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Abstract

Neoclassical transport in the banana regime has been analyzed with the
DKES (Drift Kinetic Equation Solver) code for the Large Helical Device
(LHD). It is found that in a 1/v regime, diffusion coefficients change by
one order of magnitude for various configurations of LHD (-0.2m <A <0
m, 0% < Bg < 200%, -0.1 £ o < 0.1), depending on the structure of the
helical magnetic ripple. The neoclassical transport calculated with the
DKES code is guantitatively in good agreement with multi-helicity theory
formulated by Shaing and Hokin. Incorporating the multi-helicity effect into
the diffusion coefficient, we¢ have proposed an interpolation formula
between the 1/v and v regimes. When the ion temperature is increased at
a fixed density of n = 1020 m-3, the ions undergo a transition from 1/v
neoclassical transport to the v regime when their temperature 7; becomes
> 3 keV with radial electric potential e¢ comparable to the ion temperature
(ed/T; = 1). For the optimized configuration (A = -0.2 m, Bq = 100%), the
ion thermal diffusivity ; has a maximum value of ;i = 3.5 m2/s at a minor
radius of r/a = 0.5. The bootstrap current has been aiso studied, and the
results have been comprehensively compared with the theory. At the
collisionless limit with a moderate radial electric potential of e¢/T; = 1, the
DKES calculations evaluated for various configurations of LHD have
supported the theoretical formula given by Shaing and Callen. At the
collision frequency between the platcau and the banana regimes, where the
analytic theory is not applicable, the bootstrap current might become larger
than in the collisionless limit (by a factor of about two), depending on the
radial electric field.

Keywords : Large Helical Device (LHD), neoclassical transport, banana
regime, DKES code, thermal diffusivity, bootstrap current,
multi-helicity effect



(I _Introduction

It has been recognized in helical systems that neoclassical transport
plays a crucial role in the confinement of a reactor-grade collisionless
plasma. Compared with tokamak systems, however, the analysis of the
neoclassical transport in a helical system is not so straightforward, because
of the three-dimensional (3-D) sophisticated magnetic field configuration.
Theoretically, some formulae for neoclassical transport coefficients have
been derived for each collisionality regime with appropriate assumptions[1-
3]. Simulations with a Monte Carlo technique are useful as well, and some
literature has analyzed the neoclassical transport in helical systems[4-8].

Hirshman et al. have developed a computer code, DKES (Drift Kinetic
Equation Solver), to solve the drift kinetic equation in 3-D helical magnetic
configurations, and have analyzed the neoclassical transport for the ATF
(I=2,m=12) and TJ-1I (Heliac) devices[9,10]. This code is also powerful in
advancing theoretical efforts to develop the neoclassical transport formula
in helical systems, and Crume et al. have established a new scaling for the
neoclassical transport in the v-regimef11]. In addition, the analysis of the
bootstrap current has been done, since the off-diagonal terms of the
transport matrix are also calculated with this code[12].

The Wendelstein VII-AS group has made comprehensive comparisons
between experimentally observed thermal diffusivities and those calculated
by DKES[13]. Recently, applications of the DKES code for CHS (/=2,
m=8) experiments have been done[14]. In ATF experiments, the control of
the bootstrap current with the quadrupole magnetic field has been clearly
demonstrated, and these experimental results have been in good agreement
with DKES calculations[15].

Concerning the Large Helical Device (LHD)[16], the construction of
which was initiated in 1991, many computations of the neoclassical
transport have been carried out from the viewpoint of single particle
orbits[17] and bootstrap current[18]. To predict plasma parameters for
LHD, two-dimensional equilibrium-transport simulations have been carried
out, in which an empirical scaling and drift wave turbulence models have
been employed, in addition to the neoclassical transport[19].




In this paper we study the neoclassical transport in the LHD
configuration with the DKES code. Theoretically, the tailoring of the helical
ripples (like a G-optimization) makes a great reduction of the neoclassical
transport[20,21]. The LHD has a great potential to realize various plasma
configurations, by adjusting the currents' in the helical coils (with three
layers) and poloidal coils (with three pairs). Multi-helicity effects have
been carefully studied for these configurations from the viewpoint of
reducing the neoclassical transport.

In section II, the specification of LHD is presented. In section III, the
thermal diffusivities calculated with the DKES code for various LHD
configurations are presented, and the effect of the multi-helicity on the
neoclassical transport coefficients is extensively studied. The bootstrap
current is analyzed in section IV. Section V summarized the results.



