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Abstract

Configuration studies are performed on the plasmas of The Large
Helical Device (LHD), the construction of which is almost completed
at the National Institute for Fusion Science. The LHD has flexibil-
ity as an experimental device and can have various configurations by
changing the poloidal magnetic fields, the pitch of the helical coils
(pitch parameter), and the ratio of currents flowing in the two helical
coils. Characteristics of the plasma are investigated for the standard
configuration, the change in the pitch parameter, and the helical axis
configuration.
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1. Introduction

Helical systems or stellarators are of great advantage to a steady state op-
eration without power for current drive, because they can be operated in the
currentless mode. Another advantage is that the helical systems are free from
plasma. disruptions which are serious in tokamaks. The success in realizing
currentless plasmas in W7-A[1] and Heliotron-E[2] has demonstrated that
the helical systems are promising fusion devices comparable to tokamaks.
Heliotron-E is 2 planar axis helical system with L = 2 and M = 19, where L
and M are poloidal and toroidal helical polarities. It has a large aspect ratio,
A= R/a, ~ 11 (R is the major radius and 4, is the average plasma radius)
and the large magnetic shear. Subsequently to the successful experimental
results on Heliotron-E [2], ATF was designed to increase the beta limit by
lowering the aspect ratio (A ~ 7)[3]. To improve further the MHD stabil-
ity, three pairs of axisymmetric poloidal coils are equipped in ATF, which
can control the rotational transform and the magnetic well region[4]. CHS
has been designed to investigate currentless plasmas in a compact heliotron
with the aspect ratio (A ~ 5)[5]. Recently, the average beta value of 2.1%
was achieved in CHS, which is the world record in helical systems[6]. Based
on the fruitful results from Heliotron-E, ATF, and CHS, a large heliotron-
type device called the Large Helical Device (LHD) was designed {7] and the
construction has been started in 1989 at The National Institute for Fusion
Science (NIFS).

The purpose of The Large Helical Device (LHD), which is a helical system
of the heliotron configuration, is to perform physics experiments extrapolat-
able to fusion conditions by producing a currentless plasma with a divertor
configuration. The LHD aims at achieving long pulse or steady state opera-
tions with superconducting magnetic coils. Experimental and theoretical un-
derstanding of confinement physics common to toroidal plasmas such as in he-
lical systems and tokamaks is also a purpose. The basic machine parameters
for LHD are as follows [7] : poloidal and toroidal helical polarities are L = 2
and M = 10, respectively, the major radius is iy = 3.9m, the maximum
magnetic field is By = 37. The LHD coil system consists of two helical coils
and three pairs of axisymmetric poloidal coils. All the coils are super conduc-
tors. The two helical coils are wound on the surface of the torus, the poloidal
cross section of which is a cirele around the point (Ry = 3.9m, Z; = 0).
The winding law of the helical coils is @ = M¢/L + asin{M¢/L) with the



pitch modulation & = 0.1, where & and ¢ are the poloidal and toroidal angle,
respectively.

MHD equilibrium and stability, particle orbits, ripple diffusion, bootstrap
current, and many other physics processes depend strongly on the magnetic
field structure or configuration. Generally, helical systems are flexible as
an experimental device in a sense that they can be externally controlled
to make various configurations. Theoretical studies of physics phenomena
on the configuration are extensively reviewed on the helical systems with a
planar circular axis[8]. The LHD has remarkable freedoms or flexibility as
an experimental device. Omne of them is that the two helical coils have a
multi-layer structure for flowing coil currents. The current can be flowed
independently in each current layer. The coil radius a. is defined as the mi-
nor radius length from the coil center (By = 3.9m, Z; = 0) to the center of
the currents flowing in the helical coil. The pitch of the helical coils (pitch
parameter) is given by 4. = Ma./(LRy). It has shown that this parameter
should be 7. =~ 1.2 ~ 1.5 to obtain a substantial plasma volume[9]. Each
helical coil has three current layers and the coil radius a. can be changed
by the combination of three layers in which a current is flowed. The pitch
parameter is 7y, = 1.25 for full operation (currents are flowed in all layers).
The changeable a. or v, is one of experimental freedoms, because the pitch
parameter 7, affects the formation of magnetic well/hill and shear and thus
MHD properties. The coil current in one helical coil (say, I51) and the current
in another helical coil (say, I5z) are the same (I = Iy3) under the normal
operation. However, the two helical coils are independent and not linked. It
is possible to change the ratio of Ij1 /s (In # It2) to produce Fourier com-
ponents of the magnetic field strength with [ = 1 and m = 5. Three pairs
of axisymmetric poloidal coils are equipped in the LID coil system. The
poloidal fields can control the plasma position by changing the dipole com-
ponent, the ellipiticity of the plasma cross section by changing the quadruple
component, and the flux swing or flux leakage.

