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Abstract

The Large Helical Device (LHD) is a heliotron device with two helical coils, each of which
has a structure of three current layers. It is designed so that the current in each layer should
be controlled independently. By changing the combination of the coil current in the lavers,
it is possible to vary the effective minor radius of the helical coils, which enlarges the
flexibility of the configuration. The properties of the plasmas for several combinations of
the layers are investigated numerically. In the vacuum configuration, it is obtained that the
combination of the layers corresponding to a large effective coil radius has a large cutermost
surface. In this case, the rotational transform decreases and the magnetic hill is reduced
compared with the configuration with all three layers. The large Shafranov shift which is
due to the small rotational transform enhances the magnetic well and the magnetic shear to
stabilize the Mercier mode, however, it degrades the equilibrium beta limit. In the case of
the combination for a small effective coil radius, the Mercier mode is destabilized, because

the magnetic hill is enhanced. The effect on the bootstrap current is also studied.
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1 Introduction

Recently, non-axisymmetric configurations have been extensively investigated because
they are attractive with respect to the steady state operation and no major disruption.
The Large Helical Device (LHD)[1, 2, 3, 4, 3], which is under construction in the National
Institute for Fusion Science (NIFS), belongs to the category of the heliotron which is one of
the typical concept of the non-axisymmetric configurations characterized by the continuous
helical coils with a planer axis. The LHD magnetic coil system is composed of two helical
coils and three pairs of poloidal field coils. Furthermore, the helical coil is composed of three
layers. All coils are made from super-conducting material so that the steady state cperation
should be achieved. Since the continuous coils are employed, the LHD configuration has
large flexibility in the operation by changing the current flowing in each component of the
coils.

In the so-called standard configuration of the LHD, the electric power is supplied to
all three layers in the helical coils and the total amount of the current flowing in each
helical coil is the same as each other. The currents in the poloidal field coils are optimized
so that the configuration should have the properties of good confinement of high energy
particles, high beta limit with respect to the MHD equilibrium and stability and sufficient
space for the divertor action. In this case, the major radius (Ry) and the minor radius
(@) of the helical coils are 3.9m and 0.975m respectively, and the magnetic field strength
{Bg) is 3T at R = R, where (R, ¢,7) denotes the cylindrical coordinate system with
¢ corresponding to the toroidal angle. The position of the magnetic axis of the vacuum
magnetic surface is B = 3.73m, and the averaged shape of the outermost surface in the
torcidal direction is almoss circular. The leakage magnetic field from the coil system is also
minimized simultaneously.

The parameter space of the freedom in the LHD configuration spreads around the stan-
dard configuration. Since the LHID has three pairs of the poloidal field coils, we can change
the dipole, the quadrupole and the hexapole components independently. We can contrcl
the horizontal position of the plasma column by changing the dipole field. When we shift

the plasma column outward in the major radius direction by the dipole field, the magnetic
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well is enhanced and the magnetohydrodynamic (MHD) stability against the interchange
mode becomes favorable[6]. However, the orbit loss of the deeply trapped particle[7] and
the bootstrap current in the 1/ regime based on the neoclassical transport|8] are enhanced.
In the case of the inward shift of the plasma column, the magnetic well is reduced and the
MHD stability is degraded, however, the orbit loss and the bootstrap current are reduced.
The control of the quadrupole field can be used to change the direction of the elongation {
vertical or horizontal ) of the averaged plasma shape in the torcidal! direction. There is an
optimum quadrupole field with which the shape is a little elongated horizontally in the view
of the MHD stability[9]. The bootstrap current is enhanced when the shape is elongated
horizontally while it is reduced when the shape is elongated vertically[8]. The orbit loss of
the particle is most reduced in the case that the averaged shape is almost circular{7]. The
change of the hexapole field brings the triangularity of the average shape of the plasma.
For the equilibria with the fairly peaked pressure profile, the D-type shape is favorable for
the enhance of the magnetic well, while the inverse D-type shape is unfavorable{10]. If we
change the ratio of the currents in the helical ccils, the spatial axis configuration can be
generated. In this case, the minor radius of the outermost surface is reduced. The area of
the magnetic hill region decreases, therefore, the fraction of the region with the magnetic
well increases. However, the contribution of this effect to the MHD stability is not so
significant in LHD[11].

