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Abstract. A modification of the three dimensional MHD equilibrium code, HINT,
is proposed to analyze a Large Helical Device (LHD) equilibrium with an m/n = 1/1
islend. The equilibrium analysis is required in the local island divertor (LID)
experiment, in order not only to measure structures of magnetic field lines but also
to lead an optimized condition of the equilibrium. In a calculation of the equilibrium
with the island, there is a numerical difficulty caused from the fact that a derivative of
the pressure at the separatrix of the island is not well-behaved; i.e. it is diverged. The
modified scheme has the ability to resolve the problem, and achieves the numerically
appropriate analysis of an MHD equilibrium with such an island.

1. Introduction

Computational study of a three dimensional (3D) MHD equilibrium with an m/n = 1/1
island is reported in this article, which is carried out by using the 3D MHD equilibrium
code, HINT [1, 2, 3, 4, 5, 6, 7, 8, 9], where m is a poloidal mode number and n a
toroidal mode number. Especially, an equilibrium analysis of a Large Helical Device
(LHD) equilibrium with an m/n = 1/1 island is considered. Recently, the HINT code,
which does not assume the existence of nested flux surfaces, was modified so that net
toroidal currents, coil currents and islands yielding Fourier components of magnetic
fields with a period of full torus can exist in the computation region {7, 8, 9]. Formation
or healing of magnetic islands can be investigated in a realistic LHD configuration.

An LHD equilibrium with the m/n = 1/1 island is required in the local island
divertor (LID) experiment {10, 11]. The LID is a divertor which uses the m/n = 1/1
island formed at the edge region, and the island is generated by using the island control
coils. The LID has been proposed to control the edge plasma of LHD. Control of the
edge plasma by means of the LID is expected to realize the high temperature divertor
operation which leads to a significant energy confinement improvement. Results of HINT
computations are not only useful to measure flux surfaces, islands and ergodic field lines
in the LID experiment but also can lead to an optimized condition in the experiment
from the viewpoint of an MHD equilibrium, e.g. the optimizations of external currents
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in the island control coils and profiles of rotational transform modified by net toroidal
currents, etc. In previous studies of structures of the m/n = 1/1 island and ergodic
field lines, these structures were calculated by using only vacuum field data [12, 13]
or field data which are given by superimposing the peripheral field predicted by the
DIAGNO code [14, 15] on the vacuum field [16]. The analysis by using only vacuum field
neglects the fact that these structures are affected by the Pfirsch-Schliter current and
net toroidal currents including a bootstrap current, and one by using the DIAGNO code,
which calculates the response from a finite beta equilibrium given by the free boundary
equilibrium code VMEC [17], assumes the existence of nested good flux surfaces; thus
they are not enough to treat the peripheral structure. The realistic analysis of the
LHD equilibrium is indispensable in the LID experiment and it needs to be carried out
by an appropriate numerical tool, e.g. the HINT code. However, in execution of the
equilibrium analysis, we find a numerical difficulty in the standard scheme of HINT,
which is caused from the fact that a derivative of the pressure at the separatrix of the
island is not well-behaved, if the pressure profile in the island is almost flat, as is shown
later. The difficulty is remarkable when the island yields different Fourier components of
magnetic fields from ones with a toroidal period of helical coils (or external coils except
island control coils); if the island has the Fourier components with the toroidal period,
this problem is not so serious. In order to resolve this numerical problem, the scheme
should be modified.

The organization of the following sections as follows. First of all, the standard
scheme of the HINT code is introduced briefly in section 2. And in section 3 we
discuss the numerical problem and propose the modified scheme. Section 4 presents
the conclusions. ‘

2. Standard scheme of HINT computation

In the HINT code, an MHD equilibrium is obtained starting from an arbitrary non-
equilibrium initial plasma and vacuum field configuration by means of a time-dependent
relaxation method with a small value of resistivity 7. We have been developing the
scheme of HINT computation over ten years, and the improvements of the scheme are
scattered in several papers. We should summarize the standard version of HINT in this
section.

