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A free-boundary version of the VMEC three-dimensional equilibrium code,
together with a code, DIAGNO, to determine the response to a set of mag-
netic diagnostic coils has been applied to the Large Helical Device. Two
sequences of equilibria were considered: one where an external vertical field
was used to keep the piasma centered and another where the outwardly
shifting plasma was truncated by a limiter. The predictions of a simple
vlindrical model have been verified for a diamagnetic loop. A set of simple
response curves has been obtained which should be useful for the analysis
and control of the finite < 8> plasma. The ideal Mercier criterion suggests
that the centered plasma might be more stable.
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1. Background

Of the three-dimensional magnetohydrodynamic equilibrium codes em-
ployed in fusion research, the most widely used is the Variational Moments
Equilibrium Code, VMEC [1]. A free-bounday version of VMEC [2] has
been written which incorporates a Green’s function method for calculating
the magnetic field in the vacwum region due to the plasma currents alone
(originally implemented as the NESTOR code{3]).

An obvious application of a model for the fields outside of a magnetically-
confined plasma due to the plasma currents alone is the design and anal-
ysis of magnetic diagnestics: flux loops, pick-up coils and Rogowski coils.
This sort of modelling is routinely carried out for tokamaks. In the three-
dimensional case, NESTOR was used as a basis for coenstructing the DI-
AGNO code [4,5], a post-processor for the free-boundary version of VMEC
to calculate the expected signals of the magnetic diagnostics on the Wen-
delstein TAS stellarator [5,6]. Some of these results have subsequently been
compared with experiment with good agreement 7.

In the present study, we describe the results of an adaptation of the
DIAGNO code to model, in combination with VMEC, the Large Helical De-
vice (LHD). The equilibrium sequences, and diagnostic arrays, chosen are
intended to demonstrate the codes rather than to suggest an optimal exper-
imental arrangement for LHD. Sorme of the issues involved in the stability of
LHD free-boundary equilibria to ideal Mercier modes will also be discussed.

2. Methodology

The model system comprises a standard model for the vacuum magnetic
field of LHD, an additional, constant, vertical “B.” field to control the
plasma position and a limiter. The diagnostic system is composed of a
diamagnetic loop in the plane of the vertical ellipse and four pick-up coils in
the plane of the horizontal ellipse. The vertical limiter is on the outboard
side of the machine in the plane of the horizontal ellipse.

For a fixed pressure profile, p(s) x (1 ~ s)?, where s is the normalised
flux, free-boundary equilibria were calculated for plasma <f#>’s between {
and 3%. The limiter condition, R,,,, = 4.49 metres, was enforced in two
different ways. In “Sequence 17 equilibria the total toroidal flux, ¥y, inside
the plasma was held constant and B, was adjusted to satisfy the limiter
condition. In “Sequence 2” equilibria, B, was set to zero and the total
plasma flux was reduced to elliminate surfaces which had passed to the




cutboard side of the limiter with increasing <8>. In both cases the choice
of B,, or total flux, at a specific <35> had to be found by experimentation
and the results below have an error of less than 0.5 cm for Kooz

VMEC was run with a maximum poloidal mode number of 7 (mpol=8§)
and maximum toroidal mode number of 8. The angular srid was set 1o 32x 32
and an initial radial grid of 11 surfaces was interpolated to 33 surfaces for
the main iteration. The energy minimisation was usually terminated when
the parameter monitoring the square of the residual forces, “ftol”, reached
1. x 107", The accuracy of the free-boundary part of the algorithm was
maonitored by the relative jump in the magnetic pressure across the final
plasma surface which was of the order of 5. x 107*. The major exception to
these conditions was the 3% <> case of Sequence 2 which converged to an
ftol of the order of 107° with an error at the boundary of 1. x 103, The
low <f3> cases generally took about half an hour, and the high-beta cases
one hour, on the Fujitsu vp2200 at the Australian National University. In
some circumstances this can be reduced by using a “restart” version of the
free-boundary code [5] to change the parameters of an already converged
equilibrium.

In its fixed-boundary mode, VMEC usually runs with ¥; equal to «
[8]. The results presented here used MXS units throughout, which meant
that the plasma volume could be shrunk by decreasing ¥, directly without
invoking an extra “curpol” scaling factor as is sometimes done.

Figure 1 compares the vacuum rotational transforms for both fixed bound-
ary and free boundary equilibrium runs. The horizontal scale gives the radial
distance from the center of the torus in the plane of the vertical ellipse. The
agreement between the two is excellent.

3. Results: Sequence 1 and Sequence 2

When the total plasma flux is held constant the additional vertical field
needed to satisfy the limiter condition is shown in Fig. 2. Figures 3 and
4 show the plasma bounday in the planes of the vertical and horizontal
ellipses for <> of 0.14% and 2.73%. The solid line in Fig. 3 designates the
diamagnetic loop. The limiter and the pick-up coils are shown in Fig. 4.

The simple theory for a cylindrical theta pinch predicts that the diamag-
netic flux excluded by a plasma should be given by

<G>
b= L2, (1)



where U3 is the total toroidal flux. Pustovitov [9] has calculated the cor-
rections to this result for conventional stellarators similar to LHD and has
found them to be small. {We note, however, that numerical evidence has
been presented that the measured diamagnetic signals in the Wendelstein
TAS stellarator might depend on the geometry of the diamagnetic loops with

respect to the plasma surface [5].)
The results of Fig. 5 appear to be an excellent verification of the theo-

retical prediction: if ¥, is held constant then $g4;, varies linearly with <5>.
Figure 6 shows one component (in the “poloidal” direction) of the magnetic
field at each of the pick-up coils (numbering in from the outboard side). All
of the results of Figs. 5 and 6 extrapolate uniformly to zero at zero <35>
which is another verification that the free-boundary equilibria are accurate.