(I} Specification of the Large Helical Device (LHD)

The Large Helical Device (LHD) is an /=2 heliotron/torsatron-type
helical machine with the superconducting helical coils of an m=10 pitch
number. Specifications for LHD are tabulated in Table I, in which the latest
parameters are presented{16]. A few parameters employed in the
transport analysis considered in this paper are slightly different from these
specified values. Values in brackets in Table I are used in the present
analysis.

A pair of continuous helical coils consists of three layers, and coil
currents for each layer are fed independently. This makes it possible to
change the pitch parameter, defined by y=(ac/R;)*(m/l), where R; and a,
are major and minor radii of helical coils, respectively. There are also three
pairs of poloidal field coils, called IV, OV and IS coils. A vertical field
component is mainly produced through two pairs of them (IV and OV coils),
shifting the plasma column herizontally. Another pair (IS coil) is used to
control the quadrupole field component, making an elliptical deformation of
the plasma cross section. Typically the design of these poloidal field coils
makes it possible to change the plasma position and the shape for full ficld
operations in the following regime:

Plasma position : -03m<A £ Om
Quadrupole field : 0% < Bg <

where Bq = 100% means the complete cancellation of the quadrupole field
component produced by the helical coils and corresponds approximately to
a toroidally averaged plasma shape with a circular cross section. In
contrast, Bg = 0%(200%) corresponds to a vertically (horizontally)
elongated plasma.

In designing the helical field coils for LHD, we have considered the
pitch modulation from the viewpoints of bulk plasma confinement, high
energy particle orbits, MHD stability and divertor design. The pitch
modulation parameter o is defined by 8 = (m/l}=o+at+sin{(m/D)+¢} (8 and ¢
are poloidal and toroidal angles, respectively). Taking engineering




constraints into account, the performance of LHD plasmas has been studied
for pitch modulation parameters of -0.1 £ o < 0.2. The final design
corresponds to o = 0.1[19].



11D Transport _analvsis with the DKES code

The DKES code was developed by Hirshman et al.[9,10] to calculate
neoclassical diffusion coefficients for 3-D magnetic geometry, In this code,
the drift kinetic equation is numerically solved in phase space, where a
perturbed distribution function is expanding with Legendre polynomials in
pitch angle of the velocity space, and with Fourier modes in poloidal and
toroidal components on the given magnetic surface. With respect to the
Coulomb collision operator, only the pitch angle scattering term is retained,
and the energy diffusion term and the momentum conservation between
electrons and ions are neglected for the simplification of the code. The
application of the DKES code s, therefore, valid in the long mean free path,
namely the banana {1/v and v) regimes, where trapping/detrapping effects
govemn the neoclassical transport. If the DKES code were to be applied for
collisional plasmas, it would be necessary to retain the effects of energy
diffusion and momentum conservation.

In the DKES code, three components of the transport matrix ((1,1),
(3,1) and (3,3) components) are calculated as functions of two independent
parameters (one is the mean free path at a fixed particle energy , (v/v)-1,
and another is the radial electric field divided by the particle velocity Epfv,
where v, v and £ are the collision frequency, particle velocity and radial
electric field, respectively). The upper and lower values of these three
components are obtained by a variational principle. Other components of
the transport matrix are derived from these three values. Since DKES
gives the transport coefficients at a fixed particle energy, the transport
coefficients for a plasma with a Maxwellian distribution function are
calculated by integrating DKES data weighted by a Maxwellian as follows:

2
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where (i,j) = 1 or 2, and vy = (2T/m)1/2, Q = ZeB/m, B is the strength of
the magnetic field, and Dg; is the data calculated with the DKES code.



To get a sufficient convergence in computation, we have employed up
to 150 Legendre polynomials Py, and up to 300 Fourier modes (m,n).

(II1.1) Configuration study

In Fig. 1, values of Dg; calculated with the DKES code are plotted as a
function of the inverse of the mean free path (CMUL=v/v) for various
radial electric fields (EFIELD=E¢/v), where a plasma equilibrium shifted 0.2
m inward is employed. The diffusion coefficients are obtained with
sufficient accuracy for the parameter regime of CMUL >10-5, where the
bound of the upper and lower limits is represented with an error bar. At
CMUL<10-6, we have extrapolated the diffusion coefficients by assuming a
1/v or v variation for Dg;. This is necessary because the convergence of
the code with respect to the Legendre-Fourier basis is slow at these low
collisionality regimes.

