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Abstract

The Mercier stability of the plasmas carrying bootstrap currents with different plasma

collisionality is studied in the Large Helical Device (LHD). In the LHD configuration, the

direction of the bootstrap current depends on the collisionality of the plasma through the

change in the sign of the geometrical factor. When the beta value is raised by increasing the

density of the plasma with a fixed low temperature, the plasma becomes more collisional and

the collisionality approaches the plateau regime. In this case, the bootstrap current can flow

in the direction so as to decrease the rotational transform. Then, the large Shafranov shift

enhances the magnetic well and the magnetic shear, and therefore, the Mercier stability is

improved. On the other hand, when the beta value is raised by increasing the temperature of

the plasma with a fixed low density, the plasma collisionality becomes reduced to enter the

\/u collisionality regime and the bootstrap current flows so that the rotational transform

should be increased, which is unfavorable for the Mercier stability. Hence, the beta value

should be raised by increasing the density rather than the temperature in order to obtain

a high beta plasma.
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1 Introduction

Although a Heliotron/Torsatron configuration has an advantage that there exists a

currentless magnetohydrodynamic (MHD) equilibrium, the neoclassical transport theory

shows that net toroidal current such as the bootstrap current and the beam current can

flow[l, 2, 3, 4]. The net toroidal current affects the MHD properties because it changes

the profile of the rotational transform through the generation of the additional poloidal

magnetic field. Ichiguchi et al.[5] studied the dependence of the Mercier stability[6, 7] on

the net toroidal currents in the Large Helical Device (LHD) [8. 9]. They showed that the

stability strongly depends on the direction of the net toroidal current of which profile is

peaked at the magnetic axis. The current which flows so that the rotational transform

should be decreased has a stabilizing contribution to the Mercier mode, while the current

flowing in the opposite direction has a destabilizing contribution.

Watanabe et al.[10] calculated the three-dimensional (3D) MHD equilibrium including

the self-consistent bootstrap currents by iterating the equilibrium calculation with the

VMEC codefll] and the evaluation of the bootstrap current with the analytic expression

based on the neoclassical theory. They studied the dependence of the bootstrap current

in the LHD plasmas on the change of the geometry in the magnetic configurations under

the assumption that the collisionality of the plasma is in the 1/V regime. In this case, the

bootstrap current flows in the direction so as to increase the rotational transform, which

would be unfavorable with respect to the Mercier stability.

The analytic expression of the bootstrap current can be obtained asymptotically in each

limit of the plasma collisionality. In this case, the direction of the bootstrap current is

almost determined by the sign of the geometrical factor which reflects the geometrical

property of the particle orbit. In asymmetric configurations such as LHD, the geometrical

factor has different expression depending on the collisionality. As shown in the following

chapter, in the vacuum configuration of the LHD, the asymptotic value of the geometrical

factor in the \jv regime is positive, while that in the limit of the plateau regime is almost

negative. Therefore, if we make the plasma more collisional so that the collisionality should

approach the plateau regime, it can be expected that the direction of the bootstrap current



reverses. Thus, we consider the possibility of the reverse in the direction of the bootstrap

current by changing the collisionality of the plasma in order to obtain stable high beta

equilibria against the Mercier modes in the LHD configuration.

Watanabe et al.[14] also studied the effects of the collisionality of the plasma by incor-

porating a connection formula for the estimation of the products of the geometrical factor

and the viscosity coefficients in order to calculate the bootstrap currents in the plasma

with any collisionality from the \jv to the Pfirsch-Schliiter regimes. They showed the

reduction of the bootstrap current with enhancement of the collisionality of the plasma.

However, the current still grows in the direction so as to increase the rotational transform

as the beta value increases, because they raised the beta value by the enhancement of the

temperature. Hence, the Mercier mode would be still destabilized in their case. Here, we

consider following two equilibrium sequences, by using the method developed by Watanabe

et al. including the connection formula[14] to find stable equilibria with the bootstrap cur-

rent. One is called density sequence, where the beta value is raised by increasing density

with the temperature fixed. In this case, the plasma can be expected to become more

collisional to reverse the direction of the bootstrap current at high beta value. The other

is called temperature sequence as a reference, where the beta value is raised by increasing

temperature with the density fixed. In this case, the plasma becomes less collisional.

