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Introduction

The interpretation of experimental results in fusion devices requires an accurate knowledge of
the 3-D MHD-equilibrium. For stellarators, this problem is usually solved using the VMEC-
code' whose numerics require the existence of nested flux surfaces. The applicability is prob-
lematic if islands or ergodic regions play a major role in the equilibrium description as in
high-t configurations of W7-AS. These need to be investigated by more advanced codes like
PIES? or HINT?, where no assumption of nested flux surfaces is made. Here, we present first
results using HINT2?, the new version of HINT, for configurations used in the divertor cam-
paign of W7-AS, for experiments showing the HDH-mode® and in high- discharges.

The HINT2 code

HINT?2 is the new version of the HINT-code capable of calculating 3D-MHD equilibria with-
out making the assumption of nested flux surfaces. The numerical scheme applied is different
from that used in PIES. HINT2 solves the MHD-equations using a time-dependent relaxation
method. Each iteration step in the calculation is split into two steps, A and B. In step A, the
pressure distribution is relaxed by mapping it using field line tracing onto the magnetic field
structure. The magnetic field is kept constant in this step. The length of the field line tracing
is an important input parameter. For large lengths the pressure distribution is tightly aligned
to flux surfaces, whereas for small lengths deviations are possible. The latter can be interpret-
ed as simulating the restriction in parallel transport at high collisionality. There is, however,
no transport model included in the code. In the presented calculations we use a length of 50m
for the averaging process. This compares with a central electron mean free path A=5m for
Te=300eV, n=2-10* m? in the case of high-B, or A=<8m for T=450eV, n=3-10*"m? in the case
of HDH-discharges. In step B, the magnetic field is relaxed by solving Faraday's law in com-
bination with Ohm's and Ampere's law by the time-dependent relaxation method while the
pressure distribution is kept constant. The inclusion of net toroidal current densities such as
bootstrap current is not yet reimplemented in the new version. The iterations hare repeated
until convergence is seen. HINT2 has cpu-time advantages over the more rigorous solution of
the time-independent differential equations implemented in PIES. It is also highly paral-
lelized giving it acceptable turnaround times even if the computing requirement are still de-
manding (22.5hrs turn-around time on 22 3GHz Intel-Xeon processores for 45 iterations on a
201x121x59 grid).

HDH-mode configuration

The standard divertor configuration (SDC) for HDH-discharges has a boundary t-value of the
vacuum field of 5/9, where 9 natural islands form a clear separatrix. Additionally, correction
coils located inside the vacuum vessel are used to increase the island size and maintain a larg-
er distance to the divertor plates. The corrugated separatrix boundary of such configurations
can not be treated by free-boundary VMEC and thus equilibrium calculations were not avail-
able to date. We compare the influence of different pressure profile forms on the configura-
tion. The initial profiles used in this study are shown in Fig.1. They were chosen for variabili-
ty and to have a zero pressure gradient at the boundary. Fig.2 shows how the initially flat t-
profile builds up shear by a central increase due to the Shafranov-shift. Thus, the 5/9-reso-
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Fig.1: Pressure profiles used in the paper Fig. 2: +-profiles of vacuum and finite-f3
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calculations with different pressure profiles.

nance appears in the t-profile and islands

develop whose position depends on the 3
and the underlying profile form. The broad-
er profile (HDH-2) leads to larger islands
closer to the boundary.

The indentations of the separatrix formed by
the 5/9 boundary islands increase with 3 as
seen in Fig.3. We also note that the x-points
move poloidally which was already ob-
served in the study performed with the old
HINT-code®. Both effects are due to the
poloidal expansion of the flux tubes due to
the Shafranov-shift. Additionally, the island

Fig.3: Axis position and separatrix depending ~ fans are moving radially on the target plates
on fB (left) and on pressure profile form (right). of the divertor which is also seen in the ex-

Fig.4: Comparison of
Poincaré plot (red) and
pressure contours (blue,
p/po=1% and 99% in green).

