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Abstract

The effects of the variation in the net toroidal current on the Mercler criterion
are studied in a Heliotron configuration under the free boundary condition. The plasma
column and the magnetic axis are shifted horizontally by the net toroidal current because
the effective vertical field is changed. The direction of the shift depends on the direction
of the current. In the case of the subtractive current which decreases the rotational
transform, the equilibrium is more stable than the no net current equilibrium, although
the plasma axis is shifted inward by the current itself. This is because the Shafranov shift
is superior to the axis shift by the current and the magnetic well is enhanced. In the case
of the additive current which increases the rotational transform, there is a tendency that
the stability is improved as the peak position of the current density varies from the axis
to the peripheral region. This improvement is due to the enhancement of the magnetic
shear at low beta and the magnetic well at high beta. When the subtractive current
peaked at the axis and the additive hollow current flow simultaneously so that the total
current should be zero or slightly additive, the interchange mode can be stabilized even

if the corresponding equilibrium with no net current is strongly Mercier unstable.
ter criterion, net toroidal current, free boundary equilibrium

Clagsification No. C0.5t



1 Introduction

In the heliotron configurations, net toroidal current is not needed for the generation
of the confinement magnetic fleld. However, substantial net toroidal currents over 100kA
have been observed in the recent discharges in the Large Helical Device (LHD)[1], which is
considered to be composed of the bootstrap current[2] and the Ohkawa current[3]. These
currents have different property in the profile of the current density. The bootstrap current
is induced by the thermodynamic forces driven by the gradients of the temperature and
the density. Therefore, the current density is hollow and zero at the magnetic axis. On the
other hand, the Ohkawa current is generated by the neutral beam injection. The profile is
mainly determined by the birth profile of the energetic ions due to the charge exchanges
and the ionizations by the thermal ions. Hence the profile of the current density has a
tendency to be peaked at the magnetic axis for a peaked pressure profile.

The effects of the net toroidal current on the magnetohydrodynamic (MHD) stability
has been studied extensively in the heliotron configurations. Recent theoretical works
have revealed that such net toroidal current has a strong effect on the pressure driven
mode. Ichiguchi et al.[4] investigated the effects of the current of which the current density
is peaked at the magnetic axis on the Mercier criterion[5, 6] of the LHD plasma. This
current density profile is close to that of the Ohkawa current. They showed that the
Mercier stability depends on the direction of the peaked current, that is, the additive
current which increases the rotational transform has a destabilizing contribution and the
subtractive current which decreases the rotational transform has a stabilizing contribution.

To know the effects of the bootstrap current, Ichiguchi[8] calculated the bootstrap
current which is self-consistent with the three-dimensional LHD equilibrium based on
the neoclassical transport[9]. He assumed that both profiles of the temperature and the
density are parabolic and the electron temperature equals to the ion temperature. It was
shown that the substantial bootstrap current flows in the additive direction in the low
collisionality regime. The obtained current density at the magnetic axis is zero, however,
the profile is highly localize around the magnetic axis. In this case, the Mercier stability is
remarkably deteriorated compared with the no net current case. This result is consistent
with the case of the peaked current density and the mechanism of the destabilization can

be explained in the same way as Ref.[4].



On the other hand. Matsumoto et al[7] investigared the mfiuence of the bootstrap
current on the stability with a model current density They used hollow current density
profiles which are zero at the magnetic axis. Thev obtamed that the Mercier stability 1s
mmproved by the net toroidal current with hollow current density profile even in the case
where the current flows in the additive direction. This resuit seems to be inconsistent with
above results at a glance. However. there is a difference in the current density profile.
They assumed the current density profile localized in the peripheral region so that the
peak positions of the current density should be located for p, > 0.7, while the peak
position is located at p, = 0.2 in the results of Ref.[8], where p is the square root of the
normalized toroidal magnetic flux as the coordinate for the minor radius and p, denotes
the peak position in the p coordinate.

