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ABSTRACT 

A description is given of a new code, MOMCON (spectral moments 

with constraints), that obtains three-dimensional ideal magnetohydro-

dynamic (MHD) equil ibria in a fixed toroidal domain using a Fourier 

expansion for the inverse coordinates (R,Z) representing nested 

magnetic surfaces. A set of nonlinear coupled ordinary dif ferential 

equations for the spectral coefficients of (R,Z) is solved using an 

accelerated steepest descent method. A stream function A is introduced 

to improve the mode convergence properties of the Fourier series for R 

and Z. Constraint equations relating the m > 2 moments of R and Z are 

solved to define a unique poloidal angle. 
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1. INTRODUCTION 

The approximate numerical solution of the ideal MHD equilibrium 

equation, F = (V x B) x B - Vp = 0, is required to analyze various 

fundamental properties of toroidal confinement devices. Here, B is the 

solenoidal magnetic f ie ld (V • B = 0), which for three-dimensional 

configurations can be expressed in a contravariant vector form as 

follows: 

B = TO x V0 , (la) 

V|3 = V6 - + VA . (lb) 

In Eq. (1), 3> is the toroidal f lux, v is the rotational transform, and 

A(<J>,0,S) is a stream function relating the poloidal angle 0 to the 

magnetic flux coordinate 0* = 9 + A. In the ($,0*,^) coordinate 

system, the magnetic f ie ld lines are straight on every magnetic 

surface, defined by $ = const. Furthermore, for nested surfaces, 

v = is only a function of 

For the inverse representation of MHD equilibria [1], the magnetic 

flux coordinates ($,0,<£) are considered to be the independent 

coordinates. The cylindrical coordinates (R,<i>.Z) are the dependent 

variables, which may be expanded in Fourier series [2-4]: 

R = ERmn(s)cos(m0 - n$) , (2a) 

Z = EZmn(s)sin(m0 - n$) , (2b) 

4> = « • (2c) 
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Here, 4> = 4>(s), where s is a scaled radial flux coordinate, 0 < s < 1. 

Equation (2c) is suff icient for many toroidal domains and is currently 

implemented in MOMCON. The retention of only cosine (or sine) terms in 

the series for R (or Z) is a further l imitation in the present version 

of MOMCON. ( I t is, howev er, easily relaxed.) 

The fundamental goal of MOMCON is to compute the Fourier (moment) 

amplitudes Rmn(s), Zmn(s), and Amn(s) by solving appropriate components 

of the force balance equation F = 0. The stream function A [2,3] is 

retained to accelerate the convergence, with respect to the poloidal 

mode number m, of the series in Eq. (2). MOMCON di f fers from previous 

three-dimensional moment codes [2-4] in at least one of the following 

respects: (1) retention of the renormal ization parameter A, (2) choice 

of a unique poloidal angle 0, and (3) numerical solution method used to 

solve for the moment amplitudes. Schwenn [5] has recently reviewed 

these, and other, features of inverse moment codes. 

2. MOMENT EQUATIONS WITH CONSTRAINTS 

The differencing scheme for projecting the components of F onto a 

radial mesh has been described elsewhere [2]. Let F^n(s) denote the 

j_th_ component of the normalized MHD force, for j = R, Z, or A. Since 

the forces Fp, F^, and F^ are linearly dependent, an additional 

constraint between the spectral coefficients Rmn and Z ^ , for m > 2, 

must be imposed to define a unique poloidal angle 0. This is done by 

minimizing a measure <M> of the spectral width [6]: 

<M> = E . 1 * 1 0 4 , * 4 ) / l mP (R*„ • 4 „ ) 
m=l,n m=l;n 

(3) 
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I n pract ice, p = 4-6 is used in Eq. ( 3 ) . The minimization of <M> on 

each magnetic surface leads to a force of constraint , which, when added 

to the MHD forces Fp and F^, y ie lds an independent set of spectral 

forces. The constraint forces (pr ior to Fourier analysis) are 

F$on = -aReI(s,e,^) , (4a) 