We can thus obtain various configurations for the LHD changing the
poloidal fields, the ratio 51/, and the pitch parameter ~, of the two he-
lical coils. The configuration with B = 3T, Yo = 1.25, and Jj; = Ipo is
optimized by changing poloidal fields so as to satisfy three physics condi-
tions; (a) achievement of high plasma beta value of 5%, (b) good confinement
of energetic particles, and (c) effective built-in divertor configuration. This
configuration is called the “standard configuration”. Controlling the poloidal
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fields, we can realize the standard configuration, in which the plasma posi-
tion is inwardly shifted by 0.15m in vacuum from the coil center (R = 3.9m,
Z = 0) and the plasma cross-sections are nearly circular if toroidally aver-
aged. Experiments on LHD will be carried out changing the configuration in
the parameter space around the standard configuration. However, the con-
figuration has not been optimized taking into account minimization of the
bootstrap current. In planar axis helical systems, it is difficult to obtain a
configuration satisfying simultaneously the high plasma beta, good particle
orbits (or reduced ripple diffusion), and the minimum bootstrap current.

In section 2, we consider the control and optimization of poloidal fields
to obtain the standard configuration. We investigate MHD properties (sta-
bilities against the Mercier or interchange mode, kink mode, and ballooning
mode), particle orbit, ripple diffusion, and bootstrap current. In section 3, we
examine the effect of change in the pitch parameter 7. on the MHD charac-
teristics. In section 4, the configuration with unbalanced helical coil currents
(In1 # Inz) is considered with emphasis on the change in bootstrap currents.
Summary is given in section 3.

2. Control of Poleidal Fields and the Standard Configuration
2.1 Optimization

The LHD has three pairs of axisymmetric poloidal coils. Adjusting a cur-
rent in each poloidal coil, we can change the dipole and quadruple compo-
nents denoted here by B, and B,. respectively, to control the plasma position
and the ellipticity of plasma cross-sections. This flexibility was claimed as
one of the main advantages of ATF{4] and employed in LHD.

In LHD, the magnetic axis of the vacuum field can be shifted by 0.3m from
the coil center {Ry = 3.9m, Zy = 0) by controlling the dipole field B,. As the
plasma is shifted inward, the magnetic well area becomes small to worsen
the stability of Mercier mode or interchange mode. On the other hand, the
orbit confinement of a single particle is remarkably improved as the plasma
is shifted inward, and hence the ripple diffusion is significantly reduced. A
compromise should be reached between the two. The criteria for the compro-
mise are ; (a) to obtain a high beta plasma with < 3 >=~ 5%, (b) to obtain a
good confinement of energetic particles with no loss cone in the region within
one-third of the plasma minor radius. and (c) to obtain a natural build-in
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divertor configuration in which there is enough clearance between the plasma
boundary and the first wall. (In CHS, the plasma touches the first wall if it
is shifted inward.) The ellipticity can be added to the plasma cross-section
by controlling B, to elongate the plasma cross-section in the horizontal or
vertical direction. This shaping of the plasma cross-section ( B;—control) af-
fects the confinement of energetic particles and MHD stabilities, although it
is less effective than the plasma positioning (B,—control). The remarkable
effect of plasma shaping is to alter the magnitude of the bootstrap current
significantly. However, it should be noted that the dependencies of the ripple
diffusion (or particle orbit) and the bootstrap current on the configuration
are different and that the compromise between the two is difficult in planar
axis helical systems.