These results suggest that the Mercier stability is affected by not only the direction of
the total net current but also the current density profile. Thus. the effects of the current
density profile on the Mercier stability is studied numerically in this work. In order to
understand the effects of the profile comprehensively, we investigate the equilibria with
both hollow profiles and peaked profiles at the magnetic axis. Particularly, the profile
of the bootstrap current should be hollow, however the peak position can be variable
depending on Z.;y, the profiles of the temperature and the density of each particle, and
the geometrical factor determined by the collisionality of the particles and the magnetic
structure of the equilibrium. Therefore, as for the hollow current density profile, we
examine the stability property by changing the peak position in the range of 0.2 < p, <
0.7 in the plasma column. This investigation gives the relation between the results of
Refs.[4] and [7]. Furthermore, in the calculation of three-dimensional equilibria with the
net currents we employ the free boundary conditions, while all the above results were
studied under the fixed boundary condition. By using the free boundary condition, we
can consider the stability property including the effects of the plasma column shift.

Matsumoto et al. also suggested that the Mercier stable equilibria can be improved
in the case that both the additive hollow current located in the peripheral region and the
subtractive current peaked at the magnetic axis flow simultaneously so that the sum of
the net currents should be zero[7]. This calculation is important because it is suggested

that the stability of the equilibrium should be changed by the local profile of the current



density even if the net current is zero as a total, and such combination of the currents
can be achieved in experiments by the combination of the bootstrap current and the
Ohkawa current. However, Matsumoto et al. only examined the case of a marginal stable
equilibrium as the corresponding no net current case and a hollow current with p, = 0.7
for the bootstrap current. Therefore, it is not clear how effective such combination of the
currents is in the stabilization against the Mercier modes. Thus, we extend their study
to the analysis for the profile dependence of the stability by using the unstable equilibria
for the corresponding no net current case and changing the peak position of the hollow
current density.

This paper is organized in the following way. The numerical condition and the mag-
netic configuration used in the calculation are summarized in Section 2. The free boundary
effect on the equilibrium carrying the net toroidal current in the LHD configuration is
discussed in Section 3. The Mercier stability properties in the change of the current den-
sity profile are shown in Section 4. In Section 5, the results of the Mercier stability in the
case of the combination of the hollow and peaked currents are presented. Conclusions are

given in Section 6.

2 Magnetic Configuration and Numerical condition

We calculated the three-dimensional MHD equilibria by using the VMEC code[10,
11] for the research of the effects of the net toroidal current density on the Mercier
criterion. The free boundary condition is employed in the calculations to include the
influence of the plasma column shift. In this case, an additional constraint is needed in
the determination of the plasma boundary. We choose the constraint that the position
of the most outward edge in the horizontal ellipse at finite beta value should be fixed at
the position in the vacuum configuration[12]. This constraint is based on the assumption
that the stochasticity of the field lines ai the separatrix plays a role of a virtual limiter
to limit the plasma volume.

The magnetic configuration examined here is the LHD configuration with the vacuum
magnetic axis located at 3.6m and the magnetic field strength at the center of the helical
coils being 2.77T. In the third campaign of the LHD experiment, the highest beta value,

{3) = 2.4%, was obtained in this magnetic configuration[13], where () denotes the



average beta value. The position of the neht hand edge of the horizontal ellipse as
the virtual himiter 1s determined from the result of the field line trace in the vacuum

configuration. which is located at I = 4.44m The pressure profile is assumed as
Plp) = P,{1 - p")(1 - p%). (1)

In this case. (,3) scales as () ~ Jo/2, where Jy denoctes the beta value at the magnetic
axis.

To study the effects of the net toroidal current comprehensively, model current density
profiles are used. We consider both the current density peaked at the magnetic axis and
the hollow current density vanishing at the axis. The former current density profile

corresponds to the Ohkawa current, which is given by

Jsm12(p) = Jo(1 — p%)*. (2)

Both the additive and subtractive directions of the current are considered for this current
density, since the direction of the Ohkawa current can be controlled by the injection angle
of the neutral beam. Thus, Jym and Ji,0 are the additive and the subtractive currents
with the positive and the negative values of the factor Jy, respectively. The latter current
density profile corresponds to the bootstrap current. In order to investigate the influence

of the change in the peak position of the profile, we examine the three kinds of the hollow

current density which are written as,

Jsilp) = L/ — p). (3)

Josa(p) = Jo(p — 0°) (4)
and

Jes3(p) = Js(p” = p*)- (5)
The bootstrap current alse can fow in either direction because the sign of the geomet-

rical factor is variable depending on the collisionality. The current flows in the additive
direction in the 1/v collisionality regime. and it can flow in the subtractive direction in
the plateau regime[8]. However, the total amount of the current in the plateau regime is
much smaller than that in the 1/v regime. Therefore, whenever the bootstrap current is
large enough to affect the stability, it should flow in the additive direction. Thus, we set

all of Ji, J> and J3 positive in this study.