In Section 2, the conditions used in our calculation are presented. The behavior of

the bootstrap currents in the two sequences is also discussed based on the change in the

geometrical factors. In Section 3, the property of the MHD equilibria in the above two

sequences are shown, and the relation between the direction of the bootstrap currents and

the Mercier stability of the equilibria is discussed. Concluding remarks are given in Section

4.

2 Collisionality Effects on Bootstrap Current

We calculated the equilibria consistent with the bootstrap current by utilizing the method

developed by Watanabe et al.[10, 14]. In the present study, we assume that the plasma is

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



density, n. In this case, the asymptotic expression of the total bootstrap current, /(,, in the

limits of the 1/u, the plateau and the Pfirsch-Schluter collisionality regimes can be given

by

j^-^-, (2.1)

where P and 2?n/; denote the plasma pressure and the toroidal magnetic flux, respectively.

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 vanishes[l2j. Lj(j = 1,2) are transport

coefficients which consist of the viscosity and the friction coefficients, and depend on the

collisionality regime of the plasma. Gb, which is called geometrical factor, plays an im-

portant role in eq.(2.2), because it determines the direction of the viscosity damp of the

neoclassical flow. The bootstrap current is generated by the parallel component of the flow

to the magnetic field which is needed to construct the resultant neoclassical flow together

with the perpendicular flow. Therefore, the bootstrap current can change the direction

depending on G&.

In the configurations with topological symmetry, the geometrical factor is independent

of the collisionality of the plasma. For example, the factor for tokamaks, Gt
b

ok, is given by

J/t, where t, denotes the rotational transform and 2ir J is the total poloidal current outside

of the flux surface. On the other hand, the geometrical factor in asymmetric configuration

depends on not only the magnetic structure of the configuration but also the collisionality

of the particles, because the damping direction of the neoclassical flow changes depending

the property of the orbits of the particles. In the limit of the l/v regime, it is given by

following equations[13],

(2.4)

where the bracket means the surface average and ft is the fraction of the trapped particles

given by
3(B2) ri

= 1~ i~m~ /
4BiJ



and gi and g4 satisfy the magnetic differential equations of

B.vg )=BxVfv ( i ) 92(Bmax) = 0 (2.6)

and

B • V ( | j = B x VV • V (j-Y g4(Bmax) = 0, (2.7)

respectively. In the limit of the plateau regime, the geometrical factor, G$ is given by[14]

(2.8)

(2-9)

where

^mn = 7 ^ f27r ̂  / * dĈ 4 exp i(m^ + T»C) • (2.10)
(/TTJ^ JO JO

Here we employed the Boozer coordinates (ip, 9, C)[15], where 6 and C denote and the

poloidal and the toroidal angles, respectively, n is the unit vector along the magnetic

field, B, and 2TT/ are the total toroidal current inside the flux surface. Since the plasma

collisionality in the present study is always between the \/u and the plateau regimes, the

factor in the Pfirsch-Schliiter regime is not discussed.

In order to obtain the bootstrap current of the plasma with any collisionality between

above two limits, we utilized a connection formula given by Watanabe et al.[14] for the

products of Gb and L,. In the connection formula, the collision frequency normalized by

the bounce frequency, î », is used as the parameter of the collisionality, which is defined

by[14]

where A denotes the mean free path of the particle. Although u, depends on the species

of the particle in general, the ions and the electrons have the same value here because it

is assumed that they have the same density and temperature. The limits of z/, < < 1 and

u, » 1 correspond to the l/v and the plateau collisionality regimes, respectively. Thus,

the connection formula is derived so that the the products of Gi, and Lj in each limit should

result in those given by the asymptotic expressions. The products between the two limits

are given by the combinations of the asymptotic values of Gb and Lj in the two limits



with weights depending on v,. The exact expression of the connection formula is given in

Ref.[14].

