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Abstract

Effects of the net toroidal current on the local ideal MHD stability or the Mexcier criterion
are investigated for a plasma in the heliotron/torsatron configuration by taking the Large
Helical Device as an example. The three dimensicnal equilibrium code, VMEC, is used to
study the local stability of equilibria with given net toroidal current. It is found that a
subtractive current which decreases the rotational transform improves the stability while
an additive current which increases the rotational transform deteriorates the stability. The
change of the rotational transform at the magnetic axis due to the net toroidal current
is the essential mechanism for the change of the stability property. Stability diagrams
are drawn against the Mercier criterion for the configuration of the Large Helical Device

shifting the plasma position inward or cutward.
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1 Introduction

Since heliotron/torsatron configurations have an advantage that there exist equilibria
without a net toroidal current, most of MHD stability analyses have been concentrated
to the currentless equilibria[1]. As for the cases with net toroidal currents, only the flux-
conserving equilibria have been studied systematically in these configurations. In practice,
however, some other net toroidal currents such as the bootstrap current, the beam-driven
current (Ohkawa current), or the RF-induced current may flow even in the plasma after
the relaxation from the flux conserving stage for a long pulse operation.

Among various toroidal currents the bootstrap current is especially important since it
is generated without any external current driving source. It is well known that the boot-
strap current has a strong dependence on the magnetic field configuration in the non-
axisymumetric toroidal system{2, 3]. Three-dimensional MHD equilibria including the boot-
strap current self-consistently have been studied for the Large Helical Device[4]. Tt was
shown in this paper that the bootstrap current flows in the direction increasing the rota-
tional transform and reducing the Shafranov shift. Total bootstrap current estimated for
the plasma with {8) ~ 1% ({8} is the averaged beta value) in the LHD configuration easily
exceeded 100 kA under the assumption that both ions and electrons belong to the limit of
the 1/v collisionality regime in the whole plasma region[4].

Recently the neoclassical theory for the parallel flow, current, and rotation has been
extended to a multi-species plasma in general toroidal systems[5] to explore the difference
between rotations of bulk ions and impurity ions{6] and the effect of external momentum
sources of fast ions and an inductive electric field[7]. The extended theory has revealed
that the parallel current generated directly by the radial electric field, which does not exist
in the axisymmetric system, exists in the non-axisymmetric system if electrons and icns
have different collisionalities[5, 8]. This newly found current generation mechanism has a
possibility to reverse the direction of the bootstrap current flow if the radial electric field
is sufficiently large.

In the beam-induced current case, The direction of the beam-induced current is deter-

mined by the injection angle and the current density profile depends on the deposition




profile. The RF-induced current also depends on the deposition profile and the direction
can be changed according to the momentum input.

On the other hand, Morimoto et al. carried out experiments with induced current by the
Ohmic coils in the Heliotron DR device[9). They observed MHD fluctuations in the soft
X-ray and Mirnov coil signals, and showed that the fluctuations were considerably reduced
by the Ohmic current decreasing the edge rotational tramsform by about 10% while the
current in the opposite direction enhanced the fluctuations.

Thus the net toroidal current may affect the MHD stability in heliotron/torsatron config-
urations. It is crucial to investigate theoretically how the net torcidal current changes the
MHD stability properties. In this paper we study the effects of net toroidal currents on the
local ideal MHED stability or the Mercier criterion for the plasma in the heliotron/torsatron
configuration of the Large Helical Device[10], which is constructed in the National Institute
for Fusion Science. We focus the equilibria after the relaxation from the flux-conserving
stage because the LHD is designed for the steady-state or long-pulse operation. We ap-
ply the three dimensional equilibrium code, VMEC code[11], to this problem. In order to
understand the basic mechanism changing the MHD stability properties, three cases are
considered for a fixed profile of the current density; the case of a subtractive net torcidal
current flowing in the opposite direction of the helical coil current or decreasing the ro-
tational transform, the currentless case, and the case of an additive net toroidal current
flowing in the direction of the helical coil current or increasing the rotational transform.
Stability diagrams are drawn against the Mercier criterion by changing the plasma position

outward or inward.



