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Abstract

A model of gyro-reduced Bohm scaling law is incorporated into a one-dimensional trans-
port code to predict plasma parameters for the Large Helical Device (LHD). The transport
code calculations reproduce well the LID empirical scaling law and basic parameters and
profiles of the LHD plasma are calculated. The amounts of torcidal cuirents {bootstrap

current and beam-driven current) are also estimated.
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1. Introduction

Sudo et al.[1] obtained an empirical scaling law for the energy confinement time and
the critical density Limit from the analyses of experimental data of Heliotron E, W7-
A, Heliotron DR and L2 stellarator. This scaling law holds for a wide range of plasma
parameters of these stellarators and torsatrons and is called the LHD scaling law. Murakami
et al.{2] reported that the global energy confinement times obtained in the ATT experiments
can be well scaled by the gyro-reduced Bohm {(GRB) scaling law based on the collisionless
drift wave turbulence. Recent CHS experimental data [3] agree approximately with the
GRB scaling law. Sudo[4] compared the LHD empirical scaling with the GRB scaling law
and concluded that the GRB scaling law predicts practically the same parameters as the
LHD scaling law. It was also reported [5] that the regression coefficients of the W7-AS
empirical scaling law are very similar to those of LHD or GRB scaling law although the
W7-AS scaling law has a weak dependence on the edge rotational transform and the minor

radius dependence is not so strong (75 ™% x a

1282016

In this report we predict plasma parameters of the Large Helical Device using the LHD
or GRB scaling law. A model transport coefficient based on the GRB scaling law is incor-
porated into a one-dimensional transport code to predict the plasma parameters and their

profiles for the proposed LHD machine parameters. The obtained plasma profiles are used

to calculate the bootstrap current and beam driven current.



2. LHD scaling

The LHD empirical scaling law for the energy confinement time 75 and the critical density

7. are given by [1]

TE[S] = O-ITP-058n0693084a203075 (21)

n[10°m™3] = 0.25P3p0% 1OR70? (2.2)

where P[MW] is the absorbed power, n[10*°m™?] the line averaged density, B[T] the mag-
netic field, a[m] the minor radius and R[m] the major radius. Equation (2.1) is called the
“LHD scaling law”. The energy confinement time 7; and the plasma beta value 7 are
defined by gz = %(ne‘]”‘2 + n,T,)V,/ P and 7 = 2pe(n.T. + n,T,)/ B®. respectively. where n,
and , are the electron and ion densities. 7. and 7, the electron and ion temperatures, and

V, the plasma volume. Assuming n, =n, = n, T, = T, = T and using the plasma volume

V, = 2m*Ra?, eq.(2.1) gives [1]

TlkeV] = 0.18P%4p =031 po8p-0% (2.3)

ﬁ[%] — 1.44})0 42730'693_1‘1612_025. (24)

Substituting eq.(2.2) into eq.(2.4) yields the LHD scaling critical beta value. We apply
eqs.(2.1)-(2.4) to the Large Helical Device (LHD). However we should note that the con-
figuration effects such as rotational transform :, helical ripple strength ¢, or magnetic axis
shift A,,,, are not seen in the LHD scaling although plasma stored energy increases with the
inward plasma shift in NBI experiments of CHS [3]. Another problem in the LHD scaling is
the uncertain estimation of heating input power{power deposition) from the neutral beam
injection. Therefore it is noted that the LHD scaling based on the experimental data of
existing devices has some errors and the plasma parameters predicted by the extrapolation
to the larger device (LHD) may have large errors.

The proposed basic parameters for the LHD are L = 2. M =10, R =39 m, B =1
T, v = 1.25 and o = 0.1, where L and M are poloidal and toroidal polarities, 7. the
pitch parameter of winding law, and « the pitch modulation parameter [6]. To obtain a
good single particle confinement compatible with a high plasma beta value, we require the

inward plasma shift of A, ~ —0.15m and Bg(net) ~ 0, where Ay, is the magnetic
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axis shift of the vacuum field, and By(net) is the net quadrupule fleld created by helical
and poloidal coils [6-8]. In this case the toroidally averaged plasma cross section is nearly
circular and the average minor radius of the outermost closed surface in the vacuum field
is roughly 0.6 ~ 0.65 m. We refer these machine parameters to the standard configuration
below.