periment. We note, that the separatrix struc-
ture seems not to depend strongly on the profile changes if the
energy content is kept constant which is approximately ful-
filled for the two profiles compared here.
Fig.4 shows the alignment of the pressure contours with the
magnetic surfaces. As the length for pressure equilibration in
these calculations was chosen to be 50m, the field line per-
forms about 4 toroidal turns and a strict alignment to the flux
surface structure is only seen for the good flux surfaces. The
5/9-island chain is not resolved, and the pressure extends into
the open field line region, the 1% line of the pressure contours
being outside the separatrix.
The present calculations still have some difficiencies. First,
the pressure profiles must more closer match the experimental
ones. Moreover, the inclusion of toroidal net-current densities
is important since we expect that the corresponding changes
in the t-profile, especially the avoidance of internal rational
values and the shear at the boundary, could influence the
quality of the boundary flux surfaces. Furthermore, magnetic
field line mapping done at W7-AS after shut-down showed

that the t-value provided by the vacuum field has a B depen-
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dence due to the coil deformations caused by the electromagnetic forces of the vacuum field
on the current carrying main field coils. Since the HDH-discharges were performed at high
field (2.5T) this effect is strongest. To compare with experimental data, this effect must be in-
cluded since x-point and strike line locations will heavily depend on it. First estimations show
that the plasma volume might be increased by 20%. Further, convergence studies with respect
to the space grid must be performed since the structures in pressure and current density are
comparable to the present grid size (AR=Az=0.5cm). However, the cpu and memory demands
grow rapidly; increasing the size by a factor of n, cpu-time increases by roughly O’ ).

High-P configuration

The configuration investigated has a vacuum t-value of 0.45. The vacuum flux surfaces are
highly inward shifted by a strong vertical field to compensate the Shafranov-shift in the high-
B phase and thus to center the plasma in the divertor structure. Additionally, the previously
mentioned correction coils are used to decrease the size of the natural islands and even over-
compensate them. Therefore, in the finite-B range, good flux surfaces are expected instead of
a separatrix. This motivated the use of VMEC in previous studies’, especially to determine
volume-averaged B-values which ranged up to 3.4%. Since the assumption of good flux sur-
faces can only be supported indirectly, PIES calculations were performed to investigate this
proposition numerically and are being continued®. We add to these investigation with an inde-
pendent exploration of the high-B configurations using HINT2. For the HINT2 calculations
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Fig. 5: Left: pressure contours with divertor structure (9p=27°, Ap/p,=0.05) with outer
contour at p/py=0.05. Right: Comparison of pressure contours (red, same spacing as left)

and field line tracing (blue) in ¢=0° plane.

presented, we used an initial pressure profile of the form p(s) ~ (1-s?) to have a vanishing
gradient at the boundary, where s is the normalized toroidal flux. This is a slighty broader
profile than the (1-s)-profile which is generally used in high- B VMEC-calculations for W7-
AS. Fig.5 shows the pressure contours of a calcuation reaching an energy content of ca 25kJ
compared with ~23 kJ achieved in experiments at main field strengths of 1.25T, which means
we are at experimentally achieved levels. So far, no adjustment was made in the experimental
pressure profiles nor was the limiting effect of the divertor structure included in the calcula-
tion. Therefore, the pressure contour for p/pe=5% shown in Fig. 5 (left) extends across the di-
vertor plate. The central B-value of the calculation is 6% , the volume-averaged value de-
pends on which volume is taken as the boundary volume. We cite the values defined by the

R/m
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p/po-cutoff of 10% and 5% which are 3.16% and 2.77%, respectively. Fig.5 (right) shows a
comparison of the pressure contours and the result of the field line tracing in the finite-3
field. Since we used for pressure equilibriation a field line length of only 50m, deviations of
flux surfaces and pressure surfaces are allowed, e.g. pressure contours in the ,,ergodic outer
part of the field and slight deviations of pressure contours from the flux surfaces in the “me-
ander” structure. The observed ergodization is similar to that seen in PIES calculations® for
this configuration. However, the pressure profiles used so far are different and need to be ad-
justed for a more detailed comparison. A benchmarking of the two codes with this case has
not been done but on more well-defined cases (see P2.119, this conference?).

The convergence of the present calculation
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pecially the minimum just above +=5/13,

which is responsible for the meander struc- Fig.6: Profiles of the rotational transform at
ture in the flux surfaces, is no longer different time points in the calculation.
changeing. However, there are still more studies to be done. Also the grid convergence has to
be tested which is required by the build up of the steep space gradients in the pressure profile
due to the Shafranov shift.

Summary

The new HINT2-code has been successfully applied to high-t configurations of W7-AS
which were used in HDH-mode discharges and in high-p3 experiments. The results presented
are initial ones but give a good foundation for further studies as well as for comparisons with
the experiment. So far, experimental trends are observed qualitatively. However, for quantita-
tive comparision code improvements with respect to toroidal net-currents must be done as
well as convergence studies concerning the grid spacing.
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