2 Calculation of Mercier Criterion

We investigate the local ideal MHD stability or the Mercier criterion for the plasma in
the Large Helical Device (LHD){10] using the three-dimensional equilibrium code VMEC.
The Mercier criterion[12, 13, 14] for stability is given by

Dy = Ds + Dyw + Dg > 0, (2.1)
where o
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In these equations, B, J, P and ¢ are the magnetic field, the current density, the plasma
pressure, and the rotational transform, respectively. V is the volume of a magnetic flux
tube. @ and I are the toroidal flux and the total toroidal current within a magnetic flux

tube given by
1
= g/B VLAV, (2.5)

1
I= f 3¢, (2.6)

where ' denotes a toroidal angle. In Eqs.(2.3) and (2.4), (f) denotes the flux average of a
quantity f defined by

(=2 [ jav (1)

Here we use the unusual definition of Eq.(2.7) for the flux average because of the simplicity
of the expressions in Egs.(2.3) and (2.4). The prime denotes the derivative with respect to

® ('= d/d®), and ¢ is defined by
J-B
B?

This quantity includes Pfirsch-Schliiter current and net torcidal current, and satisfies the

o= (2.8)
magnetic differential equation,
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Here k& denotes the curvature of the line of force defined by

B B
K= —- V= 2.10
Bl V8] (2:10)

Eq.(2.9) means that o is related to the geodesic curvature of the line of force.

Here we use the expression of the Mercier criterion divided into three terms as seen in
Eqs.(2.2) to (2.4). The first term given by Ds is the magnetic shear term which always
has a stabilizing contribution. We call the second term, Dyw, the modified well term.
According to Ref.[13], this term can be considered to be composed by the two terms given
by

Dyw = Dw + D5, (2.11)

Dy =P (V" _P (%}) (—Bz—> (2.12)
B |Vof?
' 2

Dys=¢ <(i—|—'$—>. (2.13)
The first term in Dy represents the magnetic well effect. In the case of a usual pressure
profile with P’ < 0, V" < 0 s favorable for the stability which corresponds to the magnetic
well. The second term in Dy term means the correction by the diamagnetic effect. The
D;.p term consists of the net toroidal current and o parts. This term can be positive or
negative depending on the sign of the magnetic shear of . As is seen in the expression of
Fq.(2.3), the D.p term can be recognized as a role of a correction of the magnetic well
effect by the geodesic curvature[14]. The last term of D¢ is the geodesic curvature term
due to the Pfirsch-Schliiter current. This term always has a destabilizing effect because it

is the form of the Schwarz’s inequality; Dg < 0.

We calculate the Mercier criterion for the equilibria in the Large Helical Device (LHD){10].
The basic machine parameters of the LHD are given in Table 1. Three pairs of axisym-
metric poloidal coils are equipped to control the dipole and quadrupole components of the
magnetic field and to minimize the leakage flux at the steady state. By controlling of the
dipole or vertical component of the axisymmetric poloidal fields we can move the plasma po-
sition horizontally changing the magnetic axis in the vacuum field from Ro=3.9m to 3.6m.
We define the shift of the position of the vacuum magnetic axis’ by A,, measured from
Ry=3.9m. (Changing Rg=3.9m to 3.6m corresponds to A,=0 to -0.3m.) The quadrupole
component of the poloidal fields mainly affects the shape of magnetic surfaces. Hereafter
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we call the LHD configuration with A, = —15cm and nearly circular toroidally averaged
magnetic surfaces ‘the standard configuration’. The LHD has been designed to obtain a
good single particle confinement, high equilibrium beta, high stability beta, clear magnetic
surface, and a possfble built-in diverter configuration. The standard configuration satisfies
these requirements[10].

We calculate the three dimensional equilibria under the fixed boundary condition. The
pressure profile is assumed to be P = By(1— @01 )? Where @, is the normalized toroidal
flux. A fixed profile is given for the net torcidal current density: J = Jo{l — @)%
We consider the three cases for the total net toroidal current I: a subtractive current of
I = —50kA ( decreasing the rotational transform }, I = OkA ( currentless equilibrium 2

and an additive current of I = +50kA ( increasing the rotational transform ).