Figure 1 shows the dependence of the energy confinement time g, the temperature 7'
and the beta value 7 on the input power P and the density n. Here the critical density »,
is also shown and we have used B = 3.9 1An,- B=4Tand o =065 min Figl The LHD
scaling depends strongly on the plasma radius, but it is generally difficult to determine the
definite plasma radius in helical systems since magnetic islands are easily created in the
peripheral region due to field errors and finite beta effects. Therefore it should be noted
that the employed minor radius (¢ = 0.65m) deduced from calculated vacuum magnetic
fields is the most optimistic one.

From Fig.1 we can see, for example, that 7g = 112 ms, 7 = 144 keV and 8= 0.72 % for
P =20 MW and n =1 x 10%° m~>. For the same input power, we can obtain the critical
density n. ~ 1.7 x 10 m™> at which 7z = 165 ms and T = 1.22 keV and 7 = 1.1 %. If
the plasma minor radius is reduced to 0.6 m. we obtain 77 = 96 ms, T = 1.44 keV and

8=072%forn=1x 10" m™® and P =20 MW.

3. Transport code study

Here we use a one-dimensional transport code in order to obtain the plasma profiles
reproducing the LHD empirical scaling law. Geldston et al.[9] derived a scaling similar to
the LHD scaling by the mixing length argument of the collisionless drift wave turbulence
as follows. Assuming that the spatial variation of the density fluctuation k)7 is not larger
than that of background density n/L, in the quasilinear theory of collisionless drift waves,
we have the turbulent diffusivity x. ~ y/k3[10]. Here putting v ~ w.. = (T/eB)k1 /L),

ky = p, =/T./m,Q2, and L, ~ a yields

_Tep,
Xe )

“eBa (3.1)



which is called the “Gyro-Reduced Bohm” (GRB) scaling since it has the form of the
Bohm diffusivity multiplied by p,/a. Using 7z = o*s/4x. = 2(n.T. + nT,)V,/P and

V, = 27* Ra’x with « the elongation, we obtain
7w — .25 p06,08 gO8 ROB 24 402 (3.2)

where A, is the mass ratio of the plasma ion to the proton. Murakami et al.[2] reported that
the experimental data of ATF are consistent with the GRB scaling (3.2). Sudo[4] compared
the LHD empirical scaling (2.1) with the GRB scaling (3.2} and concluded that the GRB
scaling predicts practically the same plasma parameters as those of the LHD empirical
scaling. It should be noted that eq.(3.1) gives the dependence of x. on the temperature
and the magnetic field as x. o< T"*/B?, which is ir good agreement with the experimental
result obtained by Sano et al.[11] that in the NBI experiments of Heliotron E the electron
thermal diffusivity have the dependence y#% o T? 328720 at r/a ~ 2/3 (its absolute values
are Y75 (r = 2a/3) = 1 ~ 10 m?/s). However according to the GRB scaling (3.1) x, is
decreased with increasing the radial coordinate while generally in the experiments y. is
large in the peripheral region [12]. Thus although eq.(3.1) is possible to determine the
global energy confinement time it does not seem to be valid locally.

Hagan and Frieman [13] applied the scale invariance technique [14] to the nonlinear
gyro-kinetic equation [15] which describes low frequency (v < w,,} microscopic (k; ~ p; ')
fluctuations such as those of drift wave turbulence. They derived the thermal diffusivity

due to electrostatic fluctuations, which has the form [13,16]

_ Ttpz (ya LJ )
X""eBaF :ﬂ:l'sfy’c:Lk: (33)