Figure 1 shows the profiles of the current density for the same absolute value of the
total current at the plasma edge. The peak positions of the hollow currents of Jys1, Jyso
and Jis3 are located p, = 0.2, 0.5 and 0.7, respectively. The profiles of the rotational
transform in the equilibria with the currents at Gy = 0.01% are shown in Fig.2 for the

total current of I = 100kA.

3 Free boundary effects on the low beta equilibria

with the net toroidal current

It is known that a net toroidal current brings the so-called hoop force in a torus plasma.
This force makes the plasma column shift outward in the axisymmetric configurations.
It is interesting to know whether such shift of the plasma can occur in the heliotron
configuration. The free boundary condition with the virtual limiter constraint which is
employed in the present equilibrium calculation is suitable in the investigation of such shift
of the plasma column. Figure 3 shows the positions of the center of the outermost surface
and the magnetic axis for the currents of Jym1, Jom2, Jos1, Jos2 and Jisz at Gy = 0.01% with
respect to the absolute value of the total current. As shown in Fig.3(a), the direction of
the shift of the center of the plasma column depends on the direction of the net toroidal
current. That is, the plasma column shifts outward in the case of the additive current and
inward in the case of the subtractive current. The amount of the shift is almost linear to
the total current but independent of the current density profile.

The mechanism of the shift can be understood by counsidering the change of the effective
vertical field. In general, the position of the outermost surface can be shifted by controlling
the vertical field in the heliotron configuration. Since the direction of the vertical field is
uniform in the whole torus, the Z-component of the poloidal field Bz increases on one
side (inside or outside ) of the torus in the poloidal cross section and decreases on the
other side when the vertical field is varied. If we add the vertical field so that Bz should
decrease on the outer side of the torus and increase on the inner side, the ratio Br/Bz
increases on the outer side, where Bp is the R-component of the poloidal field. Therefore,

the magnetic field line traces outward in the poloidal cross section compared with the



In the present case of the net toroidal current. the vertical field is fixed. however.
the poloidal field component is changed by the net toroidal current. The additive current
which increases the poloidal field component reduces the effect of the vertical field relative
to the poloidal component. In the LHD configuration. the reduction of the vertical field
corresponds to the decrease of Bz in the outer region and the increase in the mner region.
As a result, the plasma column shifts outward in the torus by the same mechanism as in
the vertical field control. On the contrary, the net current flows in the opposite direction.
the effective vertical field is increased and the inward shift occurs. Because the variation
of the poloidal field of the outermost surface is determined by the total net current. the
shift is almost linear to the total current and independent of the current density profile.

The magnetic axis is also shifted by the net toroidal current as shown in Fig.3(b)
where the positions of the magnetic axis at 3y = 0.01% are plotted as the function of the
total net current. The direction of the shift in each current is the same as that of the
center of the outermost surface. However, the amount of the axis shift is larger than that
of the center shift. As shown in Ref.[14], the shift of the flux surface due to the additional
vertical field is proportional to the inverse of the original rotational transform at the
surface. In the present case, the rotational transform at the magnetic axis is smaller than
that at the edge in the no net current case. Therefore, the magnetic axis is shifted by the
effective vertical field due to the current more than that of the center of the outermost
surface in the same direction.

On the point of the MHD equilibrium in a torus configuration, the magnetic axis
can be shifted by the Pfirsch-Schliiter current, which changes the vertical field in the
plasma column. However, the toroidal current under consideration itself does not affect
the position of the flux surfaces in the fixed boundary because the current is the surface
quantity. Since the Pfirsch-Schliiter current is negligible at Gy = 0.01%, the position of
the magnetic axis is determined independently of the current profile once the position of
the plasma boundary is determined. Thus, as shown in Fig.3(b), the shift of the magnetic
axis also depends on only the total amount of the current, not the profile of the current
density.