The diffusion coefficients with a Maxwellian plasma can be deduced by
integrating the D) data along the path shown in Fig. 1. First, we study the
neoclassical transport for the mono-energy cases, in relation to various
LHD magnetic configurations. Since our main interest is transport in the
1/v or v regime, the collision frequency is chosen to be CMUL = 3x10-5 or
10-4, where the neoclassical transport is observed to be in the banana (1/v
or V) regime.

Single-helicity
The neoclassical transport for a single-helicity configuration is
theoretically given{3,11] as :

Ifv regime : Dpgj o< E£2Ep32 2)
v regime : Dpgy o< E£p12, or (3a)
Dpj o< €82, (3b)

where the magnetic field is represented by B/Bp = 1 - £scos(8) + Excos(l0
- m¢). Especially in the v regime, two scalings with the toroidal (€¢) and
helical (€p) ripples are proposed. We have calculated the diffusion
coefficients for various toroidal and helical ripples, and results are shown in



Fig. 2. The radial electric field, as denoted by the EFTELD parameter, was
chosen to be EFIELD = 10-6 (EFIELD > 3x10-3) in the 1/v regime (the v
regime). These data show that in the 1/v regime, the diffusion coefficient is
proportional to €2€43/2, as given in eq. (2). In the v regime, two scalings
are also plotted in Fig. 2, and our data support the scaling of eq. (3b) rather
than that of eq.(3a), although variation of the data is not so large. Since the
scaling of eq.(3b) was previously established with the DKES calculations
for I=2/m=12 ATF machine parameters[11], it is not surprising that our
results for /=2/m=10 LHD parameters are in agreement with this scaling,

Radial electric field
In Fig. 3 the diffusion coefficients are plotted against the radial electric
field for two typical magnetic configurations:

(@ A=-02m, Bg=100%,
® A= Om, Bg= 0%,

where case (a) is a circular plasma with an inward shift of 0.2 m, and case
(b) is a vertically elongated one with no shift. Fourier components of the
magnetic field IBI for these configurations are shown in Fig. 4, in which the
magnetic field ripple along the field line at a minor radius of r/a = 0.5 is also
presented. These two configurations are similar with respect to the
dominant single-helicity components (€; and €3), as shown in Table IL
Other components of the helical ripple are, however, quite different
between these cases. In case (a), the helical ripple is localized at a high-
field region, while in case (b) the deep helical ripple exists in a low-field
region. From these field structures, it is predicted[20] that the neoclassical
diffusion coefficients in case (a) are smaller than those of case (b).

The multi-helicity effect makes a great difference in the 1/v regime, as
shown in Fig. 3. When the radial electric field is increased, the diffusion
coefficient begins to decrease, approximately in proportion to 1/E;2. It
appears that as the radial electric field is increased, the difference between
two cases becomes smaller, and the Dgj values with the multi-helicity
components seem to converge to those with only the single-helicity one.
This result will also support the scaling of eq. (3b); i.e., in the v regime the




helical ripple structure with the multi-helicity components does not affect
the neoclassical transport so much.

Various configurations

As discussed in section II, many different magnetic configurations can
be produced with the LHD device. Here we have calculated the
neoclassical transport for various configurations which can be realized in
the LHD. The diffusion coefficients in the 1/v and v regimes are presented
in Figs. 5-7 as a function of the plasma minor radius. Plasma parameters
are assumed to be uniform in radius (the same collision frequency is used
for each minor radius). The magnetic field structure along the field line
around r/a = 0.5 is represented for each configuration, as well.

As shown in Fig. 5, the inward shift of the plasma column improves the
confinement in the 1/v regime. It is shown in Fig. 6 that the superposition
of the quadrupole magnetic field around Bg = 100% is effective in reducing
the diffusion coefficient. The improvement of case (a) configuration,
compared with the case (b), is accounted for by these two factors. Figure
7 indicates that a positive pitch modulation of the helical coil is not desirable
from the viewpoint of the neoclassical transport. These characteristics of
the diffusion coefficient in the 1/v regime are reasonably accounted for, if
the magnetic field ripple along the field line, as shown in each figure, is
taken into consideration. The idea of reducing neoclassical transport by
controlling the plasma position and shape was originally proposed for LHD
in ref.[17].

