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Abstract

The Large Helical Device (LHD), which is a Heliotron/Torsatron device with two helical
coils, is designed so that the current in each helical coil can be controlled independently.
Unbalancing these currents leads to spatial axis configurations. It is reported here that
the bootstrap current is strongly affected by the imbalance of these currents. When the
ratio of the currents in the two helical coils is small enough, the bootstrap current flows in
a direction so as to decrease the rotational transform because of the enhancement of the
bumpiness component of the magnetic field as well as the spatial axis component. This

leads to improved stability.
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1 Introduction

The Large Helical Device (LHD)[1, 2], which is under construction at Toki in Japan,
is a stellarator of the Heliotron/Torsatron variety. This, 3.9 meter major radius, device
consists of two helical coils with 10 field periods, and three pairs of poloidal field coils. This
design allows many different magnetic configurations. The so-called standard configuration
is optimized from the point of view of high beta plasma. good confinement of high-energy
particles and diverter action. In this case, the magnetic axis is planar and is located at
3.75m from the major axis and the cross section, averaged in the toroidal direction, is
almost circular.

In most previous magneto-hydrodynamic (MHD) studies for Heliotron/Torsatron plas-
mas, currentless equilibria were investigated. However, it is well known from neoclassical
transport theory that, for finite beta, the bootstrap current can effect a net toroidal current
[3, 4]. Watanabe et al.[5, 6] developed a method to obtain self-consistent bootstrap currents
in Heliotron/Torsatron configurations for three-dimensional (3D) equilibria by iterating the
3D equilibrium calculation performed by the VMEC code[7] and a calculation of the net
toroidal current based on neoclassical theory. They found that substantial bootstrap cur-
rents flow in the LHD standard configuration. The direction of the bootstrap current flow
was such as to increase the rotational transform at the plasma surface.

The effect of such net toroidal currents on Mercier stability {9, 10] was studied by
Ichiguchi et al.[8]. They showed that stability depends strongly on the direction of the
net toroidal current. A current which increases the rotational transform from that of the
zero net current case, has a destabilizing contribution and vice versa. Thus, it would seem
that it is important, for LHD stability, to find a configuration in which the bootstrap
current will decrease the rotational transform from that of the zero net current case. To
do this the bootstrap current must flow in the opposite direction from which it flows in
the standard configuration. Watanabe et al.[5] found that by changing the dipole and the
quadrupole components of the magnetic field, they could only reduce the bootstrap current
but could not reverse its direction. On the other hand, Shaing et al.[11] found that the

the bootstrap current in the ATF Torsatron can reverse directions when the currents in



the helical coils are unbalanced and the plasma is in the 1/ regime. They showed that
the reversal of the bootstrap current is attributed to the spatial (non-planar) axis which is
created by the # = 1 helical field. where ¢ denotes the pole number of the helical coils.

LHD also has the ability to achieve spatial axis configurations by unbalancing the currents
flowing in the helical coils. Matsumoto et al.[12] studied such configurations but they
limited their study to the case of zero net current. They found that the dominant effect
on MHD stability was due to changes in the aspect ratio caused by the unbalanced helical
currents. In the studies presented here, we obtain substantial changes in some of the MHD
properties due to the spatial axis geometry in the presence of the bootstrap current. And,
indeed, we find that stability can be achieved by having the net bootstrap current flow in
the opposite direction of the bootstrap current of the standard configuration with balanced
helical currents.

In these studies we have calculated the 3D equilibria consistent with the bootstrap cur-
rents by applying the method developed by Watanabe et al.[5, 6]. The algorithm for
calculation of the bootstrap current use a connection formula and is good from and includ-
ing the 1/v regime to and including the Pfirsch-Schliiter regime. The plasma studied here
is mostly in the region between the plateau and the 1/v regime.

The present paper is composed as follows: In Section 2. the method of calculation and
the formula for the bootstrap currents are presented. The results of the calculation are
shown and the mechanism for the change in direction of the bootstrap current is discussed
in Section 3. In Section 4, the spatial axis effects on the MHD properties such as rotational
transform, magnetic well and Mercier criterion are calculated. Conclusions are given in

Section 3.