In this paper, we focus on another flexibility in the parameter of the minor radius of the
helical coils. The LHD is designed so that each layer in the helical coils can be controlied
independently. All three layers are used in the standard configuration, while the operation
with any combination of the layers can be carried out. By changing the combination of the
layers, it is possible to change the minor radius of the helical coil efiectively. For example,
the coil minor radius increases if the electric power is suppiied only to the outer layer in
an operation, while it decreases if the power is supplied only to the inner layer. Here.
the effects of the change in the coil minor radius due to the choice of the layers on the
properties of the plasma are investigated. In Section 2, the structure of the helical coil
is illustrated and the properties of the vacuum magnetic configurations with various coil
radii are presented. The MHD properties and the bootstrap current evaluated based on the

neoclassical transport theory are discussed in Sections 3 and 4, respectively. Conclusion is



given in Section 5.

2 Coil layers and vacuum configurations

Each helical coil of the LHD is composed of three layers which are called the outer {O) ,
the mid (M) and the inner (I) layers, as illustrated in Fig.l. The coils are designed so that
the electric power can be supplied to each layer independently. Therefore, the effective
minor radius of the helical coils is changed according to the choice of the combination of
the layers. Hereafter, we use the pitch parameter of the helical coils defined by

m Q.
=4 2,
=G @.1)

which is widely utilized in designing helictron devices. Here m and ¢ denote the number
of period and the pole number of the helical coils, respectively. Since we are restricted to
the LHD configurations in this paper, changing the combination of the layers corresponds
to varying the parameter v, through the effective minor radius a..

In order to study the effect of the variation of «., we have chosen five kinds of the
combination of the layers in the LHD device, which are summarized in Table 1. The
standard configuration corresponds to . = 1.23. In this case, all three layers are used for
generating the confinement magnetic field. If only the O-layer is used, the radius of the
helical coil becomes large and -y, increases to 1.38. On the other hand, v, decreases to 1.12
in the case of only the I-layer. The maximum current which can flow in each layer is limited
by the property of the superconducting material. When only one layer is used, therefore,
the magnetic strength is about 1/3 of that in the standard configuration as shown in Fig.2.

At first, we calculate the vacuum magnetic configurations corresponding to the combi-
nations of the lavers in Table 1. In the calculation for each configuration, the same ratios
of the currents between the poloidal field coils as those of the standard configuration are
used, while the total amount of the currents of all the poloidal field coils is adjusted so
that the position of the magnetic axis should be located at R = 3.75m. Figure 3 shows
the Poincaré plots of the vacuum magnetic field lines in the cases of v, — 1.12, 1.25 and
1.38, which are calculated under the consideration of the actual ccil shape of the LHD.

We determined the outermost surface by plotting only the field lines which remain in the
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calculation area after the trace of 40 turns of the torus. From this figure, it is seen that
the average radius of the outermost surface increases as v, becomes large. The relation of
the averaged radius with +. is shown in Fig.4.

Figure 5 shows the profiles of the rotational transform for the five combinations of the
layers. The reduction cf the rotational transform due to the increase in «, is seen in this
figure. The average distance between the magnetic surface with the same minor radius
and the helical coils becomes large, when v, increases. Hence, the poloidal component of
the magnetic field generated by the helical coils decreases at the magnetic surface as 7,
increases, while the averaged torcidal component of the magnetic field at the magnetic
surfaces does not strongly depenc on the coil racius. Therefore, the increase in «. results
in the decrease in the rotational transform.