F f n = -<xZeI(s,e,<5) , (4b) 

where I = XR@ + YZQ, X = E f^cosOne - n$), Y = E fmZmnsin(m6 - n$), 

and f m = mP+1 - mP<M>. The parameter a (s) is chosen so that F^on and 

F£o n have the same radial dependence as the MHD force components near 

the magnetic axis , s = 0. This leads to a(s) = ^ ( R © + ZQ)"-1, where 

otQ £ l O ^ / A t 2 and At is the time step estimated from numerical 

s t a b i l i t y considerations. Computational d i f f i c u l t i e s associated with 

the spread in the eigenvalues of I , which varies as mP+* for large p 

and m, were minimized by rescal ing I as fol lows: (1) Fourier 

transforming I ; (2) mult iplying the mth poloidal harmonic of I by 

m'/mP+*; and (3) reconstructing I by re ta in ing only i t s lowest M - 1 

harmonics, where M is the maximum poloidal harmonic in Eq. ( 2 ) . Step 

(2) imposes a poloidal spectrum on I s imi la r to that a r is ing from the 

MHD forces alone, whereas step (3) minimizes a l i a s i n g . The best 

temporal convergence properties were obtained by using i = 4-5 as the 

rescal ing exponent. 
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Since MOMCON is a fixed boundary code, i t is important to express 

the outermost surface, s = 1, in a form consistent with the constraint 

8<M> = 0. This prevents boundary layers in the spectral coefficients 

near s = 1. Arbitrary surfaces should be preprocessed to obtain the 

required spectral decomposition. 

To avoid the inconvenience associated with such preprocessing, 

MQMCON has been written to minimize the following linearized 

constraint: 

<m>l= I ^ [ O W R S Z + C Z ^ - Z O / ] • (5) 
m=2; n 

Here, (R^n, Z®n) are suitable guesses for the Fourier coefficients, 

which are usually chosen equal to the in i t ia l profi les. 

The toroidal variation of the poloidal angle is rendered unique by 

specifying a quasi-polar constraint between the m = 1 spectral 

amplitudes [7]. In Ref. 7, this was shown to be of the form 

"in + Zln = Rl,-n + Z l , -n • (6) 

In MOMCON, this constraint is imposed by modifying the m = 1 components 

of the spectral forces as follows: 

( ^ n ) e f f = , (7a) 

( ^ " ) e f f = F l n ~ <*" - (7b) 

where <xn = 0.25(F^'n - F(J'"n + F^'n - F j ' " n ) . Here, (F } n ) e f f , for 

j = R,Z, are the effective forces that are used to evolve the m = 1 

spectral amplitudes and vanish in equilibrium. Since (F^n + F| n ) e f f = 
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+ F^ ' - n ) e f f , the changes in R and Z from their i n i t i a l values 

w i l l satisfy Eq. (6). However, with the present formulation these 

in i t i a l values need not themselves have the form given by Eq. (6). 

3. NUMERICAL SOLUTION DETAILS 

The spectral moments Rmn(sj) and Zmn(s-|) are determined on a set 

of discrete radial mesh points Sj = ( i - 1)/NS, i = 1, . . . , Ns, by 

solving the nonlinear equations FJ" = (Fj +JrJon)mn = 0 ( j = R,Z) 

simultaneously with the linear equations Fjn = 0 [with the latter 

determining Am n(sj) ] . A second-order Richardson technique with 

temporal damping is used to solve this system [1], which is based on 

f i ndi ng the mi nimum of the MHD energy, W^Q. Let X(n) denote the 

vector composed of al l the spectral coefficients of R, Z, and A 

evaluated at al l Ns radial nodes and at the discrete iteration step 

"n." Define the associated force vector F(n), which is composed of the 
A 

conjugate forces F,̂ n and F^n. The iteration sequence used to find 

F(X) = 0 is [2] 

V(n + 1) = V(n)( l - |bn|) + AtnF(n) , (8a) 

X(n + 1) = X(n) + AtnV(n + 1) , (8b) 

where bn = 1 - |F(n)|2/|F(n - 1)|2 is a damping factor chosen to 

approximate cr i t ica l damping of the long-wavelength modes of Eq. (8) 

and V(n) is the velocity vector. In practice, only the R and Z 

components of F are used to evaluate bn, and bn is averaged over Ns 
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time steps to reduce temporal variations. Averaging typically 

increases the temporal convergence rate 10-20%. 