3  FEffect of net toroidal current in the standard con-

figuration

In this section, we study effects of the net toroidal current on the Mercier criterion for
the standard configuration of LHD. Figure 1 shows the Mercier unstable regions in the
space of p and ff, where p = ®,..m"? ~ 7 ( 7 is the normalized average minor radius
) and f is the central beta value. Here we assume the existence of the conducting wall
at the outermost surface of which the average radius, 7,,, is 0.575m. Figure 1(a) is the
case with a subtractive current of J = —50kA (decreasing ¢), (b) the case with I = 0
(currentless case), and (c) the case with an additive current of I = +50kA (increasing +
). In each graph the dot-dashed lines show the boundary between magnetic well and hill
regions and dashed lines indicate positions of the rational surfaces. The shaded regions
show the Mercier unstable regions in the currentless and the additive current cases. The
solid lines in these regions are the contours of the level surface of Dy, which is normalized
Mercier criterion defined by

D;E—DM/&Q, (3.1)

and the difference of neighboring two level surfaces is AD; = 0.1. The unstable region
of the currentless case is very small and the second stability appears in the region above
B ~ 8%, which corresponds to {8} ~ 2.7% for the present pressure profile.

In the case of straight helical configurations the relation between the Suydam criterion
and the low-n mode stability limit for the ideal interchange mode was studied by Sugama
and Wakatani[16]. They showed that the growth rate of low-n mode can be obtained in
the Suydam unstable region. The growth rate of the low-n mode becornes small as the
beta value decreases approaching the Suydam limit, and there exists a region near the
Suydam limit where the growth rate is too small to be found out numerically. The similar
relation between the Mercier criterion and the beta limit by the low-n interchange mode
in toroidal geometries for heliotrons and torsatrons was also obtained numerically with the
KSTEP code by Nakamura et al.[17], which predicts that the finite growth rates of the
low-n modes are found out numerically whenever D; > 0.2. Fu et al. also obtained similar

relation between the Mercier criterion and the localized low-n modes by using the 3-D



stability code, TERPSICHORE code{18]. The low-n modes may be marginally unstable
with very small growth rates in the region with 0 < D; < 0.2. However, such a marginally
unstable mode can be easily stabilized by some kinetic effects such as a finite Larmor
effect. Therefore, the region with 0 < D; < 0.2 may be thought to be stable for the low-n
ideal interchange modes in practice. Based on these considerations, we can say that the
currentless standard configuration is actually stable against the low-n modes since only the
contour with D; = 0.1 is seen in Fig.1(b).

Asis seen in Fig.1(a}, if the net toroidal current of 50kA flows in the direction opposite to
the helical coil current, which decreases the rotational transform, the standard configuration
is completely stabilized against the Mercier modes, hence the low-n ideal interch ange modes.
On the other hand, the additive net toroidal current flowing in the direction of the helical
coil current, which increases the rotational transform, deteriorates the stability. Figure 1{c)
of I = +50kA (increasing ¢) shows wider Mercier unstable region than the currentless case.
In this case, some low-n interchange modes may become unstable since there can be seen
many Mercier contours with Dy > 0.2. However, the boundary of the Mercier criterion is
closed and the second stability regime persists in the region above f ~ 11% ({ £) ~ 3.8%).

In order to understand the stabilizing mechanism of the subtractive net toroidal cur-
rent, we examine the equilibrium quantities. Figure 2 shows the profiles of rotational
transform for the three cases of I = —50kA(decreasing ¢ ), I = OkA(currentless), and
I = +50kA (increasing ¢). In the currentless case, the central rotational transform at very
small beta value (8 = 0.01%) is ¢g = 0.36 and the edge value is ¢, = 1.17. The additional
current of 50kA increases these values to ¢g = 0.47 and ¢, = 1.20, and the subtractive cur-
rent of 50kA decreases to ¢ = 0.25 and ¢, = 1.13. As is known as a general property in the
configuration of heliotron/torsatron{19], the central rotational transform ¢; increases signif-
icantly and the edge rotational transform ¢, decreases by a little amount as the beta value
increases in the currentless case, and the enhancement of the magnetic shear in the periph-
eral region is also seen. This tendency is enhanced by the subtractive current decreasing ¢
and reduced by the additive current increasing ..