The equilibrium calculation in HINT is carried out on the Eulerian coordinates
(u', 2%, u?®), which may be called the helical coordinates. The relation between the
helical coordinates (u', u?, u?) and the Cartesian coordinates (z,y, z) is given as

T = (Ro + u! cos(hu?) + u? sin(hn3)) cos(u?), (1)
y= — (Rg + uy cos(hu®) + u? sin(hu3)) sin{u?), (2)
z = — ulsin(he®) + uZ cos(hu?), (3)
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with

= u! + 4, cos(hu?), (4)

= u? — 8, sin(hu?), (5)

1
Uy
2

Uy

where h = sgn(w)M /2, sgn(w) is the sign of winding of the equilibrium (i.e. sgn{w} = +1
for the left hand winding and sgn(w) = —1 for the right hard winding; e.g. sgn(w) = —1
for LHD), M the pitch number of the helical coils (e.g. M = 10 for LHD), Ry = const.
the average major radius (e.g. By = 3.6 m in this article), and 6, = const. the deviation
of the geometrical axis of the helical coordinates (e.g. 4. = 0 for LHD). Note that the
cylindrical coordinates (R, ¢, Z) are given as (R, ¢, Z) = (/22 + 4%, -3, 2).

The standard scheme of HINT is shown as follows [1, 2, 3, 4, 5, 6, 7, 8, 9]. The
first step {A-step) is a relaxation process of pressure along magnetic field lines under a
condition of a fixed magnetic field B. To expedite the pressure relaxation, we make an
average of pressure, P, along a field line, and replace a value of pressure at each grid
point with the average p:

_ Jdtp/|B|
e Y

where £ is a length along a field line starting from a grid point (u',u? u*). Toroidal

p(ul,ug,u‘g’) — plu',u?, u?)

periods of tracing a field line are typically 20 - 60 in calculations of this article. In
the second step (B-step), calculation of a net toroidal current density fpe, €.g Ohmic
current, Ohkawa current and/or bootstrap current, is carried out under conditions of
fixed pressure and magnetic field, if a net toroidal current exists in the equilibrium
[4, 5, 6, 7]. The third step (C-step) is a relaxation process of magnetic field under a
fixed pressure profile:

o2 = fu| ~ Vp+ (G - do) B, )
B
aa—t:—VxE:Vx{UXB—n(j—jo—jnet)}, (8)

with a coefficient fg, which is introduced to relax the Courant-Friedrichs-Levy (CFL)

condition [2, 9] on the upper limit of the interval of the computational time step:
At < Auy/pop/(fs|B|), and is defined as

1 for |B| < B,
fo= { (B./|B)? for |B| > B., ©

where § = (1/u)V x B is the total current density, 7o = (1/40)V x By the coil
current density: Bj the vacuum magnetic field, and B, is introduced to smooth the wave
propagation with the phase speed of the Alfvén velocity throughout the computation
region, which is related to the CFL condition. By introducing the coefficient fp into
the equation of motion, as is shown in equation (7), we are able to easily treat the coil
current jo in the computation region. To calculate an equilibrium with a net toroidal
current, we modify the Faraday equation, as is shown in equation {8), which is given by
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the following idea [4, 5, 6, 7). When an equilibrium with a net toroidal current has flux
surfaces, Ohm’s law can be modified as E+v x B = 5j{(§ — B{j- B)pe:/{B?)), where (- - -)
means the flux surface average and (j- B)pnet = (J - B)ohmic+{J - B }bootstrap + {7 B Yohkawa-
Since the existence of nested flux surfaces is not assumed in the HINT code, a toroidal
flux is given by using contour lines of pressure. In an island and/or the ergodic region,
the flux is estimated by an interpolation. Then the Faraday equation can be extended

as
0B . (j - B)net
If there exist flux surfaces in a steady state, we have (E - B) = 0 =

n({(j-B) — {7 - B)pet)- Thus {(§ - B) becomes (j - B)e: in a steady state, and we
obtain an equilibrium with a net toroidal current. Note that in the HINT computation,
a numerical equilibrium on the way to a steady state is not so meaning, and the scheme
is justified when the numerical equilibrium relaxes sufficiently into a steady state. In
previous studies [4, 5, 6, 7, 9], we verify carefully the validity of equations (7) and
(8), and find ‘healing’ phenomena of magnetic islands, which are caused by effects of
a bootstrap current [6] and/or an Ohmic-like toroidal current [7]. In order to express
derivatives in space and time, finite differences with fourth-order accuracy are utilized.
Solving iteratively the relaxation equations in the above steps, we can find numerically
a 3D MHD equilibrium satisfying Vp = (§ — o) x B with or without a net toroidal
current after sufficient iterations.