Although Lj's also depend on the collisionality of the plasma, the variations of them

in the present study are small compared with those of Gb- Hence, we concentrate on the

behavior of Gb rather than the products of Gb and Ly Figure 1 (a) and (b) shows the

profiles of the geometrical factors normalized by Gi°k for the 1/v and the plateau regimes

in the LHD configuration, respectively. In the vacuum configuration, G$ has negative value

except the vicinity of the magnetic axis, while Gb is positive in the whole region. This

property makes us expect that the bootstrap current of the plasma in the plateau regime

has an opposite sign of that in the \jv regime. Thus, we investigate two sequences in raising

the beta value. One is the temperature sequence where the temperature is increased with

the density fixed. The other one is the density sequence where the density is increased

with the temperature fixed. Here we assume that the profiles of the temperature and the

density are fixed as

T{rl))=TQ{\-rl)), nty) = no(l - ip), (2.12)

respectively. We used n0 = 0.2 x 102Om~3 and To = 0.5keV for the temperature and the

density sequences, respectively. We also assume Bo = IT at the center of the helical coils.

The total bootstrap currents given by (2.1) in the two sequences are shown in Fig.2. The

positive value in the figure corresponds to the net toroidal current flowing in the direction so

as to increase the rotational transform. In the temperature sequence, the positive bootstrap

current is enhanced as the beta value grows. The total current is +101.5kA at 0Q — 6.4%,

where the temperature is To = 4.0A:eVr. Here 0Q is the beta value at the magnetic axis.

On the other hand, in the density sequence, the total bootstrap current is enhanced in the

positive direction up to 0o = 4%; however the absolute value is much less than that in

the temperature sequence. The current is reduced beyond 0o = 4% and becomes negative

for Po > 6%. That is, the total bootstrap current reverses the direction. The value at

0o = 6.4% is -3.8kA, where the density is n0 = 1.6 x 102Om~3.

In order to know the collisionality of the plasma, we plotted vr in Fig.3. Since z/, at

0o = 6.4% in the temperature sequence is much less than unity, the collisionality is in

the Ijv regime, and therefore, the geometrical factor given by the connection formula is

almost the same as Gb . In this sequence, the profile of Gb is insensitive to the beta



value as shown in Fig.l(a). Hence, the large positive bootstrap current flows because of

the positive Gb which has dominant influence in the evaluation of the bootstrap current.

Figure 4 shows the bootstrap current density given by eq.(2.2). The current density in the

temperature sequence is always positive because the contribution of G% is small.

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

grows and v, is larger than unity at /3o = 6.4%. Therefore, the contribution of G$ in the

geometrical factor is larger than that of G\'u. At this beta value, G% is negative in the

whole plasma region with comparable absolute value with Gl
b . Hence, the total bootstrap

current reverses the direction due to mainly the negative Gjf for 0o > 6%. However, the

effect of the change in the profile of G\ cannot be neglected. As shown in Fig.4, the

bootstrap current density reverses partially in the radial direction. There still exists a

positive current density region in the peripheral region of the plasma in this case, although

the integrated total current, //,, is negative. Figure l(a) shows the reduction of GlJu in the

central region, which almost coincides with the region with the negative current density.

As a result, the total bootstrap current in the density sequence reverses the direction due

to not only the enhancement of the contribution of the negative G^ but also the reduction

of the positive Gb in the central region.

3 Collisionality Effects on Mercier Criterion

It is known that the Mercier criterion[6, 7] strongly depends on the direction of the net

toroidal current with a current density profile peaked at the magnetic axis in LHD[5]. Here

we study the effects of the collisionality of the plasma on the Mercier criterion because

the bootstrap current in the temperature sequence flows in the direction so as to increase

the rotational transform while the current in the density sequence can flow in the opposite

direction in the LHD configuration.

We evaluate Dj which is the normalized Mercier criterion so that the shear term should

be —1/4[16]. Figure 5 shows the unstable regions against the Mercier modes. We also plot

the contours of £>/, because the absolute value of D; can be related to the global interchange

modes. The global modes can be often obtained numerically beyond Z)/ ~ 0.2[17], and



the weak interchange modes which would exist in the region 0 < D[ < 0.2 are considered

to be easily stabilized by some kinetic effects. In the temperature sequence, there exists a

large unstable region in the plasma column 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. We also see an unstable region in the density sequence. However, the largest

value of D[ is 0.38, and Di is almost less than 0.2 at the positions with t=l, 3/4, 2/3 and

1/2, where low mode-number global modes are resonant. Hence, there would not exist an

unstable global mode which leads to a catastrophic degradation of the plasma confinement,

although some fluctuations may be observed.