Figure 6{b) shows the Shafranov shift of the equilibria with / = —50kA , 7 = OkA and
I' = +50KkA, which is defined by the difference between the major radius of the magnetic

axis, R,., and the major radius of the center of the outermost surface, R.,;, normalized




by the average radius of the outermost surface, r,,. It is noted that the reduction in ¢ by
the subtractive current in Fig.2(a) permits a large Shafranov shift during increasing beta

value as shown in Fig.6(b), which deepens the magnetic well. Figure 3 shows the magnetic
well depth at 5y = 6%, which is defined by

V(0) — V' (®rorm)
ZON
The positive gradient of the well depth corresponds to the magnetic well (V" < 0) which

(well depth) =

(3.2)

is located near the magnetic axis, and the magnetic hill always exists in the peripheral
region. The width of the well region is almost independent of the net toroidal current. It
should be noted, however, that the absolute value of V" is enhanced by the subtractive
current owing to the large Shafranov shift.

These stabilizing effects due to the magnetic shear and the magnetic well can be un-
derstood by estimating the components of the Mercier criterion expressed by Egs.(2.2) to
(2.4). Figure 4 shows the profiles of these components at 8, = 6% for the currents of
I = —50kA (decreasing ¢), I = OkA(currentless), and I = -+50kA (increasing ¢). In the three
cases, the dominant destabilizing effects are due to the D¢ term in the central region and
the Dyw term in the edge region, respectively. The former is stabilized by the magnetic
well and the latter is stabilized by the magnetic shear. These stabilizing contributions are
enhanced by the subtractive current and reduced by the additive current. There exists a
mid region for each equilibrium where Dyw and Dg have substantial destabilizing con-
tributions and the magnetic shear stabilization is weak. The Mercier unstable regions are
localized in the mid regions, the shaded region in Fig.4(b) and (c), in the currentless and
the I = +50kA equilibria. In the case of the I = —50kA equilibrium, the stabilizing effects
of the modified magnetic well and the magnetic shear are strong enough to suppress the
destabilizing effects due to Dg even in the mid region.

Tt is interesting to know whether the net toroidal current I included explicitly in the
modified well term stabilizes the mode directly or not. First we divide the Dyw into two
terms of Dw and D;.p expressed as egs.(2.12) and (2.13). Figure 5 shows the profiles
of these terms for each net torcidal current at §, = 6%. In the mid region, D; p term
including the net toroidal current effect has a considerable sta.bili-zing contribution in the
modified well term for each toroidal current case, while Dy has a destabilizing effect by

the magnetic hill. Hence, D;.p term plays a role on extending the region with positive
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Dysw. This stabilizing effect is also enhanced by the subtractive current. In order to see
the role of the net toroidal current, we compare the D;.p term with the Dpye term which

is the first term of Eq.(2.13) defined by

Dyec Eé,IJ<IVB@I2>. (3.3}

The profiles of Dy¢ are also plotted in Fig.5. The D;.5 terms have the similar profile for
the equilibria with the three kinds of the net torocidal currents. On the other hand, the
Dyc terms have different profiles according to the direction of the net toroidal current,
and the stabilizing contributions of this term in the D, 5 term are very small in the mid
region. This difference between profiles of the D;.z term and the Dyo means that Dye
is not a dominant part of the D; g term at least in the mid region. This result can be

understood by the following expression of the current density J:
Pf
J=IB+ ?(%ngB + B x V), (3.4)

where By denotes the covariant component in the poloidal direction in the Hamada coor-
dinates [20]. By substituting Eq.(3.4) into Eq.(2.6), it can be easily shown that only the
first term includes the net toroidal current explicitly in the expression of Eq.(3.4). The
second term of Eq.(3.4) means J, ( the current density perpendicular to B ) and the
Pfirsch-Schliter current which are necessary for an MHD equilibrium. The net toroidal
current affects this second term only through the change in the equilibrium geometry of
the magnetic field. The first term in Eq.{3.4) is canceled out with the Dyo term in the
D;.p term. Similarly, the terms including the net toroidal current explicitly are canceled
in Dg. Hence, no term including I explicitly remains in the Mercier criterion. However,
the equilibrinm quantities composing the Mercier criterion such as the magnetic shear, the
magnetic well, and the Pfirsch-Schliiter current strongly depend on the net toroidal current.
As a result, the net toroidal current does not contribute to the Mercier criterion directly
although I’ appears in Eq.(2.3), but affects the stability only through the change in the
geometry of the equilibrium field. This result was obtained for the stellarator expansion

method[17]. Here we have confirmed it for three dimensional equilibria.
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4 Effect of shifting magnetic axis