3. Modified scheme for MHD equilibrium with m/n=1/1 island

In this section, we analyze numerically an LHD equilibrium with an m/n = 1/1 island
for a finite equilibrium beta 8 = 2 %. First of all, we set the initial conditions of HINT
computation as follows. The vacuum magnetic field is given in a case of Bags =4 T
and R,us = 3.54 m in a horizontally elongated poloidal cross section, see figure 1, where
B..is and R,y are the strength of magnetic field at the magnetic axis and the major
radius of the axis, respectively. In this article we consider that the coil currents do not
exist in the computation region, i.e. Jo = 0, due to the simplicity of a discussion on a
numerical problem shown later. In the standard scheme, of course, the coil currents in
the computational region can be treated, but they are one of sources yielding a numerical
error in the calculation. The error caused by the coil currents can be easily restrained
by making fine meshes, but to avoid the unnecessary error in the discussion on the main
subject in this article, we remove the coil currents to out of the computational region.
Thus, the vacuum field is given by using filament currents which exist out of the region.
We also assume the currentless condition, i.e. the condition of zero net toroidal current,
to calculate the equilibrium due to the simplicity. At a horizontally elongated poloidal
cross section, Poincaré plots of field lines in the vacuum field with the m/n = 1/1 island
are given in figure 1(a) and a rotational transform ¢/2x is in figure 1(b). As is shown in
figure 1, the m/n = 1/1 island is formed at the inside of the outermost closed surface

— 4 —
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and it provides separation between the flux surfaces and the ergodic field line structure.
The O-point of the island is located at Rigang = 3.06 m and Zig,nq = 0 m in the poloidal
cross section. A width of the island is measured by using the rotational transform
/2% = 1, and the width is given as wiga,q = 7.2 cm along Z = 0 in the poloidal cross
section. In order to start a relaxation process, we provide an initial pressure profile
given as p = Pas{1 — 5)? into the vacuum field, where p,;s is a value of pressure at the
axis and s the normalized toroidal flux. Note that the pressure profile is not guaranteed
to retain its initial shape during the relaxation process; there is no constraint fixing
the pressure profile. The profile is chariged by the evolution of the relaxation, thus the
HINT code can treat naturally formation or healing of islands.

For a case of the equilibrium beta 3 ~ 2 %, Poincaré plots of field lines in the LHD
equilibrium with the m/n = 1/1 island are shown in figure 2(a) and profiles of pressure
P/Paxis and rotational transform ¢/27 are shown in figure 2(b}. The O-point of the island
is located at Rigang = 3.105 m and Zigang = 0 m, and the width is given as Wigang =~ 12.6
cm along Z = 0 in the poloidal cross section. This equilibrium is calculated by using
the standard scheme. In figure 3, we also show Poincaré plots, pressure and rotational
transform of the LHD equilibrium without the m/n = 1/1 island, where difference
between them is existence of an error magnetic field causing the m/n = 1/1 island in
vacuum. From comparisons between them, they are similar each other, except mn and
around the island; both magnetic axes are located at Ry, = 3.74 m and Z,4 = 0
m in the poloidal cross section, and profiles of pressure and rotational transform as
functions of toroidal flux are similar each other, as is shown in figure 4. In the HINT
computation, the existence of nested flux surfaces is not assumed. The toroidal flux is
calculated by using contour lines of pressure, and it can be given in the island and the
ergodic region by using an interpolation. Note that a pressure in the ergodic region is
rarefied but remains because of long connection length of a field line from the region to
the wall, as is shown in figures 2 and 3. The numerical analysis of the equilibrium with
the island seems to succeed outwardly, however, error of force balance (Ey) plotted as
solid triangles in figure 5 is large, thus the equilibrium in figure 2 is not numerically
appropriate as compared with the case without the island plotted as solid squares, where
(Ey) is defined as

(Ej) = [dViVp—(j — jo) x B}? . (1)

JdV(iVpP + {3 — Jo) x BJ?)