Earlier versions of M0MC0N evaluated the force residuals FR and F^ 

in the neighborhood of the magnetic axis (s = 0) to obtain evolution 

equations for the origin values of the m = 0 spectral coefficients of R 

and Z. This involved estimating the limiting value of $'/Vg as s -» 0, 

where both ~ s and \/g ~ s vanish at the magnetic axis. A more 

stable procedure is used in the present code, which is based on the 

asymptotic expansion of RQm (or ZQp) as s 0: 

W 5 ) = R0n(°) + «n*(s) + + . (9a) 

Here, As = 1/NS is the radial mesh spacing. Equation (9a) yields an 

extrapolation rule for R()n(0) valid to 0(As4): 

R0n(0) = 1.5R0n(As) - 0.6R0n(2As) + 0.1R0n(3As) . (9b) 

This equation, with a similar result for ZQ0, is valid for radial 

meshes that are equally spaced in v^ (at least near s = 0), so that 

$ ~ s2. Use of Eq. (9b) generally yields improved numerical s tabi l i ty 

properties compared with lower-order extrapolations for RQn(0). 

The computation of \ at s = 1 requires the evaluation of g at 

the plasma boundary. In the present version of M0MC0N, this is 

accomplished by extrapolating the relatively smoothly varying quantity 

4>7>/g from the adjacent two half-radial mesh points: 
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This equation is more stable numerically than an extrapolation of Vg 

alone [2]. A scheme in which X is differenced on half-radial mesh 

points never requires the edge value of $7^9- Such a scheme is not 

used, however, since i t has numerical convergence problems near the 

magnetic axis that we have not been able to eliminate. 

Empirical evidence from many equilibrium calculations using MOMCON 

indicates that lower values of the MHD energy W^Q (on a fixed radial 

grid) can be systematically achieved by using a linearized version of 

the constraint force Fjon in Eq. (8). This implies improved scaling 

properties with respect to the number of radial mesh points Ns for the 

variational quantity Wj^g, as well as the geometric and magnetic 

prof i les characterizing the computed equilibrium. The linearization of 

the constraint I = 0 also improves the temporal convergence rate of the 

iteration scheme in Eq. (8). 

4. PROGRAM SYNOPSIS 

MOMCON is a vectorized code written for ef f ic ient execution on the 

CRAY-Is. To treat the nonIinear forces, a pseudo-spectral technique 

[8] is used to alternate between real space, (s,8,£), and Fourier 

space, (s,m,n). Starting from an in i t i a l guess for the spectral 

amplitudes Rmn(sj), Zm n(sj) , and Amn(s|) (generated in subroutine 

PROFIl), the real-space coordinates R(s; ,0j,£[<), Z(sj ,0j,£(<), and 

are computed on a discrete three-dimensional spatial mesh 

(subroutine TOTZSP). Next, the MHD forces are assembled in real space 

(subroutines BCYCOV and FORCES) and then Fourier transformed to yield 

Ffn(s j ) (subroutine TOMNSP). The MHD forces are used to obtain new 
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values for Rmn, etc., according to tho iteratiori in Eq. (8) (subroutine 

EVOLVE). At th is point, i f the error cr i ter ia are not satisfied, the 

pseudo-spectral loop is repeated. I f the force residual F • F is small 

enough, then the code creates an output f i l e (WOUT) containing the 

f inal values of al l the spectral coefficients for postprocessing. An 

index of subroutines and their functions is given in Table 1. 