The magnetic well depths of the five combinations of the layers are shown in Iig.6. The

well depth is defined by
V'{0) - V(@)
Vi,

where V denotes the volume encircled by the magnetic surface and @ is the normalized

(well depth) = (2.2)

toroidal magnetic flux inside the volume. The prime denotes the derivative with respect
to ®. In Fig.6, therefore, the region with the positive gradient of the curve of the well
depth corresponds to the magnetic well region with V” < 0. In the standard configuration
with +. = 1.25, the magnetic hill spreads in the whole region inside the cutermost surface.
The magnetic hill is reduced as 7. increases, and very shallow magnetic well appears in the
vicinity of the magnetic axis in the case of v, = 1.38. On the other hand, the magnetic
hill is enhanced when =y, becomes small. This tendency can be roughly explained by using
the single-harmonic approximation in the magnetic field. Under this approximation, the

derivative of the specific volume can be written by(12]

" m 1d 4
V (I) ——_— ]
(2) B§€Rr3 dr r'e), (2.3)

—

where By denotes the uniform toroidal field and r is the average radius of the flux surface.

Here the rotational transform can be also approximated by

¢ =g+ (ta —to)'f"g, (2.4)

where ¢ and ¢, mean the rotational tranforms st the magnetic axis and the outermost
surface, respectively. By substituting eq.(2.4) into eq.(2.3), we can roughly say that the

-
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configuration with a large rotational transform has large positive V” in the vicinity of
the magnetic axis. Therefore, the configuration with ~.=1.12 is more unfavorable than
the standard configuration with respect to the magnetic well due to the large rotational
transform.

If it is assumed that the longitudinal adiabatic invariance is preserved in the particle
motion, the orbit of the particles deeply trapped in the helical magnetic ripples, of which
the parallel velocity component to the magnetic field is very small, traces the line of the
minimum of the magnetic fleld. Hence, the confinement of such deeply trapped particles
can be simply estimated by plotting the contour of the By, = min, | B|[13]. Figure 7 shows
the B, contour inside the outermost magnetic surface averaged in the toroidal direction
in the case of 7. = 1.38. The contours are shifted to the inward of the torus comparing with
the averaged magnetic surfaces. Thus, the contours of the By, in the shaded region cannot
be closed inside the cutermost surface. This means that the deeply trapped particles near
the cutermost surface in the outward of the torus will be lost from the outermost surface.
The fraction of the confinement region of the deeply trapped particles in the outermost
surface is plotted in Fig.8. The dependence of the fraction on 7. is weak compared with
the case of the shift of the plasma column by controlling the vertical field[7]. The deeply
trapped particles in about 80% region inside the outermost surface will be confined in the

range of 1.12 <, < 1.38.

3 Dependence of equilibrium properties on the com-

bination of the layers

The three-dimensional MHD equilibria for each combination of the layers in the helical
colls are investigated with the VMEC code|[14] under the fixed boundary condition. In this
study, the currentless constraint is imposed and the pressure profile of P = Fy(1 — )% is
assumed. In this case, the average beta value is about 1/3 of the beta value at the magnetic
axis,

Figure 9 shows the Shafranov shift of the magnetic axis, §, defined by
b= (Ra:z - chx)/rau: (31)
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where Ro; and Ren; denote the major radii of the magnetic axis and the center of the
outermost surface, respectively, and ry, means the minor radius of the plasma. The shift
in the case of v, = 1.38 ( only O-layer ) is larger than that in the standard case { 7, = 1.25
) due to the smaller ¢, in the vacuum configuration. It leads to the enhancement of the
magnetic well as shown in Fig.10(c), which spreads from the region near the magnetic axis
toward the edge as the beta value increases. However, the magnetic hill still remains in the
peripheral region. On the other hand, because of the large ¢y in the vacuum configuration
in the case of 7. = 1.12 ( only I-laver ), the small Shafranov shift of the axis seen in Fig.9
reduces the formation of the magnetic well at finite beta, as shown in Fig.10(a).

Figure 11 shows the profiles of the rotational transform at several beta values for the
three types of the combination of the layers corresponding to v, = 1.12, 1.25 and 1.38. The
tendency of the change of the profile due to the finite beta value is that ¢; increases and the
value at the mid region decreases, which is common in all cases. Therefore, the gradient
of the rotational transform at the peripheral region becomes steep as beta increases. In
the case of v, = 1.38, the change in the profile of the rotational transform is large because
of the strong deformation of the flux surfaces. Hence, the significant effect of the shear
stabilization against MHD instabilities can be expected in the peripheral region. In the
case of v, = 1.12, the change of the rotational transform is small due to the small Shafranov
shift of the Aux surfaces, and therefore, the shear stabilization is weak.