Shaing and Hokin have developed a theory to account for the multi-
helicity effect on neoclassical transport in the 1/v regime[21]. Here we
have compared this theory with the numerical results for these various
configurations. Shaing and Hokin derived the neoclassical flux, including
the multi-helicity effect in the 1/v regime, in which the diffusion coefficient
depends on the magnetic field structure factorized as follows:

N de; Ot 0t de, Y
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where G1=16/9, G2=16/15, G3=0.684, and er=g;cos0 + €4c0s10,
ep=(C2+DH2, C=eD+(e(+D+e(-1)cosh + (£(+2)+£(-2))c0s26, and D=(e(+1)-
e-D)sinG + (e(+2)-e(-2))sin260. We introduce the correction factor due to the
multi-helicity effect, defined as;

Cm'—'Fm/Fs, (3)

where Fg and Fp, are values calculated with eq. (4) for single- and multi-
helicity magnetic configurations, respectively. This correction factor is
evaluated for the various configurations shown in Figs. 5-7, and the diffusion
coefficients are plotted in Fig. 8 as functions of two scaling parameters (A
= e12ep3/2[Bo? and Ap = Crer2ep3/2/Bo?), where magnetic field structures
of -02m<A<0m, 0% < Bg < 200% and -0.1 < o < 0.1 are employed.
We can see that the diffusion coefficient has a variation of one order of
magnitude for similar As = e/2e,3/2/Bo2 values (open circles). This
suggests that the evaluation of the diffusion coefficient with only the single-
helicity mode is not accurate for these various configurations. When the
correction factor Cy; due to the multi-helicity effect is introduced into the
scaling, the diffusion coefficients are clearly proportional to A, =
Cmer2en3/2/Bo? (solid circles). We conclude that the correction factor
defined by eq. (5) is reasonably applicable for these various configuration of
the LHD.

In the v regime, the diffusion coefficients are 2-3 orders of magnitude
lower than those in the 1/v regime for all configurations. It appears also
that the differences in the diffusion coefficients observed in the 1/v regime
for the various magnetic configurations becomes smaller, or disappear, in
the v regime. This characteristics may also support the scaling given by
eq. (3b) in the v regime rather than that of eq. (3a).

Interpolation formuia

With respect to the diffusion coefficients in the 1/v regime, we have
found in the previous section that the correction due to the multi-helicity
effect, introduced by Shaing and Hokin, is reasonably applicable for a wide
range of magnetic configurations in the LHD. We have also observed that
in the v regime the thermal diffusivity has a very weak dependence on the
helical ripple, supporting the formula given by eq. (3b) rather than eq. (3a).




An interpolation formula for the thermal diffusivity between the 1/v and v
regimes has been proposed by Crume et al. for the single-helicity
model[11]. Here we have incorporated the multi-helicity effect into the
interpolation formula as follows:

- E)A, +EA,)
=g 2 Y2y 2nT{ E"2exp(-E) VaEXA A o

Q t ~h d J() mz(E) , (63)
®*(E)=15,/7¢, Q22 +3v.2(E)/C, ) (6b)

where vg=T/(ZerB), Vva(E)=V(E)/ep, A1=n'In-1.5T'[T-eEy|T, A2=T'/T,
Qp=Er/(rB). The first and second terms in ®2(E) correspond to the
diffusion coefficients in the 1/v and the v regimes, respectively, and C,, is
the correction factor due to the multi-helicity effect, defined in eq. (5). This
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where Dy, (Ds) denotes the diffusion coefficient for the multi- (single- )
helicity case, and R, is the ratio of the diffusion coefficients for the 1/v and
the v regimes. Equation (7) gives Dy=Cp*Dy as the limit of R --> 0 (i.e.,
in the 1/v regime), and Dp,=D; for R >> 1 in the v regime. Figure 9 shows
the diffusion coefficients interpolated by eq. (7) compared with the DKES
data for single- and multi-helicity cases. In the 1/v regime (smaller radial
electric field case; R, < 1), the correction due to multi-helicity is well
approximated. At relatively large electric field (R, > 1), however, the
interpolation is not as accurate, although the difference between single- and
multi-helicities 1s small.