Reduction of the error for the case with the island is very slow, and it seems to be
difficult to have an appropriate numerical equilibrium. Unfortunately, though the
mesh size and/or the toroidal periods of tracing a field line in the A-step are set
better, the error is not effectively reduced. To fix a source of the large error, we
should investigate a profile of the error, Ey(u;, u2, us), in detail, where Ey(uy, uz, uz) =
|Vp—(F—30) x BI*/ [ dV{|VpP?+|(7 — Jo) x B|?). The profile of the error E¢(u1, us, us)
at, for example, the vertically elongated poloidal cross section {us = 0 at the cross
section) given in figure 6(a) is shown in figure 7(a). These figures are given at the
step pointed by arrow (a) in figure 5. We find that the error concentrates extremely

— 5
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on the separatrix of the island, and on the other hand the error in the core region
within /27 = 1 is negligibly small. The error in the core region seems to be sufficiently
reduced, as is also estimated as an asterisk in figure 5. This fact is consistent with the
similarity between both results in the cases with and without the island. As a result, the
numerical equilibrium with the island shown in figure 2 may be enough to sufficiently
relax except in and around the island; but our aim to have the appropriate numerical
equilibrium with the island is not accomplished. It is necessary to reduce the error
around the island, in order to measure appropriately the magnetic field line structure
and profiles of p/pas and ¢/27 in and around the island. As is shown in figure 8(a),
the source of error of force balance is fixed on an error of Vp-calculation. Since the
relaxation process of pressure in the standard scheme is expressed as only the parallel
diffusion of pressure, propagation of information on the pressure across a field line is
neglected; i.e. values of pressure between even the nearest-neighbor closed surfaces are
determined independently each other. In the island, the pressure becomes almost flat
and its value is changed steeply as compared with neighbor closed surfaces, thus the
pressure profile becomes discontinuous at the separatrix of the island and a derivative of
the pressure at the separatrix is not well-behaved. Actually, the error of Vp is located
on the separatrix of the island, as is shown in figure 8(a). Mathematically indeed there
is a possibility that a delta-function of current, i.e. 5 x B, is balanced with Vp at the
discontinuity of pressure, but the delta-function-like current balancing sufficiently with
the delta-function-like Vp is not observed; though the mesh size is set better, the error
is not so improved. We guess that it is difficult to generate such a current, because
1) Fourier components of magnetic fields caused by the m/n = 1/1 island are weak
and entirely alien from ones in the original equilibrium (i.e. the LHD equilibrium with
the stellarator symmetry), 2) the island has a large width (e.g. a change of pressures
at the separatrix of the island becomes large, the discontinuity of pressure is not so
affected by the relaxation process of magnetic field, etc.), 3) it exists at the edge region,
and 4) it is surrounded by the ergodic region, as is shown in figure 2(a}. In general,
if there is an island in an equilibrium given by using the standard scheme, the force
balance |Vp — (3 - o) X B| around the island is deteriorated as compared with in
an equilibrium without the island. However, when islands yield Fourier components of
magnetic fields with the toroidal period of helical coils, this problem is not so serious, as
is shown by a dash line in figure 5. The difficulty is remarkable when the island yields
different Fourier components of magnetic fields from ones with the toroidal period. It is
not so clear why the error for the case with the toroidal period is negligibly small; the
reason is guessed above, and it will be studied in detail in near future.

Unfortunately, there is no process to resolve the problem in the standard scheme of
the HINT computation, because the relaxation process of pressure is assumed to proceed
along field lines. In order to reduce the error of Vp, the relaxation process across the
field lnes is needed. To modify the standard scheme, we return to the original MHD
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equations {18]. In the MHD equations, the evolution of pressure is described as

_P__,,.vpﬂ,pv.wpv.[z.v(g)]. (12)

The relaxation process of pressure in the standard scheme is derived as follows
[1, 2, 3, 18]. The parallel sound wave and the large parallel thermal conductivity &
(ky > k1) in equation (12) give a constant pressure along a field line, B-Vp = 0. Since
the pressure relaxation described in equation (12) is excepted to be so slow, we adopt an
artificial method expressing the parallel relaxation process in equation (6) to accelerate
the process. However, when a gradient of the pressure is not well-behaved, it is natural
to consider the perpendicular diffusion of pressure, because the perpendicular diffusion
is included originally in the MHD equations and the problem is caused by neglecting this
process. To avoid handling highly time-consuming scheme of equation (12), we need to
solve independently an artificial diffusion process due to the acceleration of the pressure
relaxation. Thus, in order to reduce an error of force balance around the island, we
consider an artificial diffusion process of the error E; ~ Vp— (j — jo) x B = V(p — p,)
as follows:

ap — p. ..

