0
B M/M=Ye, By=hi2
00 1o 20 30 30 B,=0 B, =X/2
Y

FIG. 11. Steady-state magnetic field lines for the anisotropic calculations
FIG. 9. Steady-state current drive as a functionyof illustrated in Fig. 10.
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F

FIG. 13. Radial profile of the@=0 component of azimuthal current for the
calculation shown in Fig. 12.

=3575T

FIG. 12. Evolution of magnetic field lines for calculation with=11.07, . . .
y=16.6,7,/7, =4, andB,o=\?/2. RMF has sufficient power to overcome this mode, leading to

normal full penetration. It is interesting to compare the curve

(iv) of Fig. 7 with thes, /7, =%, B,o=\?/2 curve of Fig. 9.
realized. The amplification in the outer regions is signifi- |t has the same basic parameters and its valug=019.2 is
cantly greater than the shielding of the inner region. The nepelow the threshold for penetration in Fig. 9, but here pen-
effect is that the rotating field at=0 is more than 20% etration is even faster than it was for the comparable isotro-
greater than the external field far removed from the plasmapic case. The key difference is that this calculation started
and more than 50% greater than the rotating field at theut with y=19.2 and the mode structures illustrated in Fig.
plasma boundary. It is interesting to note that Blevin and12 never formed, while the other calculations started with a
Thonemanh observed a 500% amplification of the rotating small value ofy which was then slowly increased. Once the

field in some of their pioneering experiments. They attrib'structures have formed, a |arger value 'pﬁs required to
uted the amplification to three-dimensional end effects but ichieve full penetration.

is possible that anisotropic resistivity effects also contrib-
uted.

In Fig. 9, the curve wittB,=\?/2 has a relatively flat
region wherew ~.5 for 15< y<<21. In this region, the char- The applied boundary conditions for all of the calcula-
acter of the RMF penetration is markedly different from thattions reported above correspond to an ideal pure
of previous cases. It is found that RMF penetration proceeds 1 RMF. Hugras¥ has studied the effects of realistic coil
normally at the start of the calculation, with the axial cur-geometry, but using a simplified model where the electron
rents induced by the anisotropic resistivity enhancing the ratgnotion is forced to have a rigid-rotor velocity profile. He
of penetration. However, after the RMF has penetrated abo@howed that in addition to the desired-1 RMF, coils at
half way in, the magnetic field lines begin to tear and afinite radius produce undesired odd spatial harmonics. These
closed field-line structure forms inside the plasma. Thisundesirable effects can all be minimized by moving the coils
structure rotates with the RMF, but not as fast. Figure 120ut to a larger radius, by using two conductor coil pairs, or
shows the calculated evolution of induced closed field-linddy using a three-phase system to generate the RMF. Here, we
structure during one revolution of the RMF for a calculationextend these results to examine the influence of these added
with y=16.6. (Here, the structure appears to rotate clock-spatial harmonics on RMF penetration, and without the rigid
wise, but this is because in this paper the graphs are plotteglectron motion constraint. In general, we find agreement
in a rotating frame of reference that makes the external RMMith Hugrass’ earlier work.
appear stationaryWhen the RMF is in this mode, it devel- In a vacuum, the vector potential due to a set of infinitely
ops ana, of about 0.5. The electron velocity profile is ap- long dipole coils arranged on a cylindrical surface of radius
proximately that of a rigid-rotor, but there is significant slip- R. can be expanded s

C. Finite radius coil effects

page at the outer radial boundary. Figure 13 showsnthe o 1/ \"
=0 component of thé-current profile at the same four times Az=4—o — ( R—) cogn(6— o)), (20
that are illustrated in Fig. 12. This figure shows that the 7 n=odd N | Re

current profile varies significantly during a single rotation of where ¢ is the angular position of the coil set, ahds the
the RMF field, and that there is significant slippage at thecurrent flowing in them. In the presencelgfpolyphase coil

outer radial boundary. Presumably, the magnetic field strucsets, each with currenf=1 sin(wt—§&), the vector potential
tures that form inside the plasma force an almost rigid rotajs

tion of the electrons. When there is full penetration, the cur- I L o
rent profile is a straight linérigid-rotor) as illustrated by the _ Mo ( r ) 3 :
; 2 A,=— —| = —¢i))- t—¢&)1|.

“Full Penetration” line in Fig. 13. 2 Am 0 Sad | N\ R, 21 [codn(0=¢i))-sin(wt=&)]
As shown in Fig. 9, whery is increased beyond 21, the (21)
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Thus finite coil radius effects can be included in the calcula-
tion by specifyinge,, in Eq. (6) as

ol nqle _
:g—w(%) o 2 fsintwt=g)e4], n=odd,
(22

apn

a,=0, n=even.