For the currentless plasma, the most important MHD modes are pressure-
driven modes. The Mercier criterion has been investigated in Ref. [10] for
the LHD plasma changing the plasma position and the plasma beta value.
The VMEC code [11] was used to calculate LHD equilibria with the peaked
pressure profile of P = Py(1 —®,)2, where ®,, is the normalized toroidal flux.
Fiure 1 shows the stability diagram of Mercier criterion and the equilibrium
beta limit. The Mercier criterion Dy given by Glasser, Green, and John-
son[12] is calculated and contours of D; = — Dy /(¢')? are plotted in Fig.1,
where ¢’ is the derivative of the rotational transform ¢. By A,, we denote the
shift of the magnetic axis in the vacuum fileld from the position Ry = 3.9m
(A, = 0 corresponds to By = 3.9m). The solid line marked by Dy =0
is the Mercier criterion and the dotted lines are contours of level surfaces
with increment of AD; = 0.1. The plasma is slightly Mercier unstable for
A, = —0.15m. Numerical studies for stability of low—n ideal interchange
modes with the KSTEP code based on the stellarator expansion [13] and
the fully three dimensional TERPSICHORE code [14] have shown that the
low—n modes may be marginally unstable with very small growth rate near
the Mercier boundary. However, such marginally unstable modes can easily
be stabilized by some kinetic effects such as the finite Larmor effect. Thus
the plasma with A, = —0.15m can be actually stable against the low—n ideal
interchange modes. If the magnetic axis is shifted in the outward direction
of the major radius, the plasma becomes more stable against the interchange
modes and completely stable if A,> —0.1m. On the other hand, the plasma
becomes unstable with inward shift. If A, = —0.2m, some low—n inter-
change modes are unstable. However, the second stability regime persists in
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the region above 3y ~ 6%, where ) is the plasma beta value at the plasma
center. It is estimated that the hatched region in Fig.1 is unstable against
low-n ideal interchange modes. It is noted that access to the second stability
regime has been achieved in ATF[15]. The equilibrium beta limit gradually
increases with the inward shift of the plasma position. However, the variation
of the equilibrium beta limit with the inward shift is small and the calcu-
lation results show that the average equilibrium beta limit is larger than or
equal to 5%. In the case of a peaked pressure profile like P = Fp(1 — &,)%,
the Shafranov shift is large as the beta increases extending the magnetic well
region to stabilize the interchange mode. However, if the pressure profile
is broad, Mercier or interchange modes are unstable over the wide range of
A, and there is no second stable region, although the equilibrium beta limit
increases. This fact is attributed to the small Shafranov shift.

Topologies of a single particle orbit in LHD are divided into circulat-
ing particles, toroidally trapped particles, helically trapped particles, and
transition particles. Circulating particles are well confined. However, the
confinement of helically trapped particles and transition particles becomes
worse as the plasma beta increases, since the spectrum of the magnetic field
strength becomes more complicated with increasing beta. The confinement
of energetic particles has been extensively calculated and it is found that the
confinement is improved with inward shift of the plasma position both in
vacuum field and finite beta equilibrium. Figure 2 illustrates some typical
examples of particle orbits in the LHD plasma with vanishing beta value.
The particle orbits are drawn in the Boozer coordinates{16]. The torus cen-
ter is on the left hand side. Trajetories of deeply irapped particles are drawn
in Fig.2-(a) (mod B, contours) and transition particle orbits are shown
in Fig.2-(b). The two figures on the right hand side are for the case of
A, = —0.15m and the two on the right hand side are the inward shifted
case (A, = —0.25m). It is obvious that the confinement of a single particle
is significantly improved with inward shift of the plasma. Ripple diffusions
have been investigated using the DKES code [17] in the vacuwn field cese
[18] and in the finite beta case [19]. It is shown that the ripple diffusion is
greatly improved for the inward shift.

2.2 Standard configuration

The configuration which satisfies the three conditions ; (a) the plasma
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beta limit of 5%, (b} no loss cone inside @,/3 in the vacuum field (@, is the
average radius of the last closed magnetic surface and @, = 0.55 ~ 0.65m
in the vacuum field), and (c) possible divertor configuration, can be realized
when B = 3T, 7. = 1.25, A, = —15cm, and the toroidally averaged plasma.
cross-section is nearly circular. This configuration is called the “standard
configuration”. Tt should be noted that the standard configuration has not
been optimized taking into account the bootstrap current. In a planar axis
helical system, it is difficult to obtain an optimized configuration which simul-
taneously satisfies high 8, good particle orbits {or reduced ripple diffusion),
and the minimum bootstrap current. It is noted that, as mentioned in 2.1, it
is necessary to realize a peaked pressure profile to obtain a high beta plasma.