2 Calculation of Bootstrap Currents in LHD

To generate the vacuum spatial axis configurations for LHD, we have changed the ratio,
I/ I, of currents in the two helical coils from its standard configuration value of 1.0. For
a given ratio, I;/l,, the magnitude of the currents is adjusted so as to keep strength of

the magnetic field at the magnetic axis, By, equal to 27. In order to keep the averaged



magnetic axis at £ = 3.75m, the position in the standard configuration, we have varied
the total currents in the poloidal coils, but have kept their ratio fixed. As pointed out by
Matsurnoto et al.[12], we too found a tendency for the volume surrounded by the outermost
good flux surface to shrink when the ratio I /I, gets farther from unity. In this case, the
average radius is 0.576m for [1/fs = 100% and 0.424m for [, /[> = 20%. We also note, that
unbalancing the currents in the helical coils causes the number of field periods to change
from 10 to 5.

By applying the method of Watanabe et al.[5, 6], we have calculated finite beta equilibria
with self-consistent bootstrap currents. These finite beta calculations are fixed boundary
calculations using the boundary of the vacuum solution described above. Our procedure
is to first calculate the finite beta equilibrium by using the VMEC code[7] with the net
toroidal current, I(s), equal zero, where s is the toroidal magnetic flux normalized to unity
at the outermost magnetic surface. Then using the magnetic fields found by VMEC, we
calculate the bootstrap current, I(s). This current is then input to the VMEC code and
a new finite beta equilibrium is calculated. This procedure is iterated until convergence
is achieved. In the evaluation of the bootstrap currents, we assumed that the plasma is
composed of electrons and protons. The temperature, 7', and the density, n, of the plasma
are given by

Te=T;=T5(1-3), n.=mn;=mne(l—3s), (2.1)

where subscripts ‘e’ and ‘i’ denote the values of electrons and ions, respectively.
The asymptotic expression for the bootstrap current has the same form in ali collisionality

regimes, the 1/v, the plateau and the Pfirsch-Schliiter, and is given by

_ (Jps - B)
Ips(s) = 27r/ds<;3—2), (2.2)
where
(JBS . B) = -Gy [le—f + Lgn%} . (2.3)

Here P is the plasma pressure and L; and L, are the transport coefficients, which are
composed of the viscosity and the collision coefficients. There is no contribution to the
bootstrap current from the radial electric field because we are treating only the case where

both temperature and density of the ion and electron are equal|13].



G is called a geometrical factor, since it depends on the geometry of the magnetic
configuration. In axisymmetric configurations. such as tokamaks, G has the same form in

all collisionality regimes and is given by
G* = J(s) /e, (2.4)

where 27J(s) means the total poloidal current outside of the magnetic surface labeled
by s. On the other hand, in asymmetric configurations, such as LHD, the form of the
expressions of G depends on the collisionality regime of the plasma. These forms have
been derived only as asymptotic formulas in the three collisionality regimes, the 1/v , the
plateau and Pfirsch-Schliiter regimes. The asymptotic form for G, in the 1/v regime, is
given by following equations[13],

1 3(B% n1

G/ = 7 {(92) T1B2 )y %/\d/\} ; (2.5)

B
gr=1/1— '\B—’ (2.6)

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

given by

3By 11
fo=1- g fo G (2.7)

g and g4 satisfy the magnetic differential equations of

1
B-V (%) =BxVy-V (ﬁ) G2(Bmaz) = 0 (2.8)
and
B-V (%) =B xVi-V (l) » 94(Bmasz) =0, (2.9)
gt aq
respectively. The asymptotic form for G, in the plateau regime is given by[6]
_ NS X 1 ( 1 . ) .
G¥ = (gg)— 5 (J 4+ ) A (n-VB)m?&O%:n#O e Yl Vgo i expi(mb + nl)
(2.10)
2
Apl = 2<‘1B ) : (2.11)
T - —n-VB i(m@
V(T +¢I) <(n VB)m#O%: et (Bn v )mn expi(mf + n()>
where
1 27 29 ) P 919
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Here we employed the Boozer coordinates (s, 4, {)[14], where # and ¢ denote the poloidal
and the toroidal angles, respectively. 72 is the unit vector along the magnetic field, B, and
2r{ is the total toroidal current inside the flux surface. Since the plasma collisionality only
varies from the 1/v to the plateau regimes in the present study, the geometrical factor in
the Pfirsch-Schliiter regime is not discussed here.