Since the equilibria are assumed to be currentless, they are free from the current driven
instabilities. Therefore, the pressure driven modes are crucial in the MHD stability. Here,
we focus on the stability of the equilibria with the three combinations of the layers against
the interchange mode by estimating the Mercier criterion. The Mercier criterion is a local

stability criterion for the ideal interchange mode, which is given by[15, 16]

Dy <Q (3.2)
for stability, where
1 1
Dr = i ;(DJ-B + Dw + Dg) (3.3)
L, /UB-J)-B
DJ.B—b < qu)[Q (34)

o = (- (55)) ()
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Here the prime means the derivative with respect to ® and the bracket denotes the fiux

average defined by
d J—
) =5 [ fav. (3.7)

Figure 12 shows the results of the Mercier stability for the cases of v, =1.12, 1.23 and
1.38. The level surfaces of D; are also drawn inside the unstable regions, because the
absolute value of D; is considered to be related to the growth rate of low-n interchange
instability. In the case of standard configuration with . = 1.23, a weak unstable region
is seen in the plasma column in Fig.12(b). However, the equilibria mav be actually stable
because the maximum of the absolute value of DJ; is so srnall that the ideal interchange
mode can be easily stabilized by kinetic effects such as the finite Larmor radius effect|6].
Above 3y = 8%, we have the second stability region with respect to the Mercier criterion.
In the case of 7, = 1.38, the unstable region completely disappears in the plasma. This
is because the magnetic well and the magnetic shear stabilize the Mercier mode from the
vicinity of the magnetic axis and from the peripheral region, respectively. On the other
hand, the Mercier mode is strongly destabilized in the case of v, = 1.12 because both the
stabilizing effects of magnetic well and the magnetic shear are reduced.

Figure 13 shows the equilibrium beta limit as a function of 7, which is determined by
the convergence of the iteration in the VMEC code. The configuration with the larger ~,

has the smaller equilibrium limit owing to the enhancement of the Shafranov shift.

4 Bootstrap current estimated based on the Neo-

classical theory

The neoclassical transport theory predicts that the bootstrap current can Bow in non-
axisymmetric plasmas as well as in tokamaks[17, 18]. Since the bootstrap current flows
along the magnetic field line, the substantial amount of the bootstrap current plays an
important role as a net toroidal current in the MHD equilibrium and stability. Hence, it is

crucial to know how the bootstrap current is affected by varying ~.




Watanabe et.al[8] calculated the consistent bootstrap current in the LHD plasma with
the three-dimensional MHD equilibria by iterating the equilibrium calculation with the
VMEC codef14] and the estimation of the bootstrap current as a net toroidal current
alternatively[8]. In this case, they assumed that both electrons and ions are in the 1/v
collisional regime. Recently, Watanabe et.al{19] modified the method by incorporating
a connection formula from the 1/v to the Pfirsch-Schliiter regime in non-axisymmetric
systems. In the present study, we calculated the bootstrap current by following their
method. The bootstrap current density in non-axisymmetric system, J,, can be expressed

by

o

(Jba ¢ B) . 1 dP dT
—21}—— = 5([;18 + LH)'&E -+ (—Lze + in)nﬁ' (41)
Here we assumed that
T=T.=T, n=n,=n,, (4.2)

for the temperature, T, and the density, n, where the subscripts e and : mean electron and
ion, respectively. In this case, the contribution of the radial electric field to the bootstrap
current vanishes because electrons and ions have the same collisionality. The bracket
denotes the flux average. Factors of L,; (j = 1,2,a = ¢, €), which are interpolated with the
connection formula, are determined by effective charge of the ions, geometry of the flux
surfaces and the collision frequencies of electrons and ions. The exact definitions of L;, are
given in {19].