The magnetic well strongly depends on the position of the magnetic axis relative to



the center of the outermost surface. Figure 4 shows the profile of the well depth Wy at

By = 0.01%, which is defined by
: '

we= TS ©
where s denotes the normalized toroidal flux. In this figure, the positive gradient of
the curve corresponds to the magnetic well and the negative gradient corresponds to the
hill. In the equilibria with the additive currents, the magnetic hill is reduced compared
with that in the no net current equilibrium and the profile of the well depth is almost
independent of the current density profile. This is because the magnetic axis is shifted
outward more than the outermost surface by the additive current. On the contrary, the
magnetic hill is enhanced in the equilibria with the subtractive current because of the

inward shift of the magnetic axis.

4 FEffects of the Variation of the Peak Position of the

Current Density Profile

The change of the magnetic structure due to the net toroidal current influences the
property of the Mercier stability. Figure 5 shows the Mercier unstable regions in (p, So)
plane for the no net current, Jum1. Jom2, Jost; Jos2 @and Jps3. The positions of the rational
surfaces of¢ = 1, 2/3 and 1/2 and the contour of D; in the unstable regions are also plotted,
where ¢ denotes the rotational transform and D; is the Mercier quantity normalized so that
the shear term should be -1/4[6, 15]. In the no net current case, there is significant unstable
region in the plasma column in the low beta regime as shown in Fig.5(b). Particularly,
the region in the vicinity of the magnetic axis is strongly unstable at 3y < 3%, where the
magnetic shear is weak and the magnetic hill spreads as shown in Figs.2 and 4, respectively.
As the beta value increases, however. the unstable region shrinks. The second stability
region appears beyond g = 5.5%, which is much lower than that under the fixed boundary
condition[4]. That is, the free boundary equilibrium with the constraint of the virtual
limiter is more stable than the fixed boundary equilibrium. This is because the magnetic

axis moves outward relative to the outermost surface center at finite beta due to not only



the Phirsch-Schhiter current as in the fixed boundary case but also the property of the
vacuum magnetic surfaces[12]. This large Shafranov shift results in the enhancement of
the stabilizing contribution of the magnetic well

For the current density peaked at the magnetic axis, the destabilizing contribution
of the magnetic hill in the subtractive current Jy,» is larger than that of the additive
current Jp, at g = 0.01% as discussed in Section 3. In spite of the property, the Mercier
stability is deteriorated for Jyn,; and improved for Jy,2 compared with the no net current
case as shown in Fig.5 (a} and (c), respectively. This stability results can be understood
in the following way. In the low beta regime. the stabilizing effect of the magnetic shear
is essential. The subtractive current of Jy.,9 enhances the magnetic shear as shown in
Fig.2. The Mercier mode is almost stabilized because the enhancement of the stabilizing
contribution is superior to the destabilizing contribution of the magnetic hill. On the other
hand, the magnetic shear is reduced in the case of the additive current of J;,,,. Therefore,
the stabilizing contribution is not sufficient enough to stabilize the Mercier mode driven
by the magnetic hili. As the beta value increases. the Shafranov shift becomes to play an

important role. Figure 6 shows the Shafranov shift § as a function of 3, which is defined
by

o Ra:r T Llend
0= —, 7
Taw (@)

where r,, denotes the average minor radius of the plasma. It is known that the Shafranov
shift is roughly proportional to ¢, where ¢ is the rotational transform. Thus, in the
subtractive current of Jyna case, the axis is located inward compared with that in the no
net current case at 3y = 0.01%, however, the increase of the shift due to the finite beta
exceeds that of the no net current equilibrium because of the reduction of the rotational
transform. The large Shafranov shift enhances the magnetic well. As shown in Figure
7. the well depth for Jp,, is much larger than that for the no net current at 8y = 4%,
which Improves the Mercier stability. On the contrary, the increase of the rotational
transform at the axis brings the reduction of the Shafranov shift and the well depth
in the additive current case, and therefore, the Mercier stability is deteriorated. As a
result, the tendency that the additive and the subtractive current have destabilizing and
stabilizing contributions to the Mercier stability for the current density peaked at the

axis, respectively, is similar to the result obtained in the fixed boundary case in Ref.[4].