In order to estimate the bootstrap current in the plasma with arbitrary coliisionality,
we employed connection formula derived by Watanabe et al.[6], with which the product
of Gy and L; (which also depends on collisionality) is interpolated from the asymptotic
expressions. The normalized collision frequency, v, determines the collisionality of the
particle and is given by

v 4  fi Am

Ve = —

wy  B3/ml—fi A

where v and w3 denote the collision frequency and the bounce frequency of the banana

(2.13)

motion of the particles, respectively. X is the mean free path of the particle and Ay is
the characteristic length of the magnetic field inhomogeneity. In the present case, the 1.’s
for electrons and ions are equal because they are assumed to have the same density and
temperature. In terms of v, the plasma is in the 1/ regime if v, << 1 and it is in the
plateau regime if v, >> 1, but less than the normalized transit frequency [6] . The product
of G and [; in arbitrary collisionality regime is given by a weighted combination of the
product in each regime with the weight determined by v..

3 Bootstrap Current in LHD with Spatial Axis Con-

figurations

In our survey the temperature and the density of the plasma at the magnetic axis are
fixed with T = 1.0keV and ng = 0.5 x 10m 2 in order to focus on the geometric effect
of the unbalancing helical coil currents. Since the strength of the magnetic field at the
magnetic axis, By = 27T, the beta value at the magnetic axis, 5y, is 1.0% for all equilibrium
studied here. The results of the procedure described in Chapter 2 are shown in Figures
1-3. Figure 1 shows the total bootstrap currents, Igs(s = 1), as a function of the ratio of
the helical coil currents. In this figure, a positive value of the current corresponds to the
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current flowing in a direction such as to increase the rotational transform. For example, in
the standard configuration ([;/I; = 100%). the bootstrap current flows in the direction such
as to increase the rotational transform. As the ratio of the helical coil currents decreases
from 100% to 50%, the bootstrap current decreases only slightly. However, decreasing
I/ I, further causes a drastic decrease in the total bootstrap current. When [, /1, = 40%,
the total current becomes almost zero and as [1//> continues to decrease the total current
increases in the direction such as to decrease the rotational transform. Figure 2 shows the
current density profiles given by expression (2.3). It is seen that the bootstrap current
reverses from the magnetic axis to the edge as the ratio /; /[> decreases.

Figure 3 shows the profiles of the geometrical factors Gi/ “ and G¥ for equilibria with
I/I, = 100, 70, 40 and 20 %. Both G,/* and G are normalized by Gi. Gi/* changes
drastically from positive to negative as the ratio of the helical coil currents decreases, while
G“b’l is fairly constant. The profiles of the current density in Fig.2 are, thus, mainly due to
the changes in G'i/ “. The transport coefficient 1, also depends on the magnetic structure,
however, L; is fairly insensitive to the ratio [, //; and we thus discuss only the dependency
of Gy rather than the product of G, and L,.

The reason G;/ ” dominates is seen in Fig.4, where we plotted the normalized collision
frequency v.. Over most of the plasma column, v, is less than unity for all values of
I/I,. Furthermore, v, decreases below unity in the vicinity of the magnetic axis as [;//»
decreases. Thus, it is clear why the contribution of G’;/ ¥ is larger than that of G¥ in the
connection formula.

Now we investigate how the change of the magnetic structure affects Go/* when 11/,
is decreased. For this purpose, we decomposed the strength of the magnetic field into the
spectrums, Br,,, as

B =" Bua(s)cos(mf + n{), (3.1

where m and n denote the poloidal and the toroidal Fourier mode numbers in the Boozer co-
ordinates, respectively. Figure 5 shows the largest six modes in the cases where 11 /s = 70%
and 20%, which correspond to positive and the negative bootstrap currents, respectively.
In the case of I /I, = T0%, the components of By and B o are dominant. These are the
basic components in the standard configuration with a planar axis in LHD, and effect the

ellipticity of the flux surface and the toroidicity of the system. In the case I/, = 20%,