Uth
where g, is the ion Lamor radius, vy, the thermal velocity, v the collision frequency, 7 the
local plasma beta, ¢ the local rotaional transform, & the flux surface elongation and L; and
L, denote additional local scale lengths such as shear length L, = |V/¢|"?, density length
L, = 1Vn/n|™! and temperature length Ly = |[VT/T|7). When T, = T,, eq.(3.3) leads to
GRB scaling (3.1} except for the arbitrary function F, which cannot be determined by the
scale invariance technique alone. There may be a possibility that the thermal diffusivity
given by eq.(3.3) increases at the plasma edge, which the GRB scaling (3.1) fails to predict.

through L, and other variables in the arbitrary function F.
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Here we employ the GRB scaling for the electron thermal diffusivity in the simulations
but we assume that x.(r) has the large values in the peripheral region through the function
F'in eq.(3.3). We use the transport code developed by Nakamura and Wakatani [17,18]. In
the simulations the particle flux T is the sum of the neoclassical part I'VC and the anomalous
part [4¥. In the same way the electron thermal flux Q, consists of Q¥C and QY. However
we assume that the ion thermal flux @, contains Q¥ alone. In the neoclassical transport
we consider both the axisymmetric part and the non-axisymmetric part (ripple transport).
We use the expression for the ripple transport based on the single-helicity model magnetic
field, which is derived by Hasting et al.{19] The anomalous transport T'*Y and Q4%
are assumed to be proportional to only the gradients of density and election temperature.
respectively. The density diffusion ccefficient D4 and the electron thermal diffusivity y 2

are given by

D = (D) (3.4
xe¥ = (X + f(r/a))g +2) /(g + 2+ 2f) (3.5)
(X&) = %(‘:) (3.6)

where () denotes the volume average. If we take the volume average of eq.(3.5), we have
the GRB diffusivity in eq.(3.6). Here f and g are the parameters which determine the
radial profile of x*¥. We use f =4 ~ 6 and g = 5 ~ 10, which give x*¥(r} having the
larger values near the plasma surface. The transport code used here enables the plasma to
reach a given value of the volume average density {n.) or the line average density n, by the
feedback control of gas puffing. We consider the electron cyclotron wave heating (ECW
heating} and neutral beam injection heating (NBI hLeating). For simplicity the absorption
profile for the ECW heating is fixed : Prow o {1 —(r/a)’)?. In the case of NBI heating
the birth profile of the fast ions by the NBI is calculated and the Fokker-Planck equations
are solved on each magnetic surface for fast ions to obtain the heat input to electrons and
plasma ions. We use the vacuum magnetic field data for the rotaional transform +(r) and
the helical ripple field strength e,(r). In a wide range of parameters; By = 3.5 ~ 4 m,
a=052~065m B=3~4T, 2, =(05~2.0) x 10° m™> and P =5 ~ 20 MW, the
tranport code calculations reproduce the LHD scaling very well when f ~ 5 and ¢ ~ 8.

The results are shown in Fig.2(a) and (b), where calculated volume averaged temperature
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({T.) + (T,}))/2 and global energy confinement time 75 are plotted versus thase of the
LHD scaling.