We calculated the bootstrap current flowing in the LHD equilibria at Gy = 2% with .=
1.12, 1.25 and 1.38. The density is fixed as

n=05x100(1-8) (m™). (4.3)

The temperature profile of

T =To(1 — &) (4.4)

is common for the three cases, however, the factor of Tj is adjusted to obtain the specified
beta value. In the cases of v, =1.12 and 1.38, T = (.3keV corresponds to §y = 2% because
the maximum magnetic field is about 1T as shown in Fig.2. In the case of v, = 1.25, the
maximum field strength is 3T which corresponds to the standard configuration, while the
operation with the magnetic field less than 3T can be also done. Thus, we calculate the

two cases for By = 1T with Ty=0.5keV and By = 3T with To=4.3keV in . = 1.25 case.
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Figure 14 shows the profiles of the bootstrap currents, [p,(®), which is defined by

(Jys - B
Ls(® / dd (sz , (4.5)

of the three types of 7. = 1.12, 1.25 and 1.38 at Gy = 2%. In the case of v,=1.23, the
current with By = 3T is more than 6 times of that with By = 1T. There are two dominant
factors for this result. Ome is the direct effect of the difference of the magnitude of the
magnetic field. We can see from a dimensional analysis that I is proportional to the
magnetic field for a fixed beta value. Hence, the bootstrap current with By=3T should
be three times larger than that of By = 1T if other parameters would be the same. The
other factor is due to the difference of the collisional regime corresponding to the difference
of the temperature. The electrons and ions are in the 1/v regime for the plasma with
Ty = 4.5keV, while they are in the plateau regime for Tp=0.5keV. The connection formula
included in eq.(4.1) has a tendency that the larger bootstrap current flows in the plasma
in the 1/v regime than in the plateau regime. Thus, the bootstrap current with B;=3T is
much larger than that with By=1T.

It is also seen that the bootstrap current is enhanced as -, increases when we fix the
magnetic field strength and the temperature. The difference between the currents for
the three types of 7. is attributed to the difference of the geometry. The factors of Lj,
in eq.(4.1) depend on the geometry of the flux surfaces[19i. However, it has not been
established how the factors depend on the geometry of the flux surfaces precisely in the
heliotron configurations. There may be a tendency that the configuration with small aspect
ratio and large Shafranov shift has large bootstrap current, because it is also obtained that
the bootstrap current is enhanced as +, increases if we fix the beta value with the same

magnitude of the magnetic field.

5 Conclusion

In the LHD design, the effective minor radius of the helical coil, and therefore ~,, can
be varied by changing the combination of the three layers in the helical coll. When the
electric power is supplied only to the O-layer we can take the largest . of 1.38 amoeng all

combinations of the three layers, while we can take the smallest +, of 1.12 when the power
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is supplied only to the I-ayer. In the standard configuration, all three layers are used and
~.=1.25. Here we studied the effects of varying . on the properties of the LHD plasma.

Two important properties drastically change according to .. One is the change in the
plasma radius. It is obtained that the radius of the outermost surface in the vacuum
configuration increases as 7. increases. In other words, the radius becomes the largest
and the smallest when .= 1.38 and 1.12, respectively. Therefore, the configuration with
~.=1.38 is favorable in the point of having large plasma volume.

The other one is the change in the rotational transform. In the vacuum configurations,
+o decreases monotonically as 7. increases. Shafranov shift of the magnetic axis due to the
finite beta, which affects MHD properties through the deformation of the flux surfaces, is
proportional to ¢5° in the large aspect ratio approximation. Therefore, the configuration
with 7. = 1.38 has the largest Shafranov shift of the magnetic axis, which leads to the
enhancement of the magnetic well and the magnetic shear. Since the enhancement of these
properties has a stabilizing effect against the interchange instability, the Mercier unstable
region does not appear in the plasma with . = 1.38 up to the equilibrium beta limit. On
the other hand, the configuration with +.=1.12 has the inverse tendencies in the MHD
properties to the case of 7.=1.38 because of the large ¢;. As a result, the Mercier mode
is destabilized strongly in the large region of the plasma. Thus, the configuration with
~.=1.38 is also favorable with respect to the MHD stability. However, the equilibrium beta
limit is reduced due to the large Shafranov shift in this case. The rotational transform
could also be varied if the additional toroidal field coils would be provided. Therefore, the
multi-layer helical coils can be considered to have a flexibility provided by the toroidal field
coils.