(II1.2) Thermal diffusivity for typical cases




For the two typical configurations of the LHD listed in Table II, we have
evaluated ion and electron thermal diffusivities with the DKES code.
Thermal diffusivity y; . is calculated by integrating Dg; values along the
path shown in Fig. 1 by a broken line (weighted by a Maxwellian
distribution function). The upper bound of the energy integration is
extended to Epgy = 18.4T; ¢, since the maximum of the integrand in eq. (1)
appears around an energy of £ =~ 67} ¢ in the 1/v regime.

To simulate plasma heating experiments, we have calculated the
thermal diffusivity as a function of the plasma temperature at a fixed
density. In Figs. 10 and 11, ion and electron thermal diffusivities 5; and ¥,
evaluated at a minor radius r/a = 0.5 are presented as a function of the
collision frequency, where the plasma density is fixed to be n = 1020 m-3,
The radial electric field is converted into the potential ¢, assuming the
relation Ey = -e*gradd = - ed/agy, and the value of e¢/T; ¢ is kept constant
for each curve, according to the change of the collision frequency.

It is shown for ions and electrons that %; , values are proportional to
T;7/2 in the 1/v regime, as predicted by theory. The electron thermal
diffusivity ), increases monotonically with T¢ up to Te = 10 keV, while the
ion transport enters the v regime at T = 2-3 keV. The peak value of y; at
the transition from the 1/v to the v regime is significant, because it must be
overcome to achieve a high-temperature plasma (if the anomalous
transport is suppressed at a sufficiently low level, just like an H-mode in
tokamaks [22]). As a consequence of the multi-helicity effect, the peak
value is quite different between two cases; ¥i(peak) =~ 3.5 m2/s in case (a)
and yj(peak) = 20 m2/s in case (b), if e¢/T; = 1. Figure 12 plots the peak
values of the ion thermal diffusivity ¥ ;(peak) as a function of the
corresponding ion temperature for various densities, where the radial
electric field of e¢/Ti=1 is assumed. The range of the ion temperature with
Xi > 0.9yi(peak) is also presented. The ion thermal diffusivity for case (a)
is about 5 - 10 times lower than for case (b).

At the collisionless limit of the 1/v and the v regimes, eq. (6a) yields the
ion thermal diffusivity as:

2o 3/24; 2
£8Yy

C
X;A/v)= = T
1/v regime : ! 3, (8a)



)= Cvstmvdzzvmi/i
Vv regime : ' 150 (8b)

where C1ipv =585.1 and Cy = 2.711, and v/t is the ion-ion collision
frequency at the thermal energy. Equating eqs. (8a) and (8b), an ion
temperature which gives a peak value of )(; 1s obtained:

1
ng a 2n202 5

T.(keV) = Copi —— 0
1 T{Stuzghs/zcm (6¢0/Ti)2 (9)

where C7 = 0.7535 and ny; is a density normalized by 1020 m-3, Arrows in
Fig. 12 indicate the ion temperature calculated by eq. (9), showing good
agreement with the DKES calculations.

Another interesting point is that the transition region from the 1/v to the
v regime is relatively wide, as shown in Fig. 10; e.g., the collision frequency
regime with y; > 0.9yi(peak) is 2 keV < Tj < 4 keV for n = 1020m-3 in case
(a). This means that in heating experiments an ion must experience a wide
range of the temperature with a relatively large ion thermal diffusivity ( ¥; >

0.9%i(peak) ), making it difficult for ions to enter the low diffusivity regime.



(IV) Analyvsis of the bootstrap current

Compared with axisymmetric tokamaks, helical systems reveal some
interesting features of the bootstrap current. In helical systems, it is
possible to control the bootstrap current with external coils. Since the
bootstrap current might modify or destroy the vacuum magnetic surface,
the control and reduction of the bootstrap current are indispensable in
helical systems.

The analytical treatment of the bootstrap current in helical systems is
more sophisticated than in tokamaks. Introducing some assumptions in the
analysis, formulae for the bootstrap current have been recently derived in
the banana [23,24] and the plateau [25] regimes. By comparing numerical
data calculated with the DKES code, the validity of these formulae has
been intensively studied in ref. [12], in which the parameters of
ATF(/=2,m=12) with a single helicity have been employed. In ref. [26], the
control and suppression of the-bootstrap current using a poloidal coil system
have been demonstrated. For the LHD, Nakajima et al. have quantitatively
evaluated the bootstrap current with these formulae and discussed the
reduction of the booistrap current by changing plasma shapes and positions
with poloidal coils[18]. Here we have analyzed the bootstrap current with
the DKES code for the LHD and examined the validity of the theoretlcal
formulae, especially with respect to the multi-helicity effect.