2.3 Effect of net toroidal curent on the Mercier criterion

‘The bootstrap current and the current induced by the neutral beam injec-
tion (NBI) may flow in the plasma. The magnitude of beam driven current
by NBI (Ohkawa current) has been estimated for the LHD plasma by Naka-
jima and Okamoto[20]. The bootstrap current in LHD will be discussed in
the following section 2.4. Here, we investigate the effect of the net toroidal
current on the Mercier criterion {10]. The profile of the net toroidal current
density is assumed to be J = Jy(1 — ®,)%. We consider two cases for the
total net toroidal current I : I = —50kA (subtractive case) and 7 = +50kA
(additive case), and compare them with the currentless case in the standard
configuration. The net toroidal current changes the poloidal magnetic field
which leads to the deformation of the profile of the rotational transform. The
subtractive case decreases the rotational transform and the additive case in-
creases the rotational transform. The enhancement of the magnetic shear
with increasing beta, which is favorable for the Mercier stability, is seen in
the peripheral region in the subtractive case. The reduction in ¢(0) in the
subtractive case enhances the Shafranov shift with increasing beta value,
while the shift in the additive case is smaller than that in the currentless
case due to the enhancement of ¢(0). The large shift of the magnetic axis
in the subtractive case extends the region of the magnetic well. Thus, in
the subtractive case, the self-stabilizing effects in the magnetic shear and the
magnetic well is increased by the reduction of ¢(0). making a stabilizing con-
tribution to the Mercier criterion. In the standard configuration, the unstable



region is eliminated completely by the -50A net current. On the other hand.
the additive current degrades the stability. Thus it is obvious that the net
current affects significantly the plasma confinement in heliotron/torsatrons
with magnetic shears.

2.4 Current-driven mode

The stability against the ideal current driven mode at 3 =~ 0% are stud-
ied in the standard configuration. Calculations are carried out with the
RESORM code {21] for fixed boundary equilibria. In the above range of the
current (-50kA < J < +30A), any unstable current driven mode can not
be found. As the additive current increases, the rotational transform at the
magnetic axis becomes large. The internal kink mode with m = 1 is stable up
to I = 300kA. although there exists ¢ = 1 rational surface in the peripheral
region. When the additive current reaches / = 300kA, ¢(0) exceeds unity
and there are two rational surfaces with ¢« = 1. In this case, it is found that
m = 1 internal kink mode becomes unstable. because the region inside the
inner rational surface with ¢ = 1 has the free energy source to drive the insta-
bility. The internal kink modes with m > 2 are also unstable for / = 300kA.
The growth rates decrease with increasing m and the modes with m > 6 are
stable. However, LHD has been designed so that I = 300kA is the maximum
permissible current which the first wall withstands if a current disruption
would occur.

2.5 Bootstrap current

The bootstrap current, resulting from the balance between viscosity force
and friction force, depends strongly on the magnetic configuration in helical
systems. In contrast to the axisymmetric tokamak. in the non-axisymmetric
system, the direction of the flow to be damped by the parallel viscosities de-
pends on the collisionality regime of the particle species {22]. This comes from
the lack of symmetry. The parallel viscosities have the following expressions:

(B - V- Hal) _ |: Hal  Ha2 :I [ (ﬁal ) vg;) jl
A e e (1)
[ — (B - V- ea1> He2  Ha3 5P, (qal ) vga)




where fi,;(j = 1 ~ 3) are the viscosity coefficients for a-species particles and
g; is the newly introduced generalized angle on flux surfaces, which deter-
mines the direction of the flow to be damped. By using the Boozer coordinate
system (0,6, () with 1y = ®/2x (® the toroidal flux), § the poloidal angle,
and ¢ the toroidal angle, §* is expressed in terms of the linear combination
of the poloidal angle # and toroidal angle (:

bz = (I +{GBs)a)b + (J — e{GBs)a)C (2)