The magnetic axis in the LHD configuration can be shifted horizontally keeping the
quadrupole component of the magnetic field fixed by controlling the currents in the poloidal
field coils. In this case, the relative position of the magnetic axis to the center of the
outermost surface is also changed. Figure 6 shows the Shafranov shift in the equilibria
with the net toroidal currents of I = —50kA, OkA and +50kA for the case of A, =5cm,
-15cm, and —25cm. First we focus on the currentless cases. Figure 6(b) shows that the
major radius of the magnetic axis, R,., is almost the same as the radius of the center of
the outermost surface, Ry, in the vacuum standard configuration (A, = —15cm}. On the
other hand, R,; > Ren in the vacuum configuration of A, = —5cm ( outward shift of the
magnetic axis ), and R,; < Re in the vacuum configuration of A, = —25cm ( inward shift
of the magnetic axis )} are seen in Figs.6(a) and 6(c), respectively. It is well-known that the
outward shift of the magnetic axis leads to the magnetic well and the inward shift of the
axis leads to the magnetic hill. This tendency is seen in Fig. 7 which shows the well depth
for the vacuum case of A, =-5cm, ~15cm, and —25cm. In the case of A, = —5cm, magnetic
well region appears even in the vacuum configuration, while the magnetic hill is enhanced
in the case of A, = —25¢cm. It is also obtained that the magnetic well is more easily
formed in the outward shift case, while the magnetic hill region is more extended in the
inward shift case at finite beta values than in the standard configuration. These properties
strongly affect the Mercier criterion. Figure 8 shows the Mercier unstable regions in the
currentless equilibria with A, =-5cm and —25cm. The plasma is stable in the whole region
in the A, = —5cm case due to the magnetic well, while there exists Jager unstable region
in the A, = —25c¢m case due to the magnetic hill than in the standard configuration.

We have investigated both the effects of the net toroidal currents and shifting magnetic
axis on the Mercier criterion. The tendency of the Shafranov shift due to the net toroidal
current is qualitatively the same in all the cases of A, = —5cm, —15cm and —25cm. As
shown in Fig.6, the Shafranov shifts with the subtractive current of I =-50kA decreasing ¢
are larger than those of the currentless case and those with the additive current is smaller.

Therefore, in the cases of A, =—5cm and -25cm, the same effects are seen as those of
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the net toroidal currents on the diamagnetic properties such as the magnetic well and the
magnetic shear in the standard case are seen.

Figure 9 shows the Mercier unstable regions in the configurations of A,=—5c¢m and A,=-
25cm with the net toroidal currents. In the case of A,=—5cm with the additive current
of I =+50kA increasing ¢, the unstable region appears in the plasma which is stable in
the whole region in the currentless case as shown in Fig.9(a}, while the plasma becomes
more stable with subtractive current of / = —~50kA. In the case of A,=—25¢m, the unstable
region is reduced by the subtractive current compared with the currentless case as shown
in Fig.9(b), while the unstable region is extended by the additive current.

These results are summarized in the diagrams in Fig.10. The Mercier unstable region
with the level surfaces of D; =0.1, 0.2, 0.3, and 0.4 and the equilibrium beta limit are shown
in the fy-A, space. This figure shows that the subtractive current decreasing ¢ improves
the stability against the Mercier mode and the additive current increasing ¢ deteriorates
the stability in the whole range of the position of the magnetic axis. Besides, the tendency
that the outward shift of the magnetic axis stabilizes the Mercier mode and the inward
shift destabilizes the mode is common for the equilibria with each net toroidal current.

