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Abstract

Recent topics on the MHD properties with and without bootstrap current in He-

liotron / Torsatron configurations are presented.

In a currentless equilibrium with a large Shafranov shift, a high-n ballooning mode

can be unstable even in the region with positive gradient of the rotational transform.

This is because the local shear in the field line bending term can be reduced by the

fact that the local enhancement of the poloidal field varies in the radial direction.

Since the local curvature of the field lines depends on the label of the magnetic field

line, a, in Heliotron/Torsatron, the eigenvalue u2 also depends on a. In the Mercier

stable region, the level surfaces of to2 of unstable modes form spheroids in the (tp, 9k, a)

space, where tp and 6^ are the label of the flux surface and the radial wave number,

while they form cylinders in tokamaks. Such high-n modes cannot be related to low-n

modes in this case.

In the LHD configuration, bootstrap current depends on the collisionality of the

plasma. When the beta value is raised by increasing the temperature with the density

fixed, the plasma becomes less collisional and the bootstrap current grows in the direc-

tion where the rotational transform is increased. On the contrary, when the beta value

is raised by increasing the density with the temperature fixed, the plasma becomes

more collisional. While a small amount of the current flows in the same direction as

in the above sequence at low beta in this case, the direction of the current reverses

at high beta equilibrium. This is because the geometrical factor in the expression of

the bootstrap current in the plateau regime has opposite signature to that in the 1/u

regime. The latter equilibrium sequence is more stable in the Mercier criterion than

the former one. Thus, the beta should be raised by increasing the density rather than

the temperature to obtain stable high beta plasma.

Key Words ;

Heliotron/Torsatron, MHD, ballooning mode, Mercier criterion, local magnetic shear,

bootstrap current, geometrical factor, collisionality of plasma.
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1 Introduction

In this paper, we present the recent two topics on the MHD properties on He-

liotron/Torsatron configurations.

The Heliotron/Torsatron configurations have an advantage that MHD equilibria can

be achieved without net toroidal current. In the equilibria, pressure driven instability

is crucial. Since there exist magnetic hill regions in such configurations, the stability

against the interchange mode has been mainly studied. The ballooning mode, which is

the other pressure driven mode, had been considered to be stable because the magnetic

shear is positive, as speculated by Shafranov[l]. Recently, Cooper et al.[2] found

unstable high-n ballooning modes in the positive t'(ip) region in three-dimensional (3D)

equilibrium, where * and xp denote the rotational transform and the toroidal magnetic

flux ; however, they did not give the reason. First, we consider the mechanism of the

unstable high-n ballooning modes in the Heliotron/Torsatron configurations [3]. The

degradation in the stabilizing contribution of the local shear is shown in high beta

equilibria. The property in the stability of the ballooning modes is considered in both

regions where the Mercier modes are stable and unstable.

On the other hand, the neoclassical theory shows that the bootstrap current can

flow in the Heliotron/Torsatron plasmas[4, 5, 6, 7]. Thus, we consider the equilibria

including the bootstrap current, secondly. Watanabe et al.[8, 9] calculated the boot-

strap currents consistent with 3D MHD equilibria by utilizing the VMEC code[10].

They obtained substantial bootstrap currents which flow in the direction where the

rotational transform is increased in the LHD plasma[ll]. On the other hand, Ichiguchi

et al.[12] found that the Mercier stability depends on the direction of the net toridal

current with a profile peaked at the magnetic axis. The current flowing in the direction

where the rotational transform is decreased has a stabilizing contribution, while the

current in the direction where the rotational transform is increased has a destabilizing

contribution. Therefore, the bootstrap current obtained by Watanabe et al. would

destabilize the Mercier mode. The bootstrap current depends on the collisionality

of the plasma in asymmetric configurations^, 7]. Since the geometrical factor in the

plateau regime has opposite sign to that in the 1/v regime, there is a possibility of

the reverse in the direction of the bootstrap current. Thus, we consider the Mercier



stability of the 3D equilibria in the point of the direction of the bootstrap current[13].