where (Gpg)q Is the geometric factor, which is firstly introduced in the /v
collisionality regime by Shaing [23}, and 7(J) is the toroidal (poloidal) current
inside (outside) of a flux surface. The geometric factor (Ggs) in the 1 Jv
regime depends strongly on the magnetic field structur in contrast to the
axisymmetric tokamak. The viscosity in the plateau regime was calculated
by Coronado and Wobig [24], the dependence of which on the field geometry is
weak (or {Gps) in the plateau regime is small). The bootstrap current in the
plateau regime, which was obtained by Shaing et al. [25], can be generated
in the opposite direction decreasing the rotational transform. The bootstrap
current in the Pfirsch-Schliiter regime is very small. Thus the geometric
factor (G'ps), depends on the collisionality regime of a-species particles.
The possibility to reduce the bootstrap current in a heliotron with [ = 2
was numerically investigated by controlling axisymmetric poloidal fields [26].
It was shown that the main factor to reduce the bootstrap current is the
quadrupole component of the poloidal field. The bootstrap current in the 1 /v
regime reduces significantly with increasing the ellipticity of the plasma cross
section. The bootstrap current control was theoretically studied by Shaing et
al.[27], in which the bootstrap current in the collisionless regime (1/v regime)
can be changed by controlling the external poloidal fields. Plasma currents
observed during electron cyclotron heating in ATF have been identified as
bootstrap currents [28]. The currents reduced with increasing ellipticity are
compared with a theory. However, collisionality regimes of electrons and ions
remain uncertain in this experiment and what theory was used for compar-
ison is not written. In Ref.[27], it is claimed that the bootstrap current can
be eleminated by an appropriate external coil system. However, it should
be noted that, in the configuration with a large ellipticity (the plasma cross
sections is vertically elongated when toroidally averaged), the confinement
of energetic particles deteriorates and the plasma is unstable against inter-



change modes. As mensioned in section 2.2, it is difficult to optimize the
helical system with a planar magnetic axis taking into account the MHD
stability, particle orbit, and bootstrap current simultaneously.

The bootstrap current in Ref. [26] was calculated in the vacuum magnetic
field. However, the bootstrap current changes the equilibrium and the equili-
bia (or configuration) alters the bootstrap current. Therefore, the bootstrap
current and the equilibrium must be obtained consistently. Equilibrium in-
cluding the bootstrap currents are calculated iteratively using the VMEC
code for the LHD plasma assuming that electrons and ions belong to the
same collisionality regime [29]. It has been shown in Ref.[29] that the mag-
nitude of the bootstrap current is sensitive to the Shafranov shift in LHD.
Effects of the vertical field, quadrupole field, and the pressure profile on the
bootstrap current are also investigated in this paper. However. for the MHD
equilibrium with the self-consistent bootstrap current, it's dependence on B,
is weaker than that estimated from the currentless equilibrium. Actually,
the bootstrap current can be reduced by 5,—control by approximately fac-
tor three. (It is not mentioned in Ref.[27] whether or not the equilibria with
a current and the bootstrap current were solved iteratively.)

Another important characteristics of the bootstrap current in non-axisymmetric
systems which Egs. (1) and (2) imply is that the geometric factor has differ-
ent form according to the collisionality regime which reflects different charac-
teristics of particle orbits in different collisionalities. If electrons and ions are
in different collisionalities, geometric factors are different: {Gps)e # (Gps):-
It is noted that the geometric factor is independent of collisionality in ax-
isymmetric tokamaks.

Here we consider the simple electron-ion plasma. The bootstrap current
is given by [22]

do

dl
dP, dp,

+ Ly (GBs)e » + (Gpsh— 0

s

di

. p. AL
— {Gps)iLl} 34”2‘@ (3)
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Here, L;; are transport coefficients and other notations are standard. The
first term on the right hand side of this equation shows clearly that there ex-
ists a new current directly proportional to the radial electric field (—dg/di) if
{GBs)e # (Gps)i- Thus, when electrons and ions are in different collisionality
regimes ({Gps)e # (Gps)i), the bootstrap current proportional to the radial
electric field, which does not exist in axisymmetric tokamaks, exists {22, 30].
This comes from the fact that the direction of the flow damped by the parailel
viscosities is dependent on the collisionality regime in the non-axisymmetric
toroidal systems due to the lack of symmetry. The term proportional to
the radial electric field vanishes if the three conditions of charge neutrality,
momentum conservation during the collision, and axisymmetry hold.