In order to understand above properties in the Mercier stability, we focus on the rota-

tional transform. The profile of the rotational transform changes because of two effects in

the LHD equilibria carrying the bootstrap current. One is the direct change of the poloidal

magnetic field generated by the bootstrap current. The other one is the diamagnetic effect

related to the Shafranov shift. In Fig.6, increase of the rotational transform in the vicinity

of the magnetic axis can be seen in both cases of the temperature and the density sequences

at PQ = 6.4% compared with that in the vacuum configuration. However, the mechanism of

the increase is different. In the temperature sequence, the rotational transform is increased

directly by the positive bootstrap current density shown in Fig.4. Hence, it is larger than

that in the vacuum configuration in the whole plasma region. On the other hand, in the

density sequence, the bootstrap current density is negative for tp < 0.5 while it is positive

in other region as shown in Fig.4. This property is not reflected directly in the profile of the

rotational transform, because the rotational transform at the magnetic axis is lifted up and

the one in the peripheral region is pulled down as shown in Fig.6. It can be understood

by taking account of the diamagnetic effects attributed to the Pfirsch-Schliiter current.

The Shafranov shift of the magnetic axis, which is brought by the Pfirsch-Schluter current,

is proportional to the inverse of the square of the rotational transform at the magnetic

axis in the large aspect ratio limit. The bootstrap current itself decreases the rotational

transform in the density sequence. The decrease results in the large Shafranov shift as

shown in Fig.7, where the shifts of the magnetic axis normalized by the average minor

radius are plotted. As is seen in the currentless equilibria in Ref.[5], the deformation of

the flux surfaces accompanied by the Shafranov shift brings the increase of the rotational
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transform at the magnetic axis and the decrease at the peripheral region so as to produce a

local minimum in the profile. Therefore, the large Shafranov shift in the density sequence

enhances the increase of the rotational transform at the magnetic axis which is superior

to the direct decrease due to the bootstrap current itself. In this case, the decrease of the

rotational transform at the peripheral region results in the enhancement of the magnetic

shear which has stabilizing contribution to the Mercier mode. In the temperature sequence,

the Shafranov shift is smaller than that in the density sequence because of the increase of

the rotational transform by the bootstrap current, and the magnetic shear is reduced.

The large Shafranov shift enhances the magnetic well. We plot the magnetic well depth

defined by [V'(0) - V'(i>)]/V'(0) in Fig.8, where V is the volume of the flux tube and

the prime denotes the derivative with respect to ip. The positive gradient of the profiles

corresponds to the magnetic well. In the vacuum configuration, there is no magnetic well

region. At /3b = 6.4%, the well region spreads at 0 < ijj < 0.46 and the gradient becomes

steep in the density sequence. The weak shear region located around ip ~ 0.37 seen in

Fig.6 is covered by the well region. On the contrary, the well depth is suppressed due to

the small Shafranov shift in the temperature sequence.

As a result, in the density sequence, both the enhancements of the magnetic well and the

magnetic shear stabilize the Mercier mode owing to the decrease in the rotational transform

by the bootstrap current. Furthermore, the second stability region for the Mercier criterion

appears at 0o > 5.8%. In the currentless case with the same pressure profile, the second

stability is also found, however it appears only beyond (3Q = 8%[5]. At 0Q = 6% in the

density sequence, the total bootstrap current is almost zero as shown in Fig.2. Nevertheless,

the equilibrium is already in the second stability region, while the currentless equilibrium

at the same beta has a slightly unstable region in the plasma column. This is because the

bootstrap current density locally reverses the direction near the magnetic axis although

the integrated total current in the whole plasma is almost zero. Therefore, the magnetic

well and shear are enhanced by the reduction of the rotational transform compared with

the corresponding currentless equilibrium, and stabilize the Mercier modes completely.



4 Concluding Remarks

We investigated the dependence of the Mercier stability on the collisionality of the LHD

plasma through the change in the direction of the bootstrap current. Here we noticed the

behavior of the geometrical factor, which dominates the property of the bootstrap current.