We studied the confinement of the deeply trapped particles and the bootstrap current
with respect to the neoclassical transport. The confinement of the deeply trapped particles
is not sensitive to 7. in the vacuum configurations, and about 80% of such particles are
confined in each outermost surface. In the estimation of the bootstrap current, the strength
of the magnetic field and the deformation of the flux surfaces due to the finite beta effects
are essential. Here we compare the bootstrap currents at the same beta value. First we
compare the results with Bp=1T and 37T in the case of 4.=1.25. The temperature is different

by nine times between them for the fixed beta value. In this case, the bootstrap currents are

11



reduced in the cases with By=1T not only due to the explicit dependence of the magnetic
field on the bootstrap current but also through the change of the collisionality regime of the
electrons and the ions. Furthermore, the bootstrap current in v,=1.38 is larger than that
in 7. = 1.12 because of the difference of the geometry of the flux surfaces. There may be

a correlation between the bootstrap current and the Shafranov shift in non-axisymmetric

plasmas.

In the view point of the experiments, the scan of ~, would be the most appropriate for
the MID experiment. The drastic change of the MHD signals related to the interchange
mode can be expected in the range of 1.12 € v, < 1.38. In the configuration with a single
layer, high beta plasma may be achieved easily with less input power than the standard

configuration because the magnetic field is about 1T.
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Table 1 : Effective minor radius. a., and pitch parameter, ~,, of the helical coils for five

combinations of the layers.

combination of layers | I LM [ IMO! MO O

ae(m) 0.872 | 0.922 | 0.975 | 1.023 | 1.074
e 112 | 118 | 1.25 | 1.31 | 1.38

Figure Captions
Fig.1 (a)Schematic view of the poloidal cross section of the three layers and (b) exact
structure of the helical coils.

Fig.2 Dependence of the magnetic fleld strength at the magnetic axis on 7.

Fig.3 Poincaré plots of the magnetic surfaces in the vacuum configurations with (a) v, =

112, (b) 7. = 1.25 and (¢) . = 1.38.
Fig.4 Dependence of averaged radius of the outermost surface on ~,.

Fig.5 Rotational transform profiles in the vacuum configurations. The numbers show the

values of ..

Fig.6 Magnetic well depth in the vacuum configurations. The numbers show the values of

Ye-

Fig.7 B contours(solid lines) inside the averaged outermost surface in the vacuum con-
figaration with 7. = 1.38. Shaded region shows loss region of the deeply trapped

particles. Dashed line shows the averaged flux surface with half minor radius.

Fig.8 Dependence of the fraction of the confinement region of the deeply trapped particle

Ol Y.

Fig.9 Shafranov shift for v.=1.12, 1.18, 1.25, 1.31 and 1.38.
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Fig.10 Magnetic well depth for (a} v, = 1.12, {b) 7. = 1.23 and (¢) v = 1.38. Solid.
dashed, dot-dashed and two-dot-dashed lines show the profiles at 3y = 0%. 3%. 6%

and 9%, respectively. < r > denotes normalized average radius.

Fig.11 Rotational transform profiles for (a) v. = 1.12, {b) v = 1.25 and (¢) v = 1.38.

Each line corresponds to the same beta value in Fig.10.

Fig.12 Mercier unstable regions for (a) 7. = 1.12, (b) v = 1.23 and (¢) 4, = 1.38 in
(5o, p) plane. Shaded regions show unstable regions. Solid lines in these regions are
the contours of the level surface of Dy with the difference of AD; = 0.1. In (c), the
contours with Dy > 4.0 are not plotted because they are too dense. Dot-dashed line
shows the boundary between magnetic well and hill regions. Dashed lines indicate

the positions of rational surfaces corresponding to ¢ =1, 3/4, 2/3, 1/2 and 1/3 from

right to left.
Fig.13 Equilibrium beta limit as a function of ~..

Fig.14 Bootstrap current Ips for v, = 1.12, 1.25 and 1.38 at 35 = 2%. Sclid and dashed

lines correspond to By = 3T and 1T, respectively.
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