The physical units used in MOMCON are normalized so that (3 = 2P/B2 

is dimensionless. Thus, for example, i f mks units are used for p 

(N/m2), 4> (Wb), R (m), and Z (m), then the pressure array used 

internal ly should be multi pi ied by (JLQ = 4ir X 10~"7. 

The successful implementation of MOMCON requires adequate in i t ia l 

values for the spectral amplitudes. The basic requirements that 

distinguish suitable profiles are that (1) the boundary conditions at 

s = 0 and s = 1 must be satisfied, (2) the Jacobian \/g must have a 

definite sign, and (3) the force residual should be as small as 

possible. Conditions (1) and (2) are typically satisfied by taking 

Rmn(s) = Rmn(l)sm for m > 1, RQn(s) = R0n(0) + s2[R0n(l) - RQn(0)], 

with similar profiles for Zmn, and Amn = 0. The user must supply an 

estimate for the magnetic axis, [Ron(0)< ZQn(0)], which for starl ike 

domains is usually constrained by condition (2) to be approximately 

[R0 n( l ) , ZQ n ( l ) ] . For high-0 or noncircular plasmas, th is can di f fer 

substantially from the final value for the magnetic axis. This ansatz 

may therefore violate the th i rd requirement, thereby inhibit ing the 

equilibrium relaxation process, especially on f ine radial meshes (̂ ,30 

points). 
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Table 1. Subroutine index 

Program Descr i pt i on 

MAIN Driver; reads NAMELIST parameters; monitors time step 

for s t a b i l i t y and ca l ls FUNCT in basic i te ra t ion loop 

BOUNDARY Converts input boundary data into 1-D arrays for 

internal use; i f necessary, converts arrays to negative 

Jacobian representation 

TRIGGF Sets up f ixed trigonometric function and mode number 

arrays 

PROFIL Sets up f ixed mass, iota, and arrays; provides values 

for i n i t i a l Rmn(s) and Zmn(s) p ro f i les 

SCALE Computes i n i t i a l volume and scale factor arrays used to 

multiply forces by 1 /V ' (s) 

EVOLVE Increments Rff ln(s), Z m n (s) , R m n (s) , ^ ( s ) by At times 

the appropriate force 

RESTART Stores Rmn(s) and Zmn(s) every 50 i terat ions for 

possible re t r ieva l whenever At is decreased 

FUNCT For input Rmn, Zmn, and Amn, returns MHD forces F$n, F j n 

and F^" on a f ixed radial grid 

SPECTRUM Computes spectral width <M> 

ALIAS Computes the l inearized constraint force for determining 

a unique poloidal angle 
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Table 1 (cont.) 