2 Mechanism of High-n Ballooning Mode in
Heliotron/Torsatron

The high-n ballooning mode equation for the incompressible perturbation £ is given

by

T i l . 12 1 n I r, 12

-PmUJ - 5 ^ - £ = °- (2-1)B V

Here, B, P, K and pm denote the magnetic field, the plasma pressure, the curvature of

the field line and the mass density, respectively. k± is the wave vector perpendicular

to the magnetic field and u2 is the eigenvalue. Now, we employ the Boozer coordinates

(i/>,0,C)[14], where I/J is toroidal flux and 6 and C are the poloidal and toroidal angle

variables, respectively. It is convenient to consider Eq.(2.1) in the covering space,

(•0, rj, a). Here, 77 is a coordinate in the direction of the field line, and a is a label of

the field line on a flux surface, which are related with the Boozer coordinates as

77 = 9, a = Q-9/t, (2.2)

where * denotes the rotational transform. The magnetic field in this space is given by

B — i Va x Vxjj. The first term in eq.(2.1) corresponds to the field line bending, which

has a stabilizing contribution to the ballooning mode. The second term is a driving

term by the pressure gradient and the magnetic curvature. In Heliotron/Torsatron

configurations, local structure of the magnetic field lines characterizes the behavior of

the ballooning mode.

At first, we investigate the field line bending term in order to understand the exis-

tence of the unstable mode in the region with *'(V>) > 0. In this term, the normalized

perpendicular wave vector under the currentless condition is given by

(2.3)

Here s is the local magnetic shear. In currentless equilibria, the integration of the

local shear can be expressed by

^ , (2.4)
gee
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(a) (b)
1 1

Fig.l (a) (i),6) grids of the Boozer coordinates in the cross section at £ = const, and (b)
profile of rotational transform of LHD plasma at A) = 8%. The right side in (a) corresponds
to the outside of the torus.

where 9k denotes the radial wave number and s is the global magnetic shear defined

by

(2.5)s = t dtp'

and g^pg and gee are the covariant metrics in the Boozer coordinates.

Figure l(a) shows a poloidal cross section with (ip, 9) grids of a currentless LHD

equilibrium at fa = 8%, which is calculated with the VMEC code[10]. Here the

pressure profile of P = P0(l - xjj)2 is used. The sign of the metric gfe is related to

the angle between the •(/'-constant and ^-constant lines. In the equilibrium with large

Shafranov shift as shown in Fig.l (a), sharp bends of the ^-constant lines can be seen in

a flux surface in the outward region of the torus. We call the surface turning surface,

where g^g = 0. The turning surface roughly corresponds to the minimum point of the

rotational transform in Fig.l(b). Inside the turning surface, g^g in the oscillatory part

of the integrated local shear ( the 2nd term of (2.4)) can be approximated as csin#

with positive c. In this region, the global magnetic shear s is negative. Thus, the

integrated local magnetic shear given by eq.(2.4) is reduced as in tokamaks. On the

other hand, outside the turning surface, where the global shear is positive, g^g ~ csin 9

with negative c. Therefore, the local magnetic shear can also be reduced even in the

region with positive *'(i/0, which leads to the substantial degradation of |fc±|2 around

rj — 9k as shown in Fig.2 and the destabilization of High-n ballooning modes.
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Fig.2 Profile of \k±\2 along the field line with a = 9k = 0 at the surface indicated by arrow
inFig.l(b).

These local properties of the magnetic field can be understood from the equilibrium

force balance. In order to sustain the equilibrium with a large Shafranov shift, local

enhancement of the poloidal field is needed in the outward region in the torus. In

the vicinity of the magnetic axis, the average poloidal field decreases in the radial

direction because of negative t'(ip). Hence, the enhancement of the local poloidal field

increases in the radial direction, which corresponds to the enlargement of the distance

of adjacent ^-constant lines. On the other hand, the average poloidal field radially

increases in the peripheral region, because the property is inherently generated by the

helical coils. Therefore, the local enhancement of the poloidal field decreases, and the

distance between the ^-constant lines gets narrow. Thus, the turning surface appears

around the local minimum point in the profile of the rotational transform.

In order to investigate the property of the high-n ballooning modes in Heliotron /

Torsatron configurations, we consider the field line curvature of the second term in

eq.(2.1) as well as the local shear. In tokamaks, the curvature is attributed to the

toroidicity, and the field line has no a dependence. The local magnetic curvature in

Heliotron/Torsatron equilibria consists of not only toroidal curvature but also helical

curvature. This results in the fact that the local curvature is the most unfavorable

at the outside region of the torus in the horizontally elongated cross section, while

the curvature is locally favorable even at the outside region in the vertically elongated

cross section. Thus, the local magnetic curvature outside of the torus strongly depends

on the label of the field line, a.

Here we consider two types of the mode. One is the unstable mode in the Mercier

stable region, which is shown in Fig.3(a). In this case, the high-n ballooning modes

become unstable after the stabilizing effects of |fcj_|2 is strongly modified to be reduced
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Fig.3 Eigenfunctions along the field line in (a) Mercier stable region corresponding to Fig. 2
and (b) Mercier unstable region with weak a dependence.

sufficiently. The mode structure is strongly localized around rj = 0 for 9k = 0 where

the local magnetic shear is reduced, because the secular term in |fc_i_|2 is amplified by

the large Shafranov shift through the factor of | Vi/'l beyond rj — 2vr as shown in Fig.2.