By 5 and By s dominate the spectrum. B, s is related to the creation of the spatial axis and
Bys is related to the bumpiness of the magnetic field. In order to illustrate that B; s and
By,s are the dominant harmonics in the magnetic spectrum determining Gzl,/ Y we plot in
Fig.6, profiles of G;’, ¥, omitting no modes, omitting the contribution of Bpg, omitting the
contribution of B s, and omitting the contribution of both Bys and By 5. When we omit
both components, the profile of Gi/ “ becomes positive and the absolute value is comparable
with the one including the all modes. As is shown in the case where B, 5 or By 5 is omitted,
it is impossible to make the sign of GEI,/ ¥ negative with only one mode of them. Therefore,
not only the spatial axis component but also the bumpiness component in the magnetic
field contribute to the change of the direction of the bootstrap current.

Next we discuss the reason for the decrease of v, In the vicinity of the magnetic axis seen
in Fig.4. This decrease is due to the increase in the bumpiness of the magnetic field. Since
B0 approaches zero as s — 0, only the components of By, survive near the magnetic
axis in the denominator of Ay given by equation (2.13). For [,/I; = T0%, the components
with m = 0 are small, e.g., Bys is only 3% of Bg. However, when [/l = 20%, Bys is
about 15% of By and therefore, Ay for this case is smaller than in the case I; /I, = 70%.
The reduction of Ay by By, implies the enhancement of wp due to the magnetic mirror
generated by the bumpiness. The bumpiness of the field also causes the fraction of trapped
particles, f;, to increase and as seen from equation (2.13) this leads to an increase in v, .

However, the reduction of Ay is more important and v, decreases.

4 MHD Properties in Spatial Axis Equilibria with

Bootstrap Currents

Here we consider how the MHD properties, such as rotational transform, magnetic well,
and Mercier stability change when the equilibrium developes a spatial axis in the presence
of bootstrap current. In contrast to the studies of Matsumoto et 2l.[12] on currentless
spatial axis effects, we find that when the bootstrap current effect is also included, some
of the MHD properties change substantially.

The rotational transform -of the equilibria used in this study are presented in Fig.7.



There are three effects that contribute to the change in the rotational transform for these
equilibria. The first is the modification of the vacuum field due to the unbalanced helical
currents. This is illustrated in Fig.7 (a). The radial coordinate in these plots, as well as
the following plots, is the average radius. We use the average radius since, as mentioned in
Chapter 2, the plasma column shrinks as [/, decreases. Thus, using the average radius
compares quantities at roughly the same spatial location. We observe a general increase
in the rotational transform as I,/ decreases. This increase is due to the increase in the
torsion of the magnetic axis[15].

When finite beta is added to the equilibria. two other effects contribute to the changing
rotational transform profile. One is the modification of the poloidal flux caused by the
bootstrap currents. The other is due to the Shafranov shift[16] caused by the finite beta.
These effects are shown in Fig.7 (b). The former effect influences the latter because the
reduction of the rotational transform by the net toroidal current enhances the Shafranov
shift(8). Thus, it is observed that there is a major modification of the transform at I; /Iy =
20% attributed to the latter effect. In this case, the profile changes so as to have a minimum
value in the plasma column, and large shear is introduced in the peripheral region. This
enhanced shear has a significantly effect on Mercier stability, which we discussed below.

Configurations with small ratios of [;/I; also enhance the magnetic well as shown in
Fig.8. Here the magnetic well depth defined by (V'(0} — V'(s)}/V"(0) is plotted, where V
is the volume of the fiux tube and the prime means the derivative with respect to 5. A
positive gradient of the well depth corresponds to a magnetic well (V" < 0). When the
bootstrap current flows in the direction to decrease the rotational transform (f1 /7> < 40%),
the region of the magnetic well is extended and is deepened. A deep magnetic well region
covers almost half region of the plasma column in the case [ /I> = 20%. (The outer half
has an unfavorable hill, but this is also reduced from the case I;/I» = 100%.) Such a
magnetic well is favorable for stability against the interchange mode. In order to show
that the appearance of this well is due to the bootstrap current, we have rerun these cases
under the zero net current constraint. The results for these currentless equilibria show that
there is little difference in the well depth structure among them. The equilibria carrying
the bootstrap current have larger well depth than the currentless value for I/l = 20%

and 40% and smaller one for [;/f; = 70% and 100%. This confirms the conjecture that



the improved well depth obtained here is due to the bootstrap current, while Matsumoto
et al.[12] have found the improvement attributed to the shrinkage of the plasma column in
the currentless case with 5 = 10%.