These results mean that the effect of the net toroidal current on the Mercier criterion
1s almost independently superposed on the effect of the shift of the magnetic axis. This
property can be explained by comparing the stabilizing mechanism in the case with the
subtractive toroidal current with the one in the case of shifting the maguetic axis out-
ward. The subtractive current changes the poloidal field so that the rotational transform
decreases. Hence, it is essential that the Shafranov shift is enhanced by the reduction in
¢o and the self-stabilizing effect appears at finite beta value. On the other hand, shifting
the magnetic axis outward changes the mean toroidal field on each flux surface so that
the toroidal field at the axis decreases. Thus the rotational transform at the magnetic
axis increases with the outward shift of the axis. This configuration is unfavorable respect
to the enhancement of the Shafranov shift. However, the region with the good curvature
of field lines is made wider by the outward shift even in the vacuum configuration. It is
followed that the magnetic well region easily becomes wide at small beta value, which sta-
bilizes the Mercier mode. After all, the subtractive net current changes the poloidal field

and enhances the self-stabilizing effect by the finite beta value, while shifting the magnetic
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axis outward changes the mean toroidal field on each flux surface to make the vacuum
configuration favorable for the stabilization.

As shown in Fig.10, there exists the second stability regions against the Mercier modes
for all of the equilibria with the pressure profile of P = Fp(1— ®porm )? and the net toroidal
current of —50kA< I+ 50kA in the LHD configuration. In the experiment of ATF device,
it was observed that the magnetic fluctuations were reduced in the second stability region
for the Mercier criterion in the currentless case[21]. It was shown theoretically that the
fluctuations were due to the resistive interchange modes, which were stabilized by the finite
beta effects as well as the ideal interchange mode in the second stability region[22]. The
ATT result suggests that we may also have a path to the second stability region in LHD
if D; is so small that low-n ideal interchange modes do not appear, because the LD has
a similar magnetic configuration to the ATF. If we can employ the contour of D; =~ 0.2
as a practical limit for the low-n interchange mode as we have mentioned in Sec.3, the
currentless plasma may enter the second stability region through the phase with slight
fluctuations in the standard currentless configuration. In order to confirm this expectation
for the second stability, it will be desirable to study the nonlinear saturation level of the
resistive interchange modes and the stability analysis about the ballooning modes in the
Mercier stable region.

Shifting the magnetic axis outward is favorable for the Mercier stability. From a point
of view of a single particle orbit loss, however, the more inward shift of the magnetic axis
is the more favorable in Pig.10. According to the criterion that D; S 0.2, we can shift the
magnetic axis inward up to A, ~ —18cm under the condition that the second stability can
be realized. When the subtractive current flows in the plasma column, the second stability
can be achieved more easily than in the currentless case. On the other hand, low-n ideal
modes prevent the plasma to enter the second stability region in the case of the additive
current of 50kA in the range of ~25cm < A, < —Hcm.

The equilibrium beta limit is also plotted in Fig.10, which is determined by the beta
value where the iteration in the VMEC code does not converge. The equilibrium beta limit
is reduced by the subtractive current because the Shafranov shift is larger than that in the

currentless case, whereas the limit is improved by the additive current.
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5 Conclusion

We have investigated the effects of the net torcidal current with a given current density
profile on the Mercier criterion for local ideal interchange modes. We have applied the three-
dimensional equilibrium code, VMEC code, to the LED configuration with By=3T under
the fixed boundary condition and the assumption of the pressure profile P = Py(1-®,00m)2.
First, in the currentless case, we have obtained the second stability region for the Mercier
criterion above £y ~ 8% in the standard configuration.

We have found that the effect of the net toroidal current on the Mercier criterion depends
on the direction of the current. The stability is improved by the subtractive current which
flows in the direction decreasing the rotational transform. The whole plasma region is
completely stabilized by the subtractive current of 50kA of which the current density profile
is J = Jo(1 — Dporm ). In this case, the enhancement of the Shafranov shift due to the
decrease in the rotational transform leads to the self-stabilization by the diamagnetic effects.
The central and the peripheral regions are more stabilized by the magnetic well and the
magnetic shear, respectively, than those in the currentless case. The mid region where the
Mercier mode becomes unstable in the currentless case is also stabilized by the combination
of the magnetic shear and the modified magnetic well. On the other hand, the additive
current increasing the rotational transform deteriorates the stability. Tt is concluded from
these results that the enhancement or reduction of the Shafranov shift due to the change
In ¢o by the net current is essential for altering the stability. These stability properties
with the net toroidal current agree with the experimental results by Morimoto et al.[9]. It
is noted that although the net toroidal current term is included in the expression of the
Mercier criterion explicitly, the term does not affect the stability directly.