Hence, the eigenvalue also strongly depends on a, i.e., u2 = Lj2(ip,a,8k). As shown

in Fig.4, the topology of the level surfaces of unstable u2 is spheroid in the space of

(i/j,a,9k), and the unstable region is surrounded by the level surface of stable TAE

modes. Since the eigenvalue does not depend on a in tokamaks, i.e., u)2 = u2(ip,9k),

the level surfaces are cylindrical and the method of quantum condition can be used to

compose a global mode structure. It is difficult to apply the method to the spheroidal

level surfaces because the toroidal mode number n is not a good quantum number.

Even if it could be possible, the dominant number in n of the global modes would be

much larger than the field period of the configuration, and therefore, the mode would

be easily stabilized by kinetic effects, such as finite Larmor radius effect.
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The other one is the unstable high-

n ballooning mode in the Mercier

unstable region. We study the mode

in the equilibrium with a broad pres-

sure profile of P = P0(l - V>2)2-

In the Mercier unstable region, the

high-n ballooning modes become un-

stable where the |fc±|2 is not so

much modified as that in the above

Mercier stable equilibria. Hence, not

only the modes strongly localized in

the region with the unfavorable local

curvature, but also the modes with

Fig.4 9k and a dependence ofu2 at the surface e x t e n d e d structure along the field
indicated by arrow in Fig.l(b). Thick and thin
,. , ., . , . ,, , . , line can be destabilized by the un-
hnes show the contours of unstable high-n J

ballooning modes and stable TAB modes, favorable averaged curvature in the
respectively. • u • T?- o/u\

e a region as shown in lng.3(b).

The latter modes have smaller eigenvalues than those in the former modes, because the

eigenfunction passes both the unfavorable and the favorable local curvature regions.

Thus, the dependence of the eigenvalues of the latter modes on a is weak, while the

eigenvalues in the former modes strongly depend on a. Hence, the level surface of

small LJ2 corresponding to the extended mode structure would be continuous in a

direction, or nearly cylindrical, in the (ip,6k,ct) space, and the spheroidal structures

with large u2 corresponding to the strongly localized mode structure exist inside the

continuous surface.

3 Stability of High Beta Equilibria Carrying
Bootstrap Currents

We calculated the 3D MHD equilibria consistent with the bootstrap current by

iterating the equilibrium calculation with the VMEC code[10] and the evaluation of

the bootstrap current. In the calculations, we assumed that the plasma is composed



of only electrons and protons and they have the same temperature, T, and the density

n, which are given by

T(V0=ro(l-V0, n(VO=no(l-tf). (3-1)

In this case, the bootstrap current in each limits of the l/v and the plateau regimes

is expressed as

f{^^-, (3.2)

where the brackets denote the surface average and Lj(j = 1,2) are transport coeffi-

cients which include the viscosity and the friction coefficients [7].

Here, Gb is called geometrical factor, which determines the direction of the neo-

classical flow damping caused by the viscosity. The geometrical factor in asymmetric

configuration depends on the magnetic structure of the configuration and the colli-

sionality of the particle, because it reflects the property of the orbits of the particles.

Since the bootstrap current flows in the direction where the neoclassical flow would

not damp, it can reverse the direction when the damping direction changes depending

on the geometrical factor. The expressions of the geometrical factor in the Boozer

coordinates in the limits of the \/v regime, Gb , and the plateau regime, G^ are

given in Refs.[7] and [9], respectively. In order to evaluate the bootstrap current con-

tinuously between the \jv and the plateau regimes, a connection formula in Ref.[9]

is utilized. Since we assume that the electrons and the ions have the same T and n,

the contribution of the radial electric field to the bootstrap current [15] vanishes in

eq.(3.3).

We consider two sequences of equilibria in raising the beta value in the LHD con-

figuration [11]. One is the temperature sequence where the temperature is increased

with the density fixed at no = 0.2 x 1020m~3. The other one is the density sequence

where the density is increased with the temperature fixed at To = O.bkeV. We also

assumed Bo = IT.

The total bootstrap currents given by (3.2) in the two sequences are shown in Fig.5.

The positive value in the figure corresponds to the net toroidal current flowing in the

direction where the rotational transform is increased. In the temperature sequence,
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Fig.5 Total bootstrap currents versus @Q in

the temperature sequence ( dashed line ) and

the density sequence ( dot-dashed line ) .