JACOBIAN Computes \/g, T = \ /g /R , RQ, and Z Q on half-radial mesh 

points, checks sign of Jg 

PRESSURE Computes pressure from fixed mass prof i le by the 

adiabatic rule 

BCYCOV Computes cylindrical and covariant components of B, and 

magnetic pressure 

CURRENT Computes iota profi le i f zero average toroidal current 

is desired 

FORCES Estimates time step for stable i teration, computes MHD 

force components in real space 

TOTZSP Sets up R, Z, and A in real (theta-zeta) space from Rmn, 

Zmn' Xmn a r r a * s 

TOMNSP Fourier transforms MHD force components bo mode number 

space 

POLAR Computes m = 1 force components 

INTERP Interpolates f inal results from a coarse radial mesh of 

NINT > 1 points onto an NRHO > NINT point mesh; used to 

generate an in i t ia l guess 

RESIDUE Assembles MHD force components to calculate f inal MHD 

force residuals 

WROUT Generates a data f i l e WOUT containing equilibrium 

results for postprocessing by printing and/or plott ing 

routi nes 

PRINTOUT Prints out various diagnostic data during course of 

calculation 



The temporal convergence of MOMCON can be substantially improved 

by f i r s t obtaining an approximate equilibrium solution on a coarse 

radial mesh and then interpolating th is result to provide an improved 

guess for the finer mesh calculations. The namelist variable NINT is 

available in MOMCON to automatically perform this interpolation. When 

NINT > 1, an in i t i a l equilibrium solution is generated on a NINT-point 

radial mesh and subsequently interpolated. For NINT < 1, no 

interpolation is performed. I t should be noted that when MOMCON is 

used as part of a transport code, prior equilibria wi l l generally 

provide suitable in i t ia l profiles and NINT = 1 should be used. 

5. NUMERICAL EXAMPLES 

To demonstrate the range of applicabil i ty of the MOMCON code, 

several equilibrium examples are now considered. All results were i 

obtained using the linearized constraint, Eq. (5) with p = 6, to 

determine a unique poloidal angle. Radial zoning was chosen to be 

equally spaced in the square root of the toroidal flux so that 

s = • Here = 4 B • dS^ is the toroidal flux at the plasma 

boundary. Units in which 4>jj = IT are used, so $(s) = ITS2. The pressure 

p is related to the "mass" profi le M($) through the adiabatic law 

p = M($)(dV/d$)-^ , (11) 

where V = (2-ir)"2 J§ V' ds and V' = / / |v/g| dG dc|>. During the equil ib-

rium iterations, M($) is kept fixed. 
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5.1 Toroidal Belt Pinch 

This axisymmetric configuration was chosen to show that MOMCON can 

accurately compute equilibria in complex domains. The optimized 

boundary shape is 

Rb = 3.6 + 0.91cos G , (12a) 

Zb = 1.20sin 9 + 0.4sin(39) , (12b) 

and the mass and rotational transform (L) profiles are 

M = 0.01(1 - $)2 , (13a) 

b = 1 - 0.67$ . (13b) 

Here, 4> = and t = 5/3. The profiles in Eq. (13) result in a 

volume-averaged and peak beta (<|3> and |3g) equal to 0.017 and 0.05, 

respectively. A total of M = 8 poloidal mode amplitudes was retained 

in the Fourier series for R, Z, and X. This resulted in an rms 

relative error in the radial force balance of less than 2%. I t should 

be noted that a code based on a polar angle constraint [9], rather than 

the optimized angle used here, requires substantially more poloidal 

harmonics to achieve the same rms error tolerance. 

The magnetic surfaces and mod-|B| contours for th is equiIibrium 

are shown in Fig. 1. Note that the flux surfaces deform continuously 

from the boundary pinch shape to an almost square contour and f ina l ly 

to an e l l ip t ica l shape near the magnetic axis. The capacity to 

accurately treat such a variety of shapes is a salient characteristic 

of MOMCON. 
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"1.46 

Fig. 1. Toroidal flux contours ( le f t ) and mod-|B| 

(right) for a f in i te-0, belt-pinch configuration. 

contours 

Figure 2 i l lustrates the evaluation of the volume-averaged force 

residual, / F2 dV = / ^ ( I F ^ I 2 + |Fjn |2) dV, and -dWMHD/dt, corre-

sponding to a 20-point radial mesh. The in i t i a l spikes in the force 

residual correlate with time-step decrements, which are computed 

automatically to satisfy the numerical s tab i l i ty cri terion. 

5.2 Advanced Toroidal Facil i ty 

The Advanced Toroidal Facil ity (ATF) is an & - 2, 12-period 

torsatron with moderate aspect ratio, A = 8, and moderate shear, 

0.3 < t, < 1. The optimized boundary representation used to model ATF 

is as fol lows (with £ = 12<t>): 

Rb = 1.72 + [0.214-cos 6 - 0.0564cos(9 - £)] 

+ [0.00243cos(26) - O.OO795cos(20 - $)] (14a) 