The simplest RMF coil arrangement consists of a two-phase
system with a single coil pair per phase and each coil pair
separated byn/2 in space and phase. b;=0 and ¢,

= 72, andé;= 7 and £,= — @/2, the vacuum vector poten- 00— 60 % 100
tial can be expressed’ds H(7T)
Mol o 1 FIG. 14. Azimuthal current time historyi) y=19.9,k=0.7; (ii)) y=24.9,

A=—

r n
—(R—) sin(wt+(—1)""Y2ng) |, k=0.7; (iii) y=33.2,k=0.7; (iv) y=19.9,k=0.5; and(v) y=19.9; ideal
N\ Re n=1 mode only.
(23

The resulting field consists of the desirae1 component
rotating with an angular frequeney, as well as odd harmon-
ics which rotate at a frequency of-1)"" Y% w/n). It has

T  n=odd

Figure 14 shows the azimuthal current time history for
three calculations withh=11.07, and the simplest coil ar-
rangementtwo-phase with a single coil set per phasthe
ratio k=r/R. varies from 0.7 to 0.5 for these calculations.
rEquations(ZO) to (25) show this ratio is important because

drive and need to be minimized. Increasing the coil raéigs the boundary values o%, and hence, for the higher order

is an obvious way to reduce the relative magnitude of thl?nodes are attenuated by the factofR,)". The three calcu-
harmonics. However, this is not practical experimentallyIations with k=0.7 havey=19.9 24°9 and 33.2, respec-

since the required energy to reach the same magnitude f(ﬁ(/ely all well above the critical value ofy,=15.1. Full

— . H 2
the fundamentan=1 field scales witfR;. enetration is never achieved for the curve labgigdwvhile

Using two COHS. for each phase of the a”te”‘?a can als.’gne curve labeledii) with y=24.9 andk=0.7 is very close
reduce the harmonics. For a two-phase system with two CO|I§0 the criticaly, . Both this curve and curvéii), which has

per phase, the vacuum vector potential can be expres&&d a8 much largery=33.2, exhibit large oscillations in the

n driven current. For the curve labeléd), the coil radius has
been increased, reducimkgto 0.5, andy=19.9 has been re-
duced back to the level of curv@. Here the RMF penetra-
tion is relatively quick and the oscillation magnitude is re-

’ (24) duced. The curve labeldd) is for comparison and is from a

calculation where ideah=1 boundary conditions are ap-

wherea, is the angular separation between two coils in theplied (i.e.., finite radius colil effects are not includejExperi-'
same phase. This expression shows that each of the highB}ENtS With a two-phase antenna system and a single coil per
order modes is reduced by the factor cos((@)/ phase should have the antenna at a large enough radius to

cos((1/2y.) relative to the primaryn=1 component. ©nsure that the parameters not greater than 0.5.

Choosing @,=60° eliminates the third harmonic, while Figure 15 shows the magnetic field lines at eight times

choosinga,=36° eliminates the fifth harmonic. It will be during a quarter rotation of the RMF for the calculation cor-
c .

shown thata,=45° is a good compromise, in agreement responding to curvéii) of Fig. 14. The plots are drawn in a
with previous studied’

The harmonics can be reduced even further using a three-
phase system with two coils per phase. Here the vacuum
vector potential can be expressedas

_ 2ol

T n=odd

z n Re

cog 3 na,) ( r

X sin(wt+(—1)""2)ng)

Ll s [ootined ]
z T n=odd n R
X v, sinf(wt+ B,n0) |, (25

wherey;=1, y3=0, ys=1, andy,,.6=y,, andB1=1, Bs
=-—1, andB,,¢=8,. For this configuration the 3rd, 9th,
and 15th harmonics are not present and the 5th, 11th, and
17th harmonics rotate counter to the primary. The fifth har-
monic can be eliminated by setting the coil separation to 36°%G. 15. Magnetic field lines during revolution of RMF fromiiii) of Fig.
leaving the seventh as the first harmful harmonic. 14 starting at=70.25T.
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FIG. 16. Radial profile of the@=0 component ofl, for calculation illus-  FiG, 18. Azimuthal current time history for a two-phase antenna with two
trated in Fig. 15. coils per phase, anil=11.6, y=19.9, andk=0.8.

rotating frame of reference so the idea:1 component of yields a dramatic performance enhancement, but the results
the RMF is vertical for all eight plots, and the coils appear toare insensitive to the exact angle between conductors. The
rotate. Clearly, the field lines inside the plasma region concalculation with @.=45° has the most rapid penetration,
tinue to oscillate after the RMF has fully penetrated. Furtherwith the penetration time history approaching that of the
more, the electron velocity profile does not evolve to theideal n=1 calculation. However, the calculation witl,
stationary rigid-rotor profile observed in calculations that ne-=60° has the smallest oscillations in driven current.
glect effects of having coils at finite radius. Figure 16 shows  Figure 18 shows the azimuthal current time history for a
the radial profile of thev=0 component ofl, from the same  similar set of calculations, except the coils are assumed to be
calculation and times as Fig. 15. The velocity profile changegloser to the plasma, by increasing the paramiefeom 0.7
rapidly with relatively large excursions from the ideal rigid- to 0.8. As expected, this has a deleterious effect on the RMF
rotor profile, with a periodicity ofi of an RMF cycle. The performance. Only the calculation with,=45° achieves
profile oscillations are not confined to the edge of the plasmgomplete penetration, and for that calculation, the rate of
and the magnitudes do not dampen as you move in radianpenetration is much slower than it was for 0.7, as shown
from the outer boundary where the driving force exists.  in Fig. 17. Experiments with a two-phase antenna and two
If two coils are used for each phase of the antenna, th€oils per phase should have the antenna at a large enough
harmonic content driving these oscillations is reduteds  radius to ensure that the parameités smaller than 0.7.
shown by Eq.(24). Figure 17 shows the azimuthal current Finally, a set of calculations has been made to investi-
time history for three calculations with a coil separationgate the effects of employing a three-phase antenna that uses