Fig. 6 Profiles of normalized collision

frequency. Dashed and dot-dashed lines

show the values at (3Q = 6.4% in the

temperature and the density sequences,

respectively.

the positive bootstrap current is enhanced as the beta value grows. On the other

hand, in the density sequence, the total bootstrap current is enhanced in the positive

direction up to fi0 = 4%, where /30 is the beta value at the magnetic axis; however

the absolute value is much less than that in the temperature sequence. The current

is reduced beyond /?0 = 4% and becomes negative for fi0 > 6%. That is, the total

bootstrap current reverses the direction.

In order to know the collisionality of equilibria in the two sequences, we plotted

the normalized collision frequency by the averaged bounce frequency of the banana

orbit, ^*[9], in Fig.6. In the temperature sequence, the plasma becomes less collisional

as beta grows. The collisionality of the plasma at /?0 = 6.4% ( To = AkeV ) almost

enters the l/v regime because vt « 1. Therefore, the geometrical factor is almost

determined by G\lv. As shown in Fig.7, where the geometrical factors normalized by

that in the equivalent tokamak, J/t are plotted, G\lu has large positive value in the

whole plasma region and the profile is insensitive to the beta value. Thus, the large

positive bootstrap current is attributed to this property of G\/u.

On the other hand, the plasma becomes more collisional as beta grows in the density

sequence, and the plasma is close to the plateau regime at /?0 = 6.4% ( n0 = 1.6 x

-10 —



(a) (b)

0.8F

0

Fig.7 Profiles of normalized geometrical factors in the limit of (a) \/v and (b) plateau
regimes with Bo = IT. Solid lines show the values in the vacuum configuration. Dashed

and dot-dashed lines correspond to the same lines in Fig. 6, respectively.

1020m~3 ) because v* > 1 in Fig.6. Hence, the contribution of Gjf in the geometrical

factor becomes dominant, which has the negative value in the whole plasma region

at the beta value, as shown in Fig.7. Thus, the reverse in the direction of the total

bootstrap current occurs mainly due to the contribution of negative Gf . However,

the bootstrap current density only partially reverses the direction and there exists a

small region with positive current density. A substantial reduction of G\ is seen

in the central region corresponding to the negative current density. Therefore, the

change of the profile in Gb also advances the reverse.

Figure 8 shows the profiles of the rotational transform in the two sequences. The

rotational transform can be divided as follow:

t = tvac - f - 6 B S ~T tpSi v'-'•'* J

where tvac denotes the rotational transform generated by the vacuum magnetic field

and t,BS and tps are the contributions from the bootstrap current and the diamagnetic

effects attributed to the Pfirsch-Schliiter current. The last term is sensitive to the

sum of others. At (5Q = 6.4%, IBS is positive in the temperature sequence, while it

is negative in the density sequence. Thus, the sum of the first two terms in eq.(3.4)

increases and decreases in the temperature and the density sequences, respectively.

Since the bootstrap current can be treated as a given additional net toroidal current,

11



the Shafranov shift is considered to be proportional to the inverse of the square of

the sum of the first two terms in the large aspect ratio limit. Hence, the Shafranov

shift is enhanced in the density sequence. The large Shafranov shift enhances the

magnetic well. As is seen in the currentless equilibria in Fig.l(b), the deformation of

the flux surfaces accompanied with the Shafranov shift brings the increase of tPS at

the magnetic axis and the decrease at the peripheral region so as to produce a local

minimum in the profile. Therefore, the magnetic shear is enhanced in the peripheral

region. On the contrary, the contribution of tPS is small in eq.(3.4) the Shafranov

shift is suppressed because of the positive tBs in the temperature sequence.

As a result, in the density se-

quence, both enhancements of the

magnetic well and the magnetic

shear stabilize the Mercier mode ow-

ing to the decrease in the rotational

transform by the bootstrap current.

Figure 9 shows the Mercier unstable

region and the contours of D

Fig.8 Rotational transform profiles. Solid,
dashed and dot-dashed lines correspond to the

the same lines in Fig. 7, respectively.

which is the normalized Mercier cri-

terion so that the shear term should

be —1/4. An unstable region is seen

in the density sequence in Fig.9(b).

However, the value of Dt is small and the lines indicating the positions of resonant

surfaces of low mode-number global modes almost avoid the region with Dj > 0.2.

Because the global modes can often be seen over D/ ~ 0.2[17], there would not exist

an unstable global mode degrading the confinement drastically although some fluc-

tuations may be observed. Furthermore, the second stability region for the Mercier

criterion appears beyond fa = 5.8% which is lower than that in the corresponding

currentless equilibrium sequence[12]. This is because the local bootstrap current al-

ready flows in the negative direction in the central region of the plasma even in the

equilibria where the total bootstrap current is zero.