14 

O R N L - D W G 8 5 C - 2 1 4 1 FED 

1 0 " 1 

1 0 - 2 

1 0 " 3 

1 0 " 4 

> •o 1 0 5 

CM 
1 0 - 6 U. 1 0 - 6 

t o - 7 

1 0 " 8 

1 0 - 9 

1 0 - i o 

1 0 - 3 

1 0 - 4 

1 0 ' 5 

£ 10" 6 

i 

5 0 0 1 0 0 0 

I T E R A T I O N S 

Fig. 2. Dependence on iteration number for a belt-pinch 

equilibrium of (a) volume-averaged force residual; (b) rate of change 

in the MHD energy. 
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Zb = [0.251sin 9 + 0.0634sin(9 - $)] 

+ [-0.00561sin(29) + 0.00805sin(29 - < $ ) ] . (14b) 

The coordinates in Eq. (14) are measured in meters. The f i r s t group of 

terms in brackets for both Rb and Zb represents £ = 2 e l l ip t ica l 

distortions. The second group represents toroidal modifications (£ = 3 

beats) that result in a D-shape, which is most apparent in the cross 

section £ = TV (see Figs. 3 and 4). 

ORNL-DWG 85-2340 FED 

Fig. 3. Toroidal flux contours ( le f t ) and mod-|B| contours 

(right) for the vacuum ATF configuration at toroidal angles £ equal to 

0° (top) and 45° (bottom). 
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Fig. 4. Toroidal flux contours ( le f t ) and mod-|B| contours 

(right) for the vacuum ATF configuration at toroidal angles £ equal to 

180° (top) and 225° (bottom). 

The transform and mass profiles used to generate a sequence of 

flux-conserving ATF equilibria with q = 2 are 

v = 0.32 + 0.46$ - 0.0744? + 0.27^ . (15a) 

M(|30) = 0.04^(1 - $ ) 2 . (15b) 

The parameter |3g is approximately the peak value of beta. The zero net 

toroidal current option (NCURR = ! in MOMCON) was used for the vacuum 

configuration, |3Q = 0, to generate the -l prof i le. Nonzero values of |3Q 
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were used to obtain a series of flux-conserving equilibria with z, fixed 

(NCURR = 0). 

Toroidal flux and mod-|B| contours for vacuum and high-(3 (|3Q = 

0.12) ATF configurations are shown in Figs. 3 through 6. Converged 

equilibria were obtained [with a 30-point radial mesh, f ive toroidal 

modes, n = (0, ±1?. ±24), and f ive poloidal modes] in less than 3500 

iterations, corresponding to 200 to 240 s of CRAY computer time. The 

reduction in the force residual as a function of iteration is shown in 

Fig. 7 for a 21—poi nt radial mesh, 0Q = 0.03 equilibrium calculation. 

ORNL-DWG 89-2342 FED 

0 .3 

0.2 

0.1 

Z O 

-0 .1 

-0.2 

- 0 . 3 

0 .3 

0.2 

0.1 

Z 0 
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-0.2 

- 0 . 3 

Fig. 5. Toroidal flux contours ( lef t ) and mod-|B| contours 

(right) for the finite-(3 ATF configuration at toroidal angles equal to 

0° (top) and 45° (bottom). 
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Fig. 6. Toroidal flux contours ( le f t ) and mod-|B| contours 

(right) for the finite-(3 ATF configuration at toroidal angles £ equal 

to 180° (top) and 225° (bottom). 

The solid curve was obtained using an interpolated 11-point result as 

an in i t ia l guess, whereas the dashed curve represents the result 

without interpolation. The significant improvement in convergence with 

interpolation suggests that the use of MOMCON in a transport code 

environment w i l l also reduce the number of iterations required to 

obtain nearby equilibrium solutions. 

The convergence of W^D was found to depend quadratical ly on As. 

The in f in i te mesh l imit of W^Q was found to be 
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ITERATIONS 

Fig. 7. Volume-averaged force residual decay vs iteration number 

for a 21-point radial mesh ATF equilibrium with |3Q = 0.03. The solid 

curve results fr-om an in i t ia l 11-point interpolation, wiiereas the 

dashed curve was computed without interpolation. 