Figure 5 (d). (e) and (f) show the Mercier unstable regions for the hollow current
density of Jys1, Jusz and Jpe3, Tespectively. All of the currents flow in the additive direction;
however, the stability property is different depending on the peak position of the the
current density profile. In the case of Jys; peaked at p, = 0.2, the equilibrium 1s more
unstable than the no net current equilibrium and the unstable region is almost the same
as that for Jymi. When the peak position moves up to p, = 0.5 corresponding to Jys,
the stability in the region near the magnetic axis at low beta values is slightly improved
compared with the no net current case, because the absolute value of D; is decreased
inside the unstable region. In the case of Jy3 peaked at p, = 0.7, the stability is much
improved for % < 3%. Particularly, the maximum value of D; is about 0.2 along the
position of the surface with ¢ == 1/2 in this case. In the comparison study of the global
stability analysis of the ideal interchange mode and the absolute value of D, substantial
growth rate of the global mode can be found for D; > 0.2[16, 17]. From this point,
the global mode resonant at the surface of ¢ = 1/2, eg. m = 2/n = 1 mode, may be
actually stable for Ji3, where m and n are the poloidal and the toroidal mode numbers,
respectively. However, the peripheral region is still unstable in the high beta region of
4% < By < T% as well as the cases of Jus; and Jpso, and the ¢ = 2/3 surface is located in
the unstable region.

The improvement of the stability at low beta in the case of Jys3 peaked at p, = 0.7
is attributed to the contribution of the magnetic shear. As shown in Fig.2, the magnetic
shear is enhanced only in the region for p < 0.1 at J = 0.01% in the case of Jus; compared
with the case of the no net current, while the shear is enhanced almost in the whole region
of the plasma in the case of Jys3. Therefore, the unstable region in the low beta regime is
reduced as p, increases from 0.2 to 0.7.

The mechanism of the destabilization in the high beta region for the hollow currents
can be explained by the property of the magnetic well. As the current flows so as to
increase the rotational transform the Shafranov shifts of the three hollow currents are
smaller than that of the no net current case as shown in Fig.6. It is followed that the
magnetic well is reduced at finite beta as shown in Fig.7 where the well depth at Gy = 4%
is plotted. Hence, for all of the hollow current density cases, the Mercier stability is still

unstable up to By = 7% in the peripheral region where the magnetic hill remains.



However. there is a tendency that the unstable region is also reduced at the high
beta region as p, mncreases. This tendency results from the difference of the rotational
transforni. The rotational transform near the magnetic axis in the case of Jye is reduced
compared with that in Jy,;. Therefore, the Shafranov shift of J,.; is larger than that of
Jos1, and the stabilizing contribution of the magnetic well is much enhanced for J,.3 than
Jie1 at finite beta. As a resuit. the Mercier stability of the equilibrium with the additive
current 1s improved as the peak position of the current density shifts from the axis to the

periphery in the plasma column including the profile peaked at the axis.

5 Superposition of the hollow current and the cur-

rent peaked at the magnetic axis

There is a possibility that both the bootstrap current in the additive direction and
the Ohkawa current in the subtractive direction flow simultaneously. If the amount of
each net current is the same, the net toroidal current observed experimentally would
be zero and the equilibrium with such currents cannot be distinguished from the no
net current equilibrium. In order to know how such combination of the currents in the
opposite directions influences the Mercier stability, we examine the stability by utilizing
the current density profiles which are used in the study of the previous section.

Figure 8 shows the current density profiles of the superpositions of the current peaked
at the magnetic axis and the hollow current, Jymo + Jos1, Jome + Jos2 and Jpmo + Jps3. The
net current of each direction is 100kA, and therefore, the total amount of the current at
the edge is canceled out for each combination. As shown in Fig.9, the Mercier stability
is remarkably improved for all cases of the combination compared with the result of the
no net current in Fig.5(b). Asis in the hollow current density only, the unstable region
is reduced as p, increases.

In these case, the component of Jyno strongly influences the magnetic shear and the
magnetic well. Figure 10 shows the rotational transform profiles of the combinations of

the net currents at 3y = 0.01%. The rotational transform near the axis is reds

ced by the

subtractive current component and the magnetic shear is enhanced compared with that



of the no net current case. The reduction of the rotational transform near the magnetic
axis leads to the enhancement of the Shafranov shift. The well depth is plotted in Fig.11
(a) for o = 0.01% and (b) B, = 4.0%. Because the total current of each case is zero, the
profile of the well depth at 3y = 0.01% coincides with that of the no net current case as
discussed in Section 2. However, the large Shafranov shift brings the enhancement of the
magnetic well as the beta value increases.