In the banana regime, Shaing and Callen derived the formula for the
bootstrap current as follows [23] :

f dn dT, dT.
<J. B>=295LtG {a (T, +T.)—+a.,n—L+a n—e}
bs f, BT gy dv
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where Jps and B are the bootstrap current and the magnetic field strength,
respectively, and <.....> denotes the magnetic surface average. V is the
plasma volume, and n, T; and T are density and ton/electron temperatures,
respectively. The numerical coefficients are a; = 0.554, ap = -0.0941 and
a3 = 0.1404. The fraction of trapped (circulating) particles is represented
by f; (fc), Gps is the geometric factor, and other parameters are given in ref.
[18].

A specific character of this formula is that the coefficient Gpg given by
eq. (10b) is a function only of the magnetic field structure and is
independent of collision frequency v and radial electric field £, In deriving
this formula, a proper radial electric field is introduced a priori, to smear out
the boundary between trapping and detrapping in the velocity space. As a
consequence, this formula is applicable at the collisionless limit with the
finite radial electric field, e¢/Tj =~ 1.

The DKES code can compute the off-diagonal term of the transport
matrix. The Dg3 term calculated with the DKES code corresponds to the
bootstrap current. (This term does not give the net bootstrap current,
because momentum conservation is ignored in solving the drift kinetic
equation.)

First, we have examined the validity of the assumptions employed in
deriving eq. (10). Figure 13 shows Dg3 as a function of the collision
frequency for various radial electric fields, where data corresponding to a
tokamak configuration (all helical ripples are set to be zero) are also plotted.
As the collision frequency decreases, the bootstrap current increases in the
banana regime and seems to saturate at the collisionless limit. In addition,
this saturation level seems to be insensitive to the radial electric field, if a
radial electric field(ed/T = 1) is introduced. In Fig. 14 the Dg; and DEg3
terms are replotted as a function of the radial electric field. It is clearly
seen that the Dg3 term has a plateau around e¢/T = 1. These results
calculated with the DKES code, thus, support the conclusion that the
bootstrap current is independent of the collision frequency and is insensitive
to the radial electric field around e¢/T = 1.

At the collision frequency corresponding to the transition between the
plateau and the banana regimes, the analytic theory is not applicable. We
can see from Fig. 13 that the bootsirap current does not monotonically



increase as the collision frequency is decreased and is very sensitive to the
radial electric field in this transition regime. In particular, the bootstrap
current in the tramsition regime can become larger than that in the
collisionless limit, when the radial electric field is relatively weak (ed/T <<
1). This implies that the bootstrap current calculated with eq. (10) does not
give the upper limit of the induced bootstrap current for ed/T << 1.

Next, the bootstrap current calculated with the DKES code has been
compared with theoretical values. Figure 15 shows the bootstrap current
as a function of the radial electric field for different plasma minor radii: i.e.,
for different magnetic field ripples. We can see that around e¢/T = 1 the
bootstrap current becomes insensitive o the radial electric field, as
discussed previously. The bootstrap currents, normalized by that of the
equivalent tokamak, are plotted in Fig. 16 as a function of the plasma minor
radius for two different configurations. The theoretical values are
calculated with eq. (10), and the values around e¢/T =~ 1, shown in Fig. 15,
are selected from the DKES data. It is confirmed with Fig. 16 that the
agreement between theory and DKES results is very good not only for the
single-helicity case but also for the multi-helicity case, although the
difference is slightly larger in the multi-helicity of case (a). We can also see
that the amplitude of the bootstrap current in the LHD case is about 2 - 3
times lower than that in the equivalent tokamak.

It has been demonstrated, theoretically and experimentally, that the
quadrupole field is effective in controlling the bootstrap current[26,27]. We
have examined the dependence of the bootstrap current on the quadrupole
field. Figure 17 shows the bootstrap current as a function of the quadrupole
field component Bq. We can see the possibility of reducing the bootstrap
current by a factor of two, by elongating the plasma cross section vertically.

We conclude that the assumptions employed in deriving eq. (10) are
valid and the formula for the bootstrap current is applicable for various
configurations (single- and multi-helicities). We should, however, remark
that at the transition collision frequency from the plateau to the banana
regime, the bootstrap current might become larger than that in the
collisionless 1imit within a factor of around two, at least for weak radial
electric fields.