The positive value of the geometrical factor corresponds to the direction of the bootstrap

current increasing the rotational transform. In vacuum configuration of the LHD, the

geometrical factor in the limit of the \/u collisionality regime, Gb , is positive and that in

the limit of the plateau regime. Gf, is negative. We utilized a connection formula in the

expression of the bootstrap current to evaluate the current continuously between the l/v

and the plateau regimes. In this paper, we considered two cases of the temperature and

the density sequences in raising the beta value.

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 Gb . In this case, the profile of Gb hardly depends on

the beta value. Hence, we obtained a significant bootstrap current flowing in the direction

so as to increase the rotational transform. In this case, the Mercier stability is deteriolated.

On the contrary, in the density sequence, we raised the beta value by increasing the

density with the fixed temperature. Then, the plasma approaches to the plateau regime. In

the geometrical factor in the connection formula, the contribution of Gy becomes dominant.

G^ becomes more negative as beta grows. It is found that the total bootstrap current

reverses the direction and flows in the direction so as to decrease the rotational transform

at P > 6%. In this case, the current density partially reverses the direction in the central

region, while the current density increasing the rotational transform still exists in the

peripheral region. In the equilibrium, the enlarged Shafranov shift by the reduction of the

rotational transform enhances the stabilizing effects of the magnetic shear and the magnetic

well. Hence, the Mercier stability is improved, and a second stability region appears at

lower beta value than that in the currentless equilibrium sequence with the same pressure

profile. 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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In the reverse of the direction of the bootstrap current, the reduction of the positive G\/v

is seen in the central region. The region of the reduction almost coincides with the region

with the reversed current density. It implies that the change in the profile of G]jv advances

the reverse of the bootstrap current. Consequently, the plasma does not need to enter the

plateau collisionality regime completely to reverse the direction of the current. Indeed,

we found the reverse at u, less than 10 which is not very much larger than unity. It is

considered that the reduction of Gb results from the large Shafranov shift, because G\jv

is sensitive to the change in the magnetic configuration. Watanabe et al.[10] showed that

the vertical elongation of the plasma shape reduces the bootstrap current in \/v regime,

and Ichiguchi et al.[18] showed the reverse of the direction in the case of the helical axis

configuration generated by unbalancing the helical coil currents. Hence, the direction of

the bootstrap current will reverse more easily, and therefore, more stable path to a high-

beta equilibria would be found, by combining the collisionality effect with the geometrical

change in the magnetic configuration.
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Figure Captions

Fig.l Profiles of normalized geometrical factors in the limit of (a) l/u and (b) plateau

regimes in LHD with BQ = IT. Solid lines show the values in the vacuum configu-

ration. Dashed and dot-dashed lines show the values at 8Q = 6.4% for TQ = AkeV,

n0 = 0.2 x 102Om~3 in the temperature sequence and To = 0.5fceV, n = 1 . 6 x lO^m"3

in the density sequence.

Fig. 2 Total bootstrap currents versus @Q in the temperature sequence ( dashed line ) and

the density sequence ( dot-dashed line ).

Fig. 3 Profiles of normalized collision frequency. Dashed and dot-dashed lines correspond

to the cases of the same lines in Fig.l, respectively.

Fig.4 Profiles of the bootstrap current density. Dashed and dot-dashed lines correspond

to the cases of the same lines in Fig.l, respectively.

Fig. 5 Mercier unstable regions for (a) temperature sequence and (b) density sequence in

the (/3b, V7) plane. Shaded regions show unstable regions. Solid lines in these regions

are the contours of the level surface of D/ which differ by A£>/ = 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 to t = 1, 3/4, 2/3 and 1/2 from

right to left.

Fig.6 Rotational transform profiles. Solid, dashed and dot-dashed lines correspond to the

cases of the same lines in Fig.l, respectively.

Fig. 7 Shafranov shift versus (3Q in the temperature sequence ( dashed line ) and the density

sequence ( dot-dashed line ).

Fig.8 Profiles of magnetic well depth. Solid, dashed and dot-dashed lines correspond to

the cases of the same lines in Fig.l, respectively.
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