It is known that the low-n interchange mode instability appears in the region of ; 2 0.2.
Thus the currentless equilibrium in the standard configuration may be stable against the
low-n modes up to the equilibrium limit because we have no region with D; > 0.2. In
the LHD standard configuration, the low-n modes may become unstable with [ = +50kA,
while they will be stabilized completely with J = —50kA.

We have estimated the Mercier stability of the standard equilibria with the net toroidal
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currents of I = +100kA. The stabilizing or destabilizing effects are the same as those in
the 50kA case qualitatively. We also have studied the stability of the equilibrium with a
broad pressure profile of P = Fp(1 — @mrmz)z. In the currentless case, the Shafranov shift
is smaller, and therefore, the stabilizing effect of the magnetic well is more weak than the
equilibrium with the peaked pressure profile used in Secs.3 and 4. Hence the equilibrium is
more unstable for the Mercier modes and the region with Dy > 0.2 appears. The stabilizing
tendency of the net toroidal currents with the same current density profile as in Secs.3 and
4 is similar to that of the peaked pressure equilibria, although the subtractive current of
50kA is not enough to stabilize the modes completely.

The effect of shifiing the magnretic axis inward or outward has been investigated. In this
case, the effect of the net toroidal current is superposed on the effect of the magnetic axis
shift. For instance, in the inward shift case which is unstable against the Mercier criterion
in the currentless case, the unstable region can be reduced by the net toroidal current
flowing in the direction of decreasing the rotational transform. These results are due to the
fact that the net toroidal current and shifting magnetic axis affect different component of
the magnetic field on each flux surface, respectively. The subtractive net current changes
the poloidal field and enhances the self-stabilizing effect due to the finite beta value, while
shifting the magnetic axis outward decreases the mean toroidal field on each flux surface
and makes the good curvature region of field lines wide in the vacuum configuration.

We must be careful for the expression of the Mercier criterion in three-dimensional equi-
libria. Strictly speaking, the Mercier criterion is derived as a stability criterion for each
field line on a rational surface[12, 14, 23] and the operator { } in Eqgs.(2.3) and (2.4) should
be considered for the average along a field line defined by

dl

(f)EffE, (5.1)
rather than the flux surface defined by {2.7). Based on this estimation, Dy can be different
for each field line on the same rational surface, which can also be different from our results
estimated by means of the flux-averaged quantities. On the other hand, in the case of
¢/M << 1 (M is the field period in the toroidal direction.), the same expressions with
the flux averages as Eqs.(2.2) to (2.4) can be obtained when we first average the three-
dimensional ballooning equation in the torcidal direction by means of the ordering with

the parameter 1/M, and after that, we apply the asymptotic technique to the averaged
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equation along a field line[24]. Thus, we can interpret that the expressions of Eqs.(2.2)
to (2.4) with the flux averages give the averaged criterion over the label of the field lines
on each rational surface. We can see the parameter ¢/M < 0.1 in the LHD configuration,
which is smaller than unity. Therefore, the differences of Dy between the field lines should
be small. Hence, we believe that it is valid to estimate the stability of the LHD equilibria
by means of the flux averaged quantities.

In this paper, we are limited to the stability against the ideal interchange modes. How-
ever, in order to establish the concept of the second stability against the pressure driven
modes completely, stability analyses for the ballooning modes and the effects of the re-
sistivity will be needed. Besides, the current-driven modes may be important even in the
heliotron /torsatron configurations if a considerable net toroidal current flows in the plasma
column, Effects of the net toroidal current on the ballooning modes and the resistive in-

stabilities are under investigation.
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Figure Captions

Fig.1 Mercier unstable regions in the LHD standard configuration for (a)l = —50kA
{decreasing ¢), (b)] = OkA(currentless), and (¢)] = +50kA(increasing ¢) cases in
(Bo, p) plane. Shaded regions show unstable regions. Solid lines in these regions are
the contours of the level surface of D; with the difference of AD; = 0.1. Dot-dashed
lines show the boundary between magnetic well and hill regions. Dashed lines indicate
the positions of rational surfaces corresponding to ¢ =1, 4/5, 3/4, 2/3, 3/5, 1/2, 3/7,
2/5, 3/8, 1/3, 3/10 from right to left.