Figure 3 shows a result from the transport code calculations for the standard configura-
tion. We have employed the outermost surface with the average radias of 0.62 m (a = 0.62
m). We have used ¢,(r) given by the vacuum magnetic field calculation with parameters de-
scribed in §2 (for instance, ¢,(a) = 0.288 and ¢,(a/2) = 0.05). We assumed that Z.;; = 2.0,
DAY = AN 3 f =5 and g = 8. In the case of Fig.3 we considered only the ECW heating
with a parabolic heat deposition profile (p = 2, ¢ = 1), and Pgew = 20 MW. By the
feedback control the density has been kept constant te be {n.) = 1 x 10**m™>. Figure 3(a)
shows the density profile. The profile is flattened in the inner region and has the peak in
the outer region since the recycling of particles is localized outside and the mechanism of
the inward particle diffusion is not included. Accordingly the line average density 7. is
close to the volume average density {n.) ; (n.) = n, =~ 1 x 10° m™. Figure 3(b) shows
the temperature profiles. The solid curve represents the electron temperature 7,(r) and
the broken curve the ion temperature T,(r). We obtain T,(0) = 4.05 keV, {7.) = 1.59 keV,
T.(0) = 2.78 keV and (T;) = 1.29 keV, so that T.(0)/(T.) = 2.5 and T.(0)/{T.) = 2.1 imply-
ing that the ion temperature profile is very close to parabolic one and the electron profile is
slightly steeper than that. Figure 3(c) and (d) show the electron thermal diffusivity y.(7)
and the ion thermal diffusivity x,(r}, respectively. The axisymmetric and nonaxisymmet-
ric neoclassical transports and the anomalous transport are shown separately. (The ion
anomalous transport x% is not included in the calculation.) The total thermal diffusivi-
ties x.(r) and x,(r) are shown by the solid curves. For electrons, the ripple diffusion has
a maximum value at r ~ a/2 (x¥¢ ~ 0.45 m?/s) but . is almost determined by x#¥ in
the whole region. The total electron thermal diffusivity y. changes from 0.5 ~ 4 m’/s.
For ions, ¥, is determined by the ripple diffusior which has very large values at r ~ a/2
(x, = x¥¢ ~ 4.0 ~ 5.0 m?/s) but is very small in the peripheral region. The global en-
ergy confinement time, which is defined as the internal energy devided by the input power,
78 = (W.+ W,)/P, is 97 ms. The LHD empirical scaling equations (2.1) and (2.3) give
TEHD = 102 ms and T"#P = 1.44 keV, which are consistent with our simulation results

¥ = 97ms and (T) = ((T.) +{T.})/2 = 1.44 keV. The calculation shows that the electron



anomalous heat flux across the outermost surface 477Rog " (a) exceeds the neoclassical
electron heat flux and anomalous and neoclassical ion heat fluxes. Therefore the electron
anomalous heat balance has the dominant effect on the total energy confinement time. The
magnitude of . in the peripheral region is very sensitive to the global confinement timne.
The total confinement time defined as the internal plasma stored energy devided by the
heat flux across the outermost surface, 7 = —(W, + W,)/47?Ra{q.(a) + ¢,(a)), is 120 ms.
Figure 3{e) shows the collision parameters v.. = v./(rpep) and v,.. = v, /{cpop) whete
wp = eilgu,'p and w, = v, /¢R. We see that both electrons and ions are in the 1/v regie
in the region 0.15 m < r < 0.55 m. Figure 3(f) shows the electrostatic potential ®(r). The
radial electric field E, are calculated by the condition I', = I',. Putting ® = 0 at r = q,
®(r) are obtained from F,. We have e®/T, ~ 2.0 and ¢®/T, ~ 2.6 at r/a ~ 0.5.

Here we used the single-helicity model magnetic field in order to calculate the ripple
diffusion. However the actual magnetic field configuration has the mulptiple-helicity for
which the ripple diffusion is different from that for the single-helicity. Todoroki[8] and
Nakajima et al.[20] studied the dependence of the ripple diffusion on the magnetic field
configuration {effects of the magnetic axis shift, the helical coil pitch modulation. the flux
surface elongation etc.) in the 1/v regime and found that the ripple diffusion is remarkably
decreased by the inward shift of the plasma in terms of the vertical magnetic field. Ogawa
et al. calculated ripple diffusions in detail for the LHD plasma by the DKES code [21]
and obtained yZ¥55 ~ 0.2 m?/s and yPXES ~ 2 m¥/s at r/a ~ 0.5 for parameters of
ne 2 10° m™2 T, 2.0 keV, 7, ~ 2.0 keV and ¢®/7, ~ 2 ~ 3 when the magnetic axis is
shifted inward by 0.2 m and Bg{net) =~ 0. The values of thermal diffusivities with single-
helicity model, ' and x?¢, calculated in the present transport code are overestimated by
afactor of 2. However as described above the electron anomalous transport dominates over
the neoclassical transports this descrepancy is not important. Thus the simulation results
of our transport code indicate that not the ripple diffusion but the anomalous transport
x2" in the plasma edge has the dominant effect on the global plasma confinement for

the plasma with the 15 cm inward shifted magnetic axis. Here the anomalous transport is

considered only for the electron but actually it is supposed that the anomalous ion transport

AN

?

exists and x** in the plasma edge also has the significant effect on the confinement.