specified by =36, 45, and 60°. The calculations at 36 andtwo coils per phase. Equatid@5) shows that for this type of
60° suppress the=5 andn=3 modes, respectively. The antenna, the 3rd, 9th, 15th,... harmonics are absent, so the 5th

calculation witha,=45° is a compromise where both the and 7th are the first harmful harmonics. If the coil separation
magnitudes of botim=3 andn=5 modes are partially sup- Pparametera, is set to 36°, the 5th harmonic is eliminated,
pressed by a factor of 0.414. All three calculations have leaving the 7th as the first harmful harmonic.dif is set to
=11.07,y=19.9, anck=0.7; the same parameters as curve30°, both the 5th and 7th harmonics are attenuated by a fac-
(i) of Fig. 14, where complete penetration was nevertor of approximately 0.27. Hugra€sfound that for a three-

achieved. Clearly, employing two conductors per phasdhase system with two coils per phase withset to 30° and
k=0.8, higher harmonics had a negligible effect on the sys-

10 1.0t Ideal n=1 mode
k=8, 0.=30°_[ ]
08 0.8} y
k=8, 0 =36° , k=9, a=30°
0.6 0.6 4
o a

0.4 —— Ideal n=1 mode 04l / B g

=45 k=9, 0=36
0.2} e 0= 60° _

AAAAAAAAAAAA 0, = 36° 0.2
000——="10 15 20 25 30 35 0055 s

o HT)

FIG. 17. Azimuthal current time history for a two-phase antenna with twoFIG. 19. Azimuthal current time history for a three-phase antenna with two
coils per phase, and=11.6,y=19.9, andk=0.7. coils per phase, and=11.6, andy=19.9.
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strong effect on RMF current drive for an FRC, affecting
both the penetration and final equilibrium configuration. The
underlying physical mechanism was shown to result from an
induced axial current. This current can be in the same direc-
tion (phase as the current in the external RMF coils and thus
enhance the RMF, or it can be in the opposite direction and
retard the penetration of the RMF. The phase of the induced
current depends on the direction of the local axial magnetic
field B,, so RMF penetration becomes strongly dependent
on the imposed bias on the axial magnetic field. With an
axial bias field consistent with an FRC, the magnitude of the
RMF is significantly amplified at the center£0) as com-
pared to its magnitude at the outer plasma boundary.

The effects of using a realistic coil set at a finite radius
have been investigated. These results are in agreement with a
previous study by Hugra¥sbased on an equilibrium model
FIG. 20. Evolution of RMF field lines during penetration for calculation that assumed a rigid-rotor electron velocity profile: however,
with a three-phase antenna, two coils per phasel11.6, andy=19.9.k  gynamic effects and the effects on penetration were also
=8, anda=30°. . . . L

studied in this paper. It was found that the harmonics intro-

duced by utilizing coils at finite radius can seriously impede
tem. Figure 19 shows the azimuthal time history for a set ofhe RMF penetration unless the coils are sufficiently far from
calculations withx=11.07, y=19.9, k=0.8 and 0.9, and the plasma. For a two-phase coil system that utilizes two
a.=30 and 36°. Fok=0.8 the penetration rate is almost as C0ils per phase, the coil radius should be at least 1.4 times
fast as for the ideah=1 calculation, in stark contrast to the the plasma radius to minimize these effects. The optimum
similar two-phase calculations of Fig. 18. Whénis in-  angle between the two coils in a single phase is found to be
creased to 0.9, however, the penetration rate slows considegbout 45°. If a three-phase coil system with two coils per
ably. The calculations witlk=.9 show a clear advantage of pPhase is employed, it is found that the coils can be as close
a=30°, overa,=36°. Itis better to attenuate both the 5th as 1.25 times the plasma radius before the higher harmonics
and 7th harmonics, rather than eliminate the 5th harmoni€lisplays serious effects on RMF penetration. Here the opti-
without attenuating the 7th. Figure 20 illustrates the evoluMmal angle between two coils of the same phase is about 30°.
tion of the magnetic field lines during penetration for the
calculation withk=0.8, anda.=30°. ACKNOWLEDGMENTS
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