On the other hand, in the temperature sequence, there exists a large unstable region

— 12 —
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Fig. 9 Mercier unstable regions for (a) temperature sequence and (b) density sequence in

the (AhVO plane. Shaded regions show unstable regions. Solid lines in these regions are

the contours of the level surface of Di which differ by ADi — 0.2. In (a) the contours with

D[ > 8.0 are not plotted because they are too dense. Dot-dashed line shows the boundary

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

surfaces corresponding tot= 1, 3/4, 2/3 and 1/2 from right to left.

in the plasma column in Fig.9(a) and the value of D\ is enhanced as the beta value

grows. Therefore, a considerable unstable global mode will appear even in low beta

equilibria. This is because the magnetic well and the magnetic shear are suppressed

due to the small Shafranov shift.

In equilibria with net toroidal currents, current driven mode is also suspicious ;

however, the unstable internal kink mode is not found in either sequence. The rota-

tional transform must monotonically and weakly decrease from the magnetic axis to

the resonant surface in order for the internal kink mode to be destabilized in Heliotron

/ Torsatron [18]. «' is positive around the magnetic axis in the temperature sequence,

and the shear can be negative but too strong there in the density sequence.

4 Summary

Here we presented the topics on the properties of high-n ballooning mode and the

collisionality dependence of the MHD stability through the change in the bootstrap

current in Heliotron/Torsatron.

The reason why the high-n mode can be unstable in the region with positive t'(ip)
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can be understood by considering the reduction of the local magnetic shear in the

equilibrium with a large Shafranov shift. In order to maintain the force balance,

local poloidal magnetic field is necessarily enhanced in the outside of the torus. The

enhanced poloidal field decreases in the radial direction in the region with positive

t'{ip). Thus, the oscillatory part can cancel the secular part around rj = 8k in the local

magnetic shear. Consequently, the stabilizing effect in the field line bending term is

substantially reduced.

The high-n ballooning mode is driven by the local magnetic curvature. In the

Mercier stable region, the mode structure is strongly localized along the field line

where the local curvature is unfavorable because the weak local shear region is narrow.

Since the local curvature depends on the label of the field line, a, the mode structure

and the eigenvalue also strongly depend on a, i.e., u2 = u2(ip,9k,a). This point is

quite different from that in tokamaks where the eigenvalue does not depend on a i.e.,

u)2 = co2(ip,6k). Therefore, the level surfaces of the eigenvalue are like spheroid in

the (ip, $k, a) space, while those in tokamaks are like cylinder. In this case, the high-n

mode cannot be connected to low-n modes. In the Mercier unstable region, there exist

continuous level surfaces of the eigenvalue in a direction outside the spheroids. The

mode structure corresponding to the continuous level surface is fairly extended along

the field line and is driven by the average magnetic curvature.

The geometrical factor in the expression of the bootstrap current which plays a

dominant role has different dependence on the collisionality in Heliotron/Torsatron

configuration. Here we considered two cases of the temperature and the density se-

quences in raising the beta value to investigate the collisionality dependence of the

equilibria with the bootstrap currents.

In the temperature sequence, we raised the beta value by increasing the temperature

with the density fixed. Then, the plasma becomes less collisional as beta grows, and

the geometrical factor is dominated by G\ . The signature of G\ is still positive

in high beta equilibria. We obtained a significant bootstrap current flowing in the

direction where the rotational transform is increased. In the density sequence, we

raised the beta value by increasing the density with the fixed temperature. In this

sequence, the plasma approaches to the plateau regime. In the geometrical factor in

1 4 -



the connection formula, the contribution of G^ becomes dominant. G^ has opposite

signature to that of G\ in LHD. Hence, the total bootstrap current reverses the

direction and flows in the direction where the rotational transform is decreased at

last. In this case, the reduction of the positive G\ in the central region advances

the reverse of the bootstrap current as well as the enhancement of the contribution of

negative G%.

In the equilibrium in the density sequence, the enlarged Shafranov shift by the

reduction of the rotational transform enhances the stabilizing effects of the magnetic

shear and the magnetic well. Therefore, the Mercier stability is improved and a second

stability region appears at lower beta value than that in the corresponding currentless

equilibrium sequence. On the contrary, the Mercier stability in the equilibrium in

the temperature sequence is deteriorated because of the suppression of the Shafranov

shift. Thus, the beta value should be raised by increasing the density rather than the

temperature to obtain a stable plasma in high-beta experiments in LHD.
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