(V) Summary

Neoclassical transport in the banana regime has been analyzed with the
DKES code for LHD. We have studied the thermal diffusivity for various
configurations of LHD, by changing the plasma position (-0.2 m < A < 0 m),
the quadrupole field (0% < Bg < 200%) and the pitch modulation (-0.1 < o
< 0.1). Itis found in the 1/v regime that the inward shift of the plasma
column, the negative pitch modulation and the Bg = 100% configuration are
effective in reducing the diffusion coefficient (e.g., the diffusion coefficient
for the configuration with A = -0.2 m and Bg = 100% is about 1/10 that with
A =0 m and Bq = 0%.). This is caused by the side band structure of the
magnetic field ripple (so-called multi-helicity effect). Comprehensive
comparisons between the DKES code analysis and the multi-helicity theory
developed by Shaing and Hokin have been made, and it is found that the
theoreticai correciion due o the mulii-helicity effect is in good agreement
with the DKES calculations. In the v regime, the DKES analysis shows
that the diffusion coefficients are not as sensitive to the variation of the
configuration. This characteristic supports the formula proposed by Crume
et al., in which the diffusion coefficient is independent of the helical ripple in
the v regime. We have proposed a formula interpolating the diffusion
coefficient between the 1/v and v regimes, in which the correction due to
the multi-helicity effect is incorporated.

As the ion temperature increases at a fixed density of n = 1020 m-3, the
ion thermal transport transition from the 1/v regime to the v regime occurs
around Tj= 2-4 keV at r/a = 0.5, if a radial electric field e¢/T; = 1 1s
introduced. For an optimized configuration (A = -0.2 m, Bg = 100%), the
jon thermal diffusivity has a maximum value of y; = 3.5 m2/s at around T; =
3 keV with ed/T; = 1, and the electron thermal diffusivity exceeds Xe = 1.0
m2/s for Te > 3 keV. The electron thermal diffusivity e increases
monotonically with Te up to Te = 10 keV.

The bootstrap current has been analyzed with the DKES code for the
multi-helicity configurations of LHD. In the collisionless limit, the coefficient
of the bootstrap current becomes independent of the collision frequency,
and it is also insensitive to the radial electric field around e§/T = 1. These



results support the assumptions employed in the theory to derive the
formula for the bootstrap current in the banana regime. We have also
confirmed that the analytic formula is applicable for various configurations
of LHD. We should, however, remark that for collision frequencies
between the plateau and the banana-regimes, where the theory is not
applicable, the bootstrap current might become larger than the collisionless
limit by a factor of around two.
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Figure Captions

Fig. 1 Dgj calculated with DKES as a function of the mean free path
(denoted CMUL =v/v: m1), where the radial electric field is

introduced with the parameter EFIELD (= Er/v : V-s/m2). To

calculate the thermal diffusivity ¥; ¢ these data must be integrated
along a path shown by a broken line with a weight of a Maxwellian
distribution function.

Fig. 2 Dgj values as functions of (a) toroidal ripple and (b) helical ripple,

where a model field defined by B/By =1 - €zc0s(0) + Excos(l6 - md)
with /=2 and m=10 is employed. Scalings represented by egs. (2),
(3a) and (3b) are also plotted. EFIELD values are (i) 106, (ii) 10-4,
(iif) 3x104, (iv) 10-3, (v) 3x10-3 and (vi) 10-2.

Fig. 3 Dgj values as a function of the radial electric field for single- and
multi-helicity cases, where two different configurations (case(a): A =
-0.2 m, Bg = 100%, and casc (b): A= 0m, Bq = 0%) are dealt with.
Toroidal/helical ripples are listed in Table II, including the correction
factor due to the multi-helicity effect.

Fig. 4 Fourier components of the magnetic field (case (a): A= -0.2 m, Bg =
100%, and case (b): A=0m, Bg = 0% ). The magnetic field ripple
along the field line at r/a = 0.5 (shown with arrows) is also plotted.
Poloidal and toroidal Fourier mode numbers are denoted by / and m,
respectively.

Fig. 5 Dg; values as a function of the plasma minor radius for various
positions of the plasma column (A =0, -0.1, -0.2 m ) in the 1/v
(EFIELD=10-6) and v (EFIELD=10-2) regimes. The corresponding
structure of the magnetic field ripple is also presented.