Fig.2 Rotational transform profiles in the standard LHD configuration for {a)l = —50kA
(decreasing ¢), (b)] = OkA(currentless), and (c)I = +50kA(increasing ¢) cases at
Bo = 0%, 2%, 4%, 6% and 8%.

Fig.3 Magnetic well depth in the standard LHD configuration at 8, =6%. Dashed line
shows the case of I = —50kA (decreasing <), solid line shows the case of I = OkA (currentless)

and dot-dashed line shows the case of I = +50kA(increasing ¢).

Fig.4 Profiles of components of Mercier criterion in the standard LHD configuration for
(a)] = —50kA(decreasing ¢), {b)] = OkA(currentless), and (c)/ = +50kA(increasing
t) cases at fy = 6%. Solid lines show Dy, dashed lines show Djsw and dot-dashed

lines show Dg. Shaded regions show unstable regions.

Fig.5 Profiles of Dw, D;5 and Dyc in the standard LHD configuration for (a)] =
—50kA (decreasing ¢), (b}] = OkA(currentless), and (c)] = +50kA (increasing ¢) cases
at fy = 6%. Solid lines show Dy, dashed lines show D ;.5 and dot-dashed lines show
Dyec.

Fig.6 Shafranov shifts of the LHD equilibria for (a) A, = —5cm, (b) A, = —15cm, and
(c) A, = —25cm. In each graph, dotted line shows the case of [ = —50kA(decreasing
¢), solid line shows the case of I = OkA(currentless), and dot-dashed line shows the

case of I = +50kA (increasing ¢).
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Pig.7 Magnetic well depth in the currentless LHD equilibria at fy =0.01%. Dashed line
shows the case of A, = —5cm, solid line shows the case of A, = —15¢m and dot-

dashed line shows the case of A, = —25cm.

Fig.8 Mercier unstable regions in the currentless equilibria for (a) A, = —5cm, and (b)
A, = —25cm in (Bo,p) plane. Shaded regions show unstable regions. Solid lines
in these regions are the contours of the level surface of D; with the difference of
AD; = 0.1. Dot-dashed line shows the boundary between magnetic well and hill
regions. Dashed lines indicate the positions of rational surfaces corresponding to
¢ =1, 4/5, 3/4, 2/3, 3/5, 1/2, 3/7, 2/5, 3/8, 1/3, 3/10, 2/7, 1/4, 1/5 from right to
left.

Fig.9 Mercier unstable regions in the LHD equilibria for {a) I = +50kA(increasing <)
and A, = —5cm, (b) I = —50kA(decreasing ¢) and A, = —25cm, in (o, p) plane.
Shaded regions show unstable regions. Solid lines in these regions are the contours of
the level surface of D; with the difference of AD; = 0.1. Dot-dashed line shows the
boundary between magnetic well and hill regions. Dashed lines indicate the positions

of rational surfaces in the same way as in Fig.7.

Fig.10 Mercier stability diagrams in the LHD configuration for (a} = —50kA(decreasing
¢), (b)I = OkA(currentless), and (c)/ = +50kA (increasing ¢) cases with the equilib-
rium limits in {8, A,) plane. Dot-shaded regions show unstable regions. Dashed
lines in these regions show the contours of the level surface of Dy = 0.1, 0.2, 0.3, and

04.
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Table 1 : Basic machine parameters of the LHD

Pole number of helical coils {¢) 2
Number of field period (M) 10
Major radius of herical coils (Ro) 39m
Aspect tatio of helical coils (A.) 4

Pitch modulation parameter of winding law (o) 0.1
Number of pairs of poloidal field coils 3
Central Magnetic field (Bj) 3T
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