The comnection formula between each collisionality limit is constructed
and the bootstrap current in LHD is estimated by solving the connection
formula and the VMEC equilibrium code iteratively [31]. T, = T,({Ggs)e =
{Ggs)i), the bootstrap current amounts to 50 to 150 kA according to the
plasma parameters in LHD. For the plasma with T, > 7., where electrons
and lons are supposed to be in the 1/v and plateau coilisionality regime,
respectively, the bootstrap cusrent is significantly reduced with increasing
radial electric field. If the radial electric field is large enough , the bootstrap
current becomes even negative (flowing in the opposite direction reducing the
rotational transform). This can be seen in Fig.3. Based on Ref.[22}, poloidal
and toroidal plasma rotations in non-axisymmetric devices are formulated
[32]. The present neoclassical theory for non-axisymmetric devices has been
extended to the case including momentum input source due to NBI and
others [33].

2.6 Ballooning mode

The ballooning mode, which is another crucial pressure-driven mode, was
considered to be stable in heliotron/torsatrons because the magnetic shear
is positive, as speculated by Shafranov [34]. Cooper et al. {35] found nu-
merically unstable high—n ballooning modes in the positive # (1) region in
the three dimensional equilibrium, where ¢ and v/ denote the rotationa) trans-
form and the toroidal magnetic flux. However, it is revealed by Nakajima [36,
37] that, in a currentless equilibrium with a large Shafranov shift as in he-
liotron/torsatrons, the high—n ballooning mode can be unstable even in the
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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, @, in heliotron/torsatrons, the eigenvalue w?® also depends on a. In
the Mercier stable region, where the pressure profile is peaked as mentioned
in the section 2.1, the level surfaces of w?® of unstable modes, which depend
strongly on ¢, form a spheroid in the (¥, b, ) space, where 1 and 0 are
the label of the flux surface and the radial wave number, while they form a
cylinder in axisymmetric tokamaks. Such high—n modes can not be related
to low—n modes in this case. As mentioned in section 2.1, the Mercier modes
are stable for the peaked pressure profile. Accordingly, the low—n ballooning
modes are expected to be stable for the peaked pressure profile.

3. Control of pitch parameter

The cross sections of the helical coils of LHD are devided into three layers
in which the coil current flows. The structure consists of the inner layer (I),
the middle layer (M), and the outer layer (O). If the current is flowed only
in the Ilayer, the pitch parameter is 7. = 1.12 and the magnetic field is
B = 1T. If only the O-layer is used to flow the current, v, = 1.38 and
B = 17. Full operation (currents are flowed in all the layers) can generate
B = 3T and ~, = 1.25. Thus, 7, can be changed from 1.12 to 1.38.

Vacuum magnetic field, finite  equilibria. magnetic well/hill, rotational
transform. Mercier criterion. and the confinement of deeply trapped parti-
cles {mod By, contours) have been investigated [38]. As 7y, increases, the
magnetic well region extends and the rotational transform decreases. In the
case of I-layer, there is no well region and the plasma is unstable against
the Mercier mode, although the equilibrium average beta limit exceeds 10%.
On the other hand, in the case of O-layer, the well region (wider than in
the standard configuration), the centeral rotational transform is small, thus
Shafranov shift becomes large as 3 increases. This configuration (7. = 1.38
and B = 17" is completely stable against the Mercier mode up to the equi-
librium beta limit of 4%.

4. Helical axis configuration
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The LHD has two helical coils which are independent and not linked.
‘The current in one helical coil (I;) and the current in another helical coil
(In2) are the same (I; = Ijy) under the normal condition. However, it is
possible to change the ratio Ry = Iy /Ina since the current in each helical
coil can be controlled independently. A spatial axis configuration or helical
axis configuration can be created by unbalancing the coil currents (Rr #
100%), since the unbalanced currents produce [ = 1 Fourier component in
the magnetic field strength.