Figures 7 and 8 show the boundary contours for equilibria of Sequence
2 at <f>’s of 0.14% and 3.04%. The decrease in ¥, with <> causes the
diagnostic signals shown in Figs. 9 and 10 to level out. As would be expected,
the pick-up coils on the outboard side are more sensitive to changes in the
plasma pressure in this case.

4. Discussion

A hypothetical control sequence for an LHD discharge might start with
an estimate of the plasma <3>, based on the heating power used, and
read a value of B, from Fig. 2 which would keep the plasma approximately
centered. Figure 2 and the curves for Sequence 1 assume that the total
plasma flux is known beforehand which is not the case in a real experiment
(although it may approzimately be the case if the plasma remains centered).
On the other hand the vertical field and limiter position are well-known
external parameters, so that the actual <G> and the total flur could be
read from curves of the type of Sequence 2. The vertical field could then be
iterated using curves similar to Fig. 2. Although the flatness of some of the
curves of Sequence 2 could make it difficult to determine <3>, this should
not be a problem if the plasma is kept reasonably centered to start with.
Alternatively, greater reliance could be put on pick-up coils on the outboard
side. The magnitude of the field due to the plasma curents at <8> = 3% is
about two orders of magnitude less than the main toroidal field and shouid
be experimentally measurable.

The major sources of error in this study are the accuracy of the equilib-
rium solution and the accuracy of the Green’s function integration over the
plasma surface to evaluate the diagnostic signals. Both of these factors may




contribute to the slight deviation of the calculated value for the <f> = 3%
case of Sequence 2 from the theoretical curve.

5. Mercier Stability

A portrait of the ideal Mercier stability of fixed-boundary LHD equilib-
ria, with and without secondary currents, has been presented in Ref. [10].
An interesting question in relation to the present study is whether the the
increased magnetic well resuliing from the free-boundary Shafranov shift
will stabilise the equilibria of Sequence 2 with respect to Sequence 1.

Figures 11 and 12 show the results of the JIMC Mercier stability code[11]
for Sequences 1 and 2 at <B> = 2.7% and 3% respectively. The three
terms correspond to the “well” (D,,) “parallel current” (D, ) and total ideal
Mercier criterion {D;) of Ref. [12] except that the scaling factors involving =
and ¢ have been dropped and the complete expression has been multiplied by
s? as advocated in Ref. [13]. This means that the first term in the criterion
is equal to $2:2/4 in contrast to the usual unscaled criterion[10] where it
is ¢2/4. This scaling by s* makes D; dimensionless so that its values at
different fux surfaces can be compared without becoming singular at the
magnetic axis (as is the case with the unscaled criterion) or when ¢/ = 0 (as
is the case with the usual dimensionless form where D; = 1/4 + ...). {The
shear term, which is not plotted, is the difference between D; and Dy, + D,.}
The plasma is Mercier stable if I, > 0. The parallel currents in the Mercier
criterion have been calculated after transforming to Boozer coordinates with
30 modes in the poloidal and 20 modes in the toroidal direction. Although
the transformation is made with this full matrix of modes, the summation to
calculate the parallel current is only carried out for poloidal mode numbers
less than 15 with the justification that higher order islands will occur with
a localised flattening of the pressure profile with only a small effect on the
overall plasma <3>.

Figure 11, for the centered equilibria, is, perhaps, a more conventional
picture of the moderate-beta bahaviour of LHD. The maximum magnetic
well over-compenstates for the maximum destabilising parallel current which
occurs near the turning point in the ¢ profile. Closer to the boundary there
is significant shear stabilisation. The plasma is stable at all values of s.
The Sequence 2 case of Fig. 12 is unstable near the turning point in ¢ due
to the dominant contributions of harmonics of the parallel current with the
toroidal mode numbers equal to zero {which are resonant with : = 0). In
this case, the poorer convergence of VMEC and the cramped nature of the



¢ profile in real space (see Figs. 13 and 14) make it possible that the plasma
may have exceeded its “equilibrium limit”.

6. Conclusion

This study opens the door for a more detailed examination of the pos-
sibilities of magnetic diagnostics on the Large Helical Device. Further work
should examine the optimal location of any pick-up coils with a view to
verifying the symmetry of the plasma currents as well as determining any
possible variation with respect to internal plasma pressure and current pro-
files {although we remark that the profile dependence found in earlier studies
[5,15] appeared to be weak). One early application of this modelling might
also be to the diamagnetic measurements on the CHS stellarator, although
we recall that, for the diamagneticloop chosen, the simple, cylindrical theory
appears to be very accurate [9)].

The free-bounday equilibria appear to be sufficiently accurate to enable
a diagnostic system to be modelled in the way described in this paper. A
logical extension to the free-boundary VMEC code would be to implement
the limiter condition in a self-consistent manner which could be done using
the “Sequence 2” equilibria (with MKS scaling) as an example: Once an al-
most converged equilibrium is found then the change in ¥} needed to exterd
or reduce the limit of the plasma boundary could be estimated by interpo-
lation or extrapolation of the values of U}, within the plasma. The case of -
separatrix-limited plasmas might be handled by monitoring the change in
the direction of the radius of curvature of the plasma boundary near where
it attempts to push through the separatrix (Fig. 15). '

The results of the Mercier stability study show that centered equilibria
are likely to be more stable (as well as physically larger}. The simple, linear
relationship between the vertical field needed to achieve this and the plasma
<f3> shown in Fig. 2 should be useful for the feed-back control of the LHD
plasma.
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Figure 1: Comparison of the rotational transform profiles of fixed and free bound-
ary vacuum calculations for LHD. The transforms are plotted against
the major radius in the plane of the vertical ellipse.
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