%=W2@—p*)=mv- (Vp—(J—Jo) XB), (13)
where & is a small diffusion constant and Vp, = (j — Jo) X B is not a function of time,
ie. dp,/0t = 0, because B is fixed in the A-step. Therefore, a modified scheme of the
A-step consists of the following relaxation processes; first, the pressure relaxation for
the parallel direction is evolved by tracing field lines

1.2 .3 _e1 2 3 fdﬁp/{B|
plu’,u’,u’) — plu,u,u’) = —F—reo—, 14
and after the parallel process, the diffusion of the error is done:
0 . -
£=ﬁv-(Vp-(j—Jg)XB). (15)

By using the modified scheme of pressure relaxation which starts from the numerical
equilibrinm data just before the step pointed by arrow (b} in figure 5, the error of
force balance is improved clearly, as is plotted as solid circles in figure 5. Both errors
of Ef(uy,uz, u3) and Vp are reduced, which are shown in figures 7(b) and 8(b) at the
vertically elongated poloidal cross section {u®> = 0) in figure 6(b). These figures are
given by using the modified scheme at the step pointed by arrow (a) in figure 5. After
sufficient time when the relaxation is enough to numerically satisfy Vp = (j — 70) x B,
we have that B - Vp becomes negligibly small; the error of B - Vp is computed as
[dV|B-Vp|/ [ dV|B| |Vp| < 107 in calculations using the modified scheme. Poincaré
plots of field lines and profiles of p/payis and +/27 are given in figure 9 for the case of the
modified scheme. We see that both results in the standard and modified schemes are
similar each other. For the modified scheme, the magnetic axis is located at Ruxis = 3.73
m and Z,4 = 0 m in the poloidal cross section, and profiles of pressure and rotational
transform are similar to results given by the standard scheme, as is shown in figure 4.
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Since the central beta value decreases slightly due to the diffusion process, the Shafranov-
shift of the axis is a little bit small as compared with one in the standard scheme. Note
that absolute values of pressure around the axis decrease slightly because the pressure
diffuses to around the island, but the shape of the pressure profile is not almost changed,
as is shown in figure 4. The O-point of the island is located at Riganq = 3.104 m and
Zisland = 0 m, and the width is measured as wigang = 13.3 cm along Z = 0 in the poloidal
cross section. On the other hand, in and around the island the profile of pressure given
by the modified scheme differs from results of the standard one; it is caused by the
diffusion process of equation (15). Ergodic field line structure around the island, which
has a long connection length, is changed to be somewhat wide. We guess that it is caused
by the diffusion process of equation (15) and reduction of the numerical error around the
island. The mesh dependence of results in the modified scheme is given by comparison
between the case with meshes N,, x Ny, x N, = 97 x 97 x 324 (solid circle) and the
case with 49 x 49 x 324 {(open circle} in figure 5. We see that the error of force balance is
improving with reducing the mesh size. Unfortunately, an equilibrium calculation with
more fine meshes is not carried out because of the computer’s performance, however,
the validity of modified scheme is justified.

In the vacuum field, since the m/n = 1/1 island is located within the outermost
closed surface, almost all particles are expected to drift into the island, see figure 1. On
the other hand, as is shown in figure 9, the island in the equilibrium with 8 =~ 2 % is
surrounded with ergodic field lines, and a performance of the island divertor may be
deteriorated because a part of particles can escape to the wall, which are guided along
field lines in the ergodic region.