Fig. 6 Dgj values as a function of the plasma minor radius for various
quadrupole fields (Bg = 0%, 100%, 200%) in the 1/v and v regimes.
The configuration with Bg = 100% corresponds to a toroidally
averaged plasma shape with a circular cross section. The
corresponding structure of the magnetic field ripple is also presented.



Fig. 7 Dgj values as a function of the plasma minor radius for various pitch
modulations of the helical coil (& = -0.1, 0, 0.1) at the 1/v and v
regimes. The corresponding structure of the magnetic field ripple is
also presented.

Fig. 8 Comparison of the DKES data with the scaling of the helical ripple in
the 1/v regime. DKES data are plotted as functions of (a) Ag =
er2ep3/2/Bo? and (b) Am = Cmer2en32/B02, where Crm is a correction
factor due to the multi-helicity effect, originated by the theory of
Shaing and Hokin.

Fig. 9 Interpolation formula between 1/v and v regimes, corrected for the
multi-helicity effect. Open and closed circles denote the DKES
calculation results for single and multi-helicity, respectively. Using a
correction factor Cp,; due to the multi-helicity effect, defined by eq-
(5), the diffusion coefficients D,, for the multi-helicity case are
calculated as Dy, = Dg(R. + 1)/(R; + 1/Cp,) with the single-helicity
data D shown by dotted line, where R, is the ratio of the diffusion
coefficients of the v regime to those of the 1/v regime.

Fig.10  The ion thermal diffusivity %; as a function of the collision
frequency for case (a): A =-0.2 m, Bq = 100%, and case (b): A =0
m, Bgq = 0%, where the ion temperature is changed at a fixed density
of n = 1020m-3, The radial electric ficld £, is converted into a

potential defined by Er = -e grad ¢ = -ed/ag with ay = 0.6 m, and the
value of ed/T] ¢ is fixed for each curve. With no radial electric field
in the 1/v regime, the ion thermal diffusivity 7; is proportional to T;7/2

Fig.11 The electron thermal diffusivity ye for case (a): A = -0.2 m, Bg =

100%, and case (b): A =0m, Bg = 0%, where the electron
temperature is changed at a fixed density of # = 1020m-3,

Fig.12 Peak values of y; presented in Fig. 10 for various densities as a
function of an ion temperature which gives the peak in the y; value at
e¢/Ti=1. The range of the ion temperature with y; > 0.9yi(peak) is
also presented. Arrows indicate the ion temperature with xilpeak),
calculated by eq. (9).

Fig.13  Dg3 values from DKES as a function of the collision frequency
(CMUL) for various radial electric fields ¢§/T;,. Values for an




equivalent tokamak are also shown: they are obtained by setting all
helical ripples to be zero in the DKES code.

Fig.14 Dgj and DE3 values as a function of the radial electric field.

Fig.15 Dg3 values as a function of the radial electric field for different
plasma minor radii (i.e., for different magnetic field ripples) in the
configuration of case (a) (A =-0.2 m, Bq = 100%).

Fig.16 The bootstrap current normalized by that of the equivalent tokamak
as a function of the minor radius, where the plateau values in Fig, 13
are included. Theoretical values are calculated with eq. (10). Single-
and multi-helicity configurations are compared for two cases.

Fig.17 Dgjz values as a function of the quadrupole field component Bgq.
The toroidally averaged plasma shapes are schematically drawn for
each Bg value, and the configuration with Bg = 100% is
corresponding to a toroidally averaged plasma shape with a circular
Cross section.



Table Captions

Table I Specifications of the Large Helical Device (LHD). A few
parameters employed in transport analysis are slightly different with
these specified values. Values in brackets are used in the DKES

code.
Major radius R =39 m (4.0 m)
Minor radius a=05-065m
Toroidal field Bp=4T
Helical coils
pitch number m =10
pitch parameter Y=(m/I)(ac/Rc) v=125(1.2)
pitch modulation o =0.1
maximum field Bmax=96T

Table II Magnetic field ripples for two configurations.

case (a) case (b)
(A =-0.2m, Bq=100%) (A=0m, Bq=0%)

&; 5.84 % 6.21 %

En 4.78 % 4.83 %
€232 3.56x10-5 4.09x10-5
Cim(=Fp/F) 0.55 2.75

CEt2€R32 1.96x10-5 11.2x10-5
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