The difference of the improvement of the Mercier stability in the three combinations
of the net currents depends on the hollow current component. The mechanism which
generates the difference is similar to that in the hollow current density only discussed in
Section 4. As p, increases, the reduction of the rotational transform in the vicinity of
the magnetic axis is increased, and therefore, the magnetic shear and the magnetic well
is enhanced. Hence, the equilibrium with Jy,9 + Jys3, which has the largest reduction of
the rotational transform, is the most stable in the equilibria with the combined currents.

Figure 9 shows that D; is less than 0.2 at the rational surfaces with ¢ = 1, 2/3 and
1/2 in all above three cases where the total amount of the net current is zero. If we can
take the line with D; = 0.2 as the stability boundary for the low-n global interchange
mode, the global modes with m < 3 are actually stable in the three cases. Thus, we also
calculated the equilibria with the combinations of the additive hollow current of 100kA
and the subtractive current peaked at the axis of 80kA. Then, the total amount of the net
current is 20kA in the additive direction. Figure 12 shows the Mercier unstable region
in these cases. Because the stabilizing contribution of the subtractive current component
is reduced, the equilibria are more unstable than the cases in Fig.9. However, even the
equilibrium with Jy,0+ Jps 18 still more stable than the no net current equilibrium in spite
that the substantial additive net current of 20kA flows. Besides, in the case of Jyma + Jps3
Dy is less than 0.2 in the whole region. This result implies that the additive current does

not necessarily destabilize the Mercier stability.

6 Conclusions

In the present study, we examined the dependence of the Mercier stability on the net

current density profile in the LHD equilibria. The free boundary condition was employed



with the constraints of the virtnal limiter in the three dimensional equilibrinm calculation.
The additive and the subtractive net currents bring the outward and the inward shifts of
the plasma column through the change of the effective vertical field, respectively. However.
the contribution of the shift to the Mercier stability is small compared with the Shafranov
shift due to the finite beta effect.

For the current density peaked at the magnetic axis, we obtained that the same sta-
bility tendency as in the fixed boundary case. That is, the subtractive current improves
the stability and the additive current deteriorates the stabilitv. In the case of the additive
holiow current density profile. however. the Mercier stability property depends on the
profile of the current density. When the peak position of the profile is located at p, = 0.2,
the stability is quite deteriorated of which the property is similar to that in the current
peaked at the axis. As the peak position moves to outside in the plasma column or p,
increases, the stability is improved in the range of 0.2 < p, < 0.7. The mechanism of
the stability improvement in the holiow additive currents is different between the low and
high beta regions . In the low beta region, this stability improvement is attributed to the
enhancement of the magnetic shear. while the magnetic well is the dominant contribution
to the stability in the high beta region. But both mechanisms results from the change
in the rotational transform. At low beta, the equilibrium with p, > 0.5 is more stable
than the no net current equilibrium. Hence, the additive bootstrap current, which has a
hollow current density profile, can tmprove the Mercier stability at low beta region if the
peak position is localized in the peripheral region.

When the subtractive current peaked at the axis and the additive hollow current
flow simultaneously so that the total current should be canceled, the Mercier stability is
remarkably improved compared with the unstable no net current equilibrium. This is due
to the stabilizing contribution of the subtractive current component. It is also obtained

that the stahility ig still im

wproved even if the sum of the currents

-

s slightly additive. As
is in the hollow current only, the equilibrium is more stable for the larger p, of the hollow
current density component. Such situations can be achieved in the experiments with the
unbalanced tangential neutral beam injection where the subtractive Ohkawa current and
the additive bootstrap current are induced. Generally speaking, it is difficult to observe
the current density profile experimentally. Hence, the equilibrium with the currents with

opposite directions cannot be distinguished from the no net current equilibrium. On the



other hand, in the CHS experiments, a stable plasma was obtained beyond the Mercier
unstable region which was calculated based on the no net current assumption[18]. Thus,
the stabilization due to the combination of the subtractive Ohkawa currents and the
additive bootstrap current may be one of the candidate of the mechanism for the stable

plasma in the Mercier unstable region in the CHS.
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Figure Captions

Fig.1l Profiles of the net toroidal current density for the same total current. Solid, dotted.
dashed, dot-dashed and two dot-dashed lines show the profiles of Jym1, Jom2. Josi-

Jpso and Jpsa, respectively.