Shown in Fig.9 is the Mercier criterion. Here Dy, is normalized so that the shear term
in the criterion is 1/4[8] and D; > 0 implies instability. It is seen that equilibria with
I /I, £ 40% are completely stable against the interchange mode. This result is due to the
stabilizing effect of the increased magnetic shear and the deep magnetic well brought about,
by the bootstrap current flowing in a direction that decreases the rotational transform.
Again, to verify that the effect is due to the bootstrap current, we have repeated these

runs for currentless equilibria and have found them to be Mercier unstable.

5 Conclusion

We have studied bootstrap current in LHD configurations with unbalanced currents
flowing in the helical coils. We calculated the self-consistent bootstrap currents with 3D
equilibria, with 7, = n; = 0.3 x 10®(1 —s)(m™®) and 7, = T; = 1.0 x (1 — s)(keV). A
connection formula for the products of the geometrical factor and the transport coefficient
is employed in order to evaluate the bootstrap current for the collisionality determined by
the given parameters. In the standard configuration, the bootstrap current flows in the
direction such as to increase the rotational transform. As /I, decreases, the bootstrap
current decreases and after that, reverses direction. It is shown that this change of the
bootstrap current is dominantly determined by the behavior of G;/ ¥. This can be under-
stood from the fact that G;/ * has dominant contribution in the connection formula because
v, In the plasma used here is less than unity.

It is found that the enhancement of the £ = 1 component, B;s, and the bumpiness
component of the magnetic field, Bys, are essential to insure that G;/ “ has a negative
value. This leads to the reversal in the bootstrap current. The importance of the B 5
was suggested by Shaing et al.[11]. Here we find that the By 5 component also is major
conftributor to the change of G;/ Y. Furthermore, bumpiness of the magnetic field increases

the bounce frequency of the banana motion. This results in the reduction of v, and this
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leads to a large contribution of G}’” in the connection formula. In the helias configurations.
the bumpiness of the magnetic field has also been recognized as one of the important
parameters in the optimization with respect to the bootstrap current[17].

The bootstrap currents strongly affect the MHD properties. When [/l < 40% so that
the bootstrap current flows in the direction such as to decrease the rotational transform, we
observe the increase in the shear and magnetic well depth. Therefore. the Mercier mode can
be stabilized by unbalancing the helical coil currents through the effects of the bootstrap
current. These properties are quite different from those in the currentless equilibria studied
by Matsumoto et al.[12}, in which case the dominant effects on the MHD properties are

the change of the aspect ratio and rather than spatial axis effects.
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Figure Captions

Fig.1 Total net toroidal currents versus I;/I,. Positive values correspond to the direction
of increasing rotational transform and negative values correspond to the direction of

decreasing rotational transform.

Fig.2 Profiles of the toroidal current density, (J-B)/{B?) in arbitrary unit for I;/I =100,
70, 40 and 20%.

Fig.3 Profiles of geometrical factors in (a) 1/v regime and (b) plateau regime for I, /I, =100,
70, 40 and 20%.

Fig.4 Profiles of the effective collision frequency for I, /I, =100, 70, 40, 20%.

Fig.5 Spectrum of the magnetic field for (a) I /L=70% and (a) I;/1,=20% in the Boozer
coordinates. Each mode is normalized by Bog(s = 0}. {Boo(s) — Boe(s = 0}]/Boo(s =
0} is plotted for (m,n) = (0,0).

Fig.6 Profiles of geometrical factor in 1/v regime for [,/I; =20%, omitting no modes
(solid line}, omitting only the Bys component {dashed line), omitting only the B; ¢

component {dot-dashed line) and omitting both the Bys and the B; 5 components

(two-dot-dashed line).

Fig.7 Rotational transform profiles at Gy = (a) 0% and (b) 1% for I; /1> =100, 70, 40 and
20%.

Fig.8 Magnetic well depth at G, = 1% for I, /I; =100, 70, 40 and 20%.

Fig.9 Mercier criterion Dy at o = 1% for I/, =100, 70, 40 and 20%.
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