We start from the LHD standard configuration and decrease the current
In1 keeping Ip, constant. The ratios of currents in the poloidal field coils
are fixed. However, the magnitude of the poloidal coil currents are adjusted
so that the toroidally averaged magnetic axis should remain at the same
position as the standard vacuum field (R = 3.75m, or A, = —15cm). The
ratio Ry is scanned from 100% to 20%.

The helical excursion of the magnetic axis increases with R; decreases,
whereas the average plasma radius decreases with decreasing R;. In the case
of vacuum field, the average plasma radius is around 0.4m and the helical
axis escursion is around 0.3m for B; = 20%. The rotational transform in
vacuum increases and the magnetic well region extends as R; decreases.

The remarkable effect of the unbalanced coil currents (Rr # 100%) is
to reduce the bootstrap current. This possibility was first pointed out in
Ref. [27]. Figure 4 shows the integrated bootstrap currents. The ratio By is
changed as a parameter. [gs is given by

o, .

Ins(@) = 0(a,) [ a2, 25 B} @
where @ is the toroidal flux and @,, is the normalized toroidal flux 0, <
1} and (-} denotes the flux surface average. The reduction of the bootstrap
current is small in the range from R; = 100% to R; = 50%. However, the
bootstrap current decreases rapidly if R; becomes smaller than 50% and it
vanishes for Ry ~ 40%. If R; becomes smaller than 40%, the bootstrap
current flows in the reversed direction decreasing the rotational transform.
In this case of reversed flow, the Mercier stability improves as mentioned in
section 2.3. The drastic change in the bootstrap current is attributed to the
fact that the geometric factor in the low collisionality regime (1/v regime)
depends significantly on the change in the magnetic configuration due to the
helical axis excursion, while the geometrical factor does not change so much
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in the plateau regime. The Fourier analysis of the magnetic field strength
shows that the bumpiness component as well as the [ = 1 comoponent is
needed to make such a significant change in the bootstrap current that the
direction is reversed.

5. Summary

The Large Helical Divice (LHD) is a flexible apparatus for physics exper-
iments. It has freedoms changing the axisymmetric poloidal fields, the pitch
of the helical coils, and coil currents in the two helical coils. For the normal
operation (B = 3T, v, = 1.25, and Iy = Ip2), the configuration has been op-
timized by controlling the poloidal field to obtain the standard configuration.
Physics characteristics have been studied for the standard configuration. One
conclusion is that the peaked pressure profile is preferable to the MHD sta-
bilities of Mercier or interchange mode and ballooning mode. Minimizing the
bootstrap current has not been included in the optimization. It is not easy
to reduce the bootstrap current in the planar axis helical system. However,
it has been shown that there is a possibility to reduce or even reverse the
current if electrons and ions are in different collisionality regimes,

The change in the pitch parameter of the two helical coils can alter the
rotational transform, magnetic well region, the plasma radius, and thus the
MHD properties. Helical axis configuration can be obtained if the currents in
the two helical coils are unbalanced. It is possible that the helical excursion
becomes comparable to the plasma radius and the bootstrap current can be
drastically decreased until its direction is reversed.

The present paper has been focused on the configuration studies on LHD.
One of most important issues for LHD is to create various divertor config-
urations to obtain the steady state plasma. The helical divertor (39}, the
helical island divertor [40], and the high temperature divertor operations {39,
41] are being pursued. Physics considerations for heatings, the structure
and enhancement of the radial electric field, island formation, anomalous
transports, and the confinement improvement are widely studied.
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FIGURE CAPTIONS

Figl Stability diagram against Mercier mode and equilibrium beta limit.
A, is the length of the plasma axis shift in vacuum and 5 is the
central beta value. Solid line shows the Mericer criterion (D; = 0)
and dotted lines are contours of Mercier level surface with the interval
of AD; = 0.1. Hatched region is in danger of destabilizing low-n ideal
interchange modes.

Fig.2 Typical particle orbits in the Boozer coordinates.
Torus center is on the left side.

Fig.3 Effect of radial electric field on the bootstrap current for 7, = 47;.
¢, T, and T, are electric potential, electron temperature and ion
temperature at the center, respectively. Profiles of the potentail and
temperatures are parabolic.

Fig4 Bootstrap current with unbalanced helical coil currents.
Iy and Jj2 are currents in each two helical coils. Ipg is the integrated
bootstrap current given by Eq. (4).
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