Fig.2 Profiles of the rotational transform at 3y = 0.01%. Thick solid, thin solid, dotted.
dashed, dot-dashed and two dot-dashed lines show the profiles for no net current,

Jem1s Jom2. Jos1s Jos2 and Jpgz, respectively.

Fig.3 Horizontal positions of {a) the center of the outermost surface and (b) the magnetic
axis at Jy = 0.01% versus the absolute value of the total current. Solid, dotted,
dashed, dot-dashed and two dot-dashed lines corresponds to Jymi, Joma. Josty Jos2

and Jy.3, respectively.

Fig.4 Profiles of the well depth at 3, = 0.01%. Thick solid, thin solid, dotted, dashed,
dot-dashed and two dot-dashed lines show the profiles for no net current, Juymi, Jomo.

Jos1, Jos2 and Jygg, respectively.

Fig.5 Mercier unstable regions for (a) Jym1, (b} no net current, (¢) Joma. (d) Jpe1, (&) Jpe2
and (f) Jis3 in the (p, o) plane. The regions encircled by the thick solid lines show
unstable regions. Thin solid lines in the unstable regions are the contours of the
level surface of Dy which differ by AD; = 0.1. Dot-dashed lines show the boundary

between the magnetic well and hill regions. Dashed lines indicate the positions of

the rational surfaces corresponding tos = 1, 2/2 and 1/2 from righ ft.



Fig.6 Shafranov shift versus 8y. Thick solid, thin solid, dotted, dashed, dot-dashed and
two dot-dashed lines correspond to no net current, Jym1, Jom2, Josi, Jos2 and Jps3,

respectively.

Fig.7 Profiles of the well depth at Gy = 4.0%. Thick solid, thin solid, dotted, dashed.
dot-dashed and two dot-dashed lines show the profiles for no net current, Jom1. Joma,

Jis1, Joso and Jis3, Tespectively.

Fig.8 Profiles of the current density in the superposition of the same amount of the
subtractive current Jyme {dashed lines) and the additive hollow current density of
(a) Jps1 (dotted line), (b) Jyso (dot-dashed line) and (c) Jis3 (two dot-dashed line).

Solid lines show the superposed current density profiles.

Fig.9 Mercier unstable regions for (a) Jum2{100kA) + Jpe (100kA}, (b) Jema2{100kA} +
Jos2(100kA) and (¢} Jyma(100kA) + Jops3(100kA) in the (p, J) plane. The regions
encircled by the thick. solid lines show unstable regions. Thin solid lines in the
unstable regions are the contours of the level surface of D; which differ by AD; =
0.1. Dot-dashed lines show the boundary between the magnetic well and hill regions.

Dashed lines indicate the positions of the rational surfaces corresponding to ¢ = 1,

2/3 and 1/2 from right to left.

Fig.10 Profiles of the rotational transform at G, = 0.01%. Solid, dashed, dot-dashed and
two dot-dashed lines show the profiles for no net current, Jymo + Jos1. Joma + Jos2

and Jymo + Jis3, TESPectively.

Fig.11 Profiles of the well depth at (a) 3, = 0.01% and {b) §y = 4.0%. Solid, dashed,
dot-dashed and two dot-dashed lines show the profiles for no net current, Jpma+Jps1,

Joma + Jos2 and Jyme + Jpe3, respectively.

Fig.12 Mercier unstable regions for {a) Jum2(80kA} + Jps1(100kA), (b) Jom2(80kA) +
Jis2{100kA) and (¢} Joma(80kA) + Jis3(100kA) in the (p, J5) plane. The regions
encircled by the thick solid lines show unstable regions. Thin solid lines in the
unstable regions are the contours of _the level surface of Dy which differ by AD; =
0.1. Dot-dashed lines show the boundary between the magnetic well and hill regions.

Dashed lines indicate the positions of the rational surfaces corresponding to ¢ = 1,

2/3 and 1/2 from right to left.
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