4. Conclusions

From the HINT computations under the currentless condition for 3 ~ 2 %, we see
the following results. 1) By using the standard scheme, the LHD equilibrium with the
m/n = 1/1 island can be calculated, but it is not numerically appropriate in and around
the island. Thus, when we need to have accurate equilibrium data in and around the
island, the standard scheme is not suited. Note that the problem is remarkable when
the island yields different Fourier components of magnetic fields from ones with the
toroidal period of helical coils. Difference of the error for islands with and without the
toroidal period will be studied in near future. In the standard scheme, a derivative of
the pressure at the separatrix of the island is not well-behaved, and the perpendicular
diffusion of pressure should be considered to resolve the problem. We modify the scheme,
and solve the diffusion process of the error of force balance instead of solving directly
the perpendicular diffusion of pressure. The modified scheme reduces clearly the error of
force balance, and the validity of modified one is justified by comparing results calculated
in the different meshes. Note that the scheme is justified when the numerical equilibrium
relaxes sufficiently into a steady state with negligibly small error of force balance. The
scheme solving the diffusion process of the error of force balance has several advantages.
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(a) Effects of the diffusion process should be reduced with evolving the relaxation
process. If the numerical equilibrium satisfies the condition of the sufficiently small
error of force balance, the r.h.s. of the equation of the diffusion described in equation
(15) is negligible. And results given by the modified scheme does not depend on a
value of the diffusion constant x; the constant x is required only to be a sufficiently
small number. (b) It does not disturb a region already satisfying the condition of the
sufficiently small error in the equilibrium data given by the standard scheme, as is shown
in figure 4. This advantage is very convenient to start from the equilibrinm data given by
the standard scheme, and to compare both results in the standard and the modified one.
2) In the LHD equilibrium with the m/n = 1/1 island, good flux surfaces with the island
are preserved, but the island divertor with the m/n = 1/1 island may be deteriorated
because of the existence of the ergodic region between the closed surfaces and the island.
These results are sensitive to an initial pressure profile and a net toroidal current, thus
investigations of dependence on pressure and net toroidal current are required. And a
transport analysis of particles drifting into the island is needed to evaluate a performance
of the island divertor. They are going to be studied and will be reported in near future.
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Figure 1. {a) Poincaré plots of field lines at the horizontally elongated poloidal cross
section and (b) profiles of rotational transform ¢/2x (open circle) along. Z = 0 in the
horizontally elongated poloidal cross section in the vacuum field configuration with the
m/n = 1/1 island. Plots of +/2r are set at equal intervals along Z = 0, and a value of
/27 is calculated by tracing a field line. Magnetic axis is located at R.s = 3.54 m and
Zavis = 0 m. The O-point of the island is located at Riang = 3.06 m and Zi5a09 = 0
m, and the width of the island is measured as wijang = 7.2 ¢cm along Z = 0.
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Figure 2. (a) Poincaré plots of field lines and (b) profiles of rotational transform /27
(open circle) and pressure p/p.,is (Open triangle) along Z = 0 in the LHD equilibrium
with the m/n = 1/1 island for 5 =~ 2 %. Values of pressure between grid points are
calculated by an interpolation. These figures are given by using the standard scheme
with meshes N, x N, x Ny, = 97 x 97 x 324 at the step pointed by arrow (2) in figure
5, where N, N,, and N, are number of meshes for the u;, s and ug directions,
respectively. Magnetic axis is located at Rags = 3.74 m and Z,4: = 0 m. The O-point
of the island is located at Riglang = 3.1059 m and Zijang = 0 m, and the width of the
island is measured as wiglana & 12.6 cm along Z = 0.
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Figure 3. (a) Poincaré plots of field lines and (b) profiles of rotational transform 1 /2%
{open circle) and pressure p/paxs (open triangle} along Z = 0 in the LHD equilibrium
without the m/n = 1/1 island for 3 = 2 %. These figures are given by using the
standard scheme with meshes 97 x 97 x 324 at the step pointed by arrow (a) in figure
5. Magnetic axis is located at Raxs = 3.74 m and Z,s = 0 m.
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Figure 4. Profiles of (a} rotational transform +/27 and (b) pressure p/payis as functions