WMHD(As = 0) ~ 29.90 + 9.97(B0, for (3Q<0.12. The toroidal sh i f t 

R00(s = 0;|3Q) relative to i ts value for 0Q = 0, which is denoted A, \n 

plotted as a function of 0Q in Fig. 8. The dashed curve is the result 

of a computation on a 30-point mesh, whereas the solid curve is an 

extrapolation to the in f in i te mesh l imit . The figure indicates that a 

minimum of 30 radial points is required to yield sh i f t results at 
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Fig. 8. Toroidal sh i f t A, normalized to the average minor radius 

a, vs peak beta (|3Q) for a fIux-conserving sequence. 

higher (3 that are accurate to within 10%. Finally, Fig. 9 compares the 

toroidal sh i f t for a flux-conserving sequence {v fixed) and a zero net 

toroidal current sequence. As |3Q increases and f i n i t e currents appear 

at fixed b, the shi f ts diverge, with A becoming substantially larger 

for the zero current case. 

5.3 Toroidal Heliac 

The heliac considered here is a 4-field-period, large-aspect-ratio 

(A = 10) configuration with a dominant £ = 0 helical axis (axis sh i f t 

comparable to the mean minor radius). Heliacs with cyIindricaI ly 

symmetric boundaries have been previously studied using inverse 
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Fig. 9. Normalized toroidal s h i f t A/a vs peak beta (|3Q) for 

flux-conserving and zero net current sequences. 

i r 

• FLUX CONSERVING 
• ZERO CURRENT 

A 

A 

coordinate methods [10]. The present boundary was obtained from an 

actual vacuum toroidal heliac configuration and has the following 

optimal representation (with £ = -4<£): 

Rb = 4 .11 + 0.46cos $ + [0.4cos 9 - 0.058cos(9 -

- 0.16cos(9 - 2$) + 0.032cos(9 - 3$)] 

+ [0.014cos(29) + 0.15cos(29 - + 0.049cos(29 - 3§)] 
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+ [0.0053cos(39 - <5) + 0.0055cos(3G - 2^) 

- 0.02cos(39 - 3 $ ) ] , (16a) 

Zb = -0.46sin $ + [0.4sin 9 + 0.11sin(9 - §) 

+ 0.15sin(9 - 2$) - 0.032sin(9 - 3$)] 

+ [0.014sin(29) + 0.12sin(29 -

- 0.051sin(29 - 2$) - 0.04sin(29 - 3$)] 

+ [0.01sin(39 - + 0.0036sin(39 - 2$)] . (16b) 

Flux surfaces and mod-]B| contours for the vacuum and f in i te-0 

configurations are shown in Figs. 10 and 11 for the following 

equil ibrium profiles: 

The energy scaled linearly with W^Q = 85.70 + 42. OpQ, for 

|3Q < 0.06. A total of f ive poloidal harmonics and n = (0, ±4, ±8, -12, 

-16) toroidal modes were used to obtain an rms error (in the radial 

force balance) of less than 5%. The high-|3 ((3g = 0.06) result, 

corresponding to <p> 2! 2%, converged for a 26-point radial mesh in 

250 s of CRAY time. 

—l = 1.5 + 0.14> , (17a) 

M = 0 b / 3 ) ( l - <»)2 • (17b) 
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Fig. 10. Toroidal flux contours ( l e f t ) and mod-|B| contours 

( r ight ) for a vacuum heliac configuration at toroidal angle £ equal to 

0° ( top) , 90° (center) , and 180° (bottom). 
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ORNL-DWG 8 5 - 2 3 9 0 FED 
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Fig. 11. Toroidal flux and mod-|B| contours for a finite-jB heliac 

configuration at toroidal angle £ equal to 0° (top), 90° (center), and 

180° (bottom). 
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