of toroidal flux Wt /27 T m? in the LHD equilibrium for 3 ~ 2 %. Each plot has the
meaning as follows; (1} open triangle: profile given by the standard scheme for the
equilibrium with the m/n = 1/1 island, (2) open square: profile given by the standard
scheme for the equilibrium without the island, and (3) open circle: profile given by the
modified scheme for the equilibrium with the island. These figures are given by using
the equilibrium data with meshes 97 x 97 x 324 at the step pointed by arrow (a) in
figure 5.
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Figure 5. Error of force balance (Ey) as a function of number of iterations (step) for
the LHD equilibrium with 3 = 2 %, where number of iterations is proportional to 7/7a,
T is time in the simulations and 74 is the Alfvén time. The errors just after starting up
the calculations are cut out from this figure. Computations for the equilibrium with
the m/n = 1/1 island are carried out in the several cases plotted by (1) solid triangle,
{1’} asterisk, (3) solid circle and (4) open circle; and computations for the equilibrium
without the m/n = 1/1 island are done in the case plotted by (2) solid square. Each
plot has the meaning as follows; (1) solid triangle: error of the standard scheme with
meshes N, x N,, x N,, =97 x 97 x 324, (1’) asterisk: error of the standard scheme
with meshes 97 x 97 x 324, which is estimated inward the error around the island shown
in figure 7(a), (2) solid square: error of the standard scheme with meshes 97 x 97 x 324,
{3) solid circle: error of the modified scheme with meshes 97 x 97 x 324, and (4) open
circle: error of the modified scheme with meshes 49 x 49 x 324. A dash line means a
level of the error estimated in a previous study with the standard scheme of the HINT
code [3], where islands generating in an equilibrium of the previous study yield Fourier
components of magnetic fields with the toroidal period of helical coils (or external coils
except island control coils) and the error is calculated by using meshes 73 x 73 x 41
for a half-pitch of a toroidal period of an equilibrium with a stellarator symmetry
(73 x 73 x 364 for converting into a period of full torus). We give several figures of the
equilibrium at the step pointed by arrow (a) in this article. The modified scheme of
pressure relaxation starts from the numerical equilibrium data given by the standard
scheme just before the step pointed by arrow (b).
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Figure 6. Poincaré plots of field lines at the vertically elongated poloidal cross section
(uz = 0) in the LHD equilibrium with the m/n = 1/1 island for 3 ~ 2 %, given by
(a) the standard scheme and (b) the modified scheme, at the step pointed by arrow
{a) in figure 5. These figures are given by using the equilibrium data with meshes
97 x 97 x 324. Magnetic axes are located at (a) Riyis = 3.78 m and Z,ys = 0 m, and
(b) Raxis =3.77 m and Za.xis =0m.
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Figure 7. Strength of error Ep(u1,us2, us) (a.u.) at the vertically elongated poloidal
cross section (23 = 0) in the LHD equilibrium with the m/n = 1/1 island for 8 ~ 2 %,
given by (a) the standard scheme and (b) the modified scheme, at the step pointed by
arrow (a) in figure 5. In figure (a), the error concentrates extremely on the separatrix
of the island. On the other hand, in figure (b) the error is reduced almost uniformly.
These figures are calculated by using the equilibrium data with meshes 97 x 97 x 324.
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Figure 8. Strength of |Vp(u;,us,u3)|? (a.u.) at the vertically elongated poloidal
cross section (uz = 0} in the LHD equilibrium with the m/n = 1/1 island for 3 =~ 2
%, given by (a) the standard scheme and (b) the modified scheme, at the step pointed
by arrow (a} in figure 5. In figure (a}), the error of Vp is located on the separatrix of
the island. On the other hand, in figure (b) the error is negligible. These figures are
calculated by using the equilibrium data with meshes 97 x 97 x 324.
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Figure 9. (a) Poincaré plots of field lines and (b) profiles of rotational transform ¢/2%
(open circle) and pressure p/paxis {(open triangle) along Z = 0 in the LHD equilibrium
with the m/n = 1/1 island for 3 =~ 2 %. These figures are given by using the modified
scheme with meshes 97 x 97 x 324 at the step pointed by arrow (a) in figure 5. We
switch the scheme of pressure relaxation from the standard to the modified one at the
step pointed by arrow {b) in figure 5. Magnetic axis is located at Ra.is = 3.73 m and
Zaxis = 0 m. The OQ-point of the island is located at Rigjang = 3.104 m and Zig.pq =0
m, and the width of the island is measured as wisgane & 13.3 cm along Z = 0.
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