Figure 4 shows the result in the case of NBI heating. Two hydrogen neutral beams with
energy of 125 ke\" are tangentially injected from the negative ion sources in the co and
counter directions, respectively. The shape of the beam cross section is assumed to be
Gaussian with a halfwidth of 0.15 m. The distance from the torcidal center to the beam
line is chosen 3.7 m. The birth points of fast ions are first calculated and subsequently the
Fokker-Planck equations are solved for the fast ion slowing down process to obtain the heat
input to electrons and plasma ions. The port through power of NBI is 20 MW and a small
amount of ECW power (Pgew = 3 MW} is added. Other calculation parameters are the
same asin Fig.3 At the steady state absorbed powers by electrons and ions from NBI are
Pig; = 11.31 MW and P} 5, = 6.10 MW, respectively. {The total absorbed power by the
plasma is P = 20.41 MW.) Figure 4(a) shows the density profile and temperature profiles
are demonstrated in Fig.4(b). When compared to the ECW heating only case (Fig.3) the
ion temperature is close to that of electrons. We obtain < n, >~ #n, ~ 1.0x10° m™>, T, =
272 keV, < T, >= 1.36 keV,T}p = 2.60 keV, < T, >= 133 keV, and 7§ = 98 ms. The
energy confinement times defined by the heat flux across the outermost flux surface are,
7f, = 84 ms, 7}, = 186 ms, and 7§ = 115 ms. The anomalous electron heat flux dominates

at the peripheral region as in the ECW case. The collisionalities for electrons and ions and

the electric potential are shown in Fig.4{c} and (d), respectively.

4., Toroidal currents

The remarkabie feature of neoclassical bootstrap current in stellarators/torsatrons is its
strong dependence on the magnetic field configuration. The magnitudes and profiles of
bootstrap currents in the LHD with R = 5 m have been examined by Nakajima et al.[22],
in which it was revealed that shifting of the plasina in terms of the dipole field control is
effective and the elipticity of magnetic surfaces, which can be controlled by the quadrupole
field, have a remarkable influence on the bootstrap current : a small outward shift of the
plasma and vertically elongated magneitc surfaces are favourable for a reduction of the
bootstrap current. The bootstrap current depends on the pitch modulation «. but its
dependence 1s not so strong. Figure 5 shows the dependence of bootsirap currents on a for

thecaseof B=4T, R=4m,a=052m, v = 1.20, and A,,,, = —0.1 m and By(net) ~0
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(which is a little different parameter set from the proposed standard configuration described
in §2}. We have used the equations for bootstrap current in the 1/v regime given by Shawng
and Callen [23]. In Fig.5, the rotational transform of the vacuum magnetic field ¢ and
the total rotational transform ¢, which consists of 4y and that produced by the bootstrap
current, are shown by the broken and solid curves, respectively. We see that the bootstrap
current [, is larger for & < 0 than for o > 0 (it should be noted that o < 0 is favorable
for the single particle confinement}) but the dependence on o is not so strong Fora =101
we have [y, =~ 150 kA and (At)y,, =~ 10%, where Ar = |(4 — 0y ) /iy ]

The proposed standard configuration for the LHD has been chosen so as to satisfy a good
single particle confinement and a high 7 value. It is necessary to estimate the bootstrap
current and beam driven current in this configuration. We consider these torordal cutients
for the plasma heated by NBI (Fig.4). As is seen from Fig.4(c) the LHD plasma lies in the
1/v regime in the region of r = 0.2 ~ 0.6 m. We calculate the geometric factor given by
Shaing and Callen [23] for the standard configuration assuming that the plasma is in the
1/v regime in the whole region. We use the profiles for n.(r), T.(r) and T,(r) obtained in
Figs.4(a) and (b). The bootstrap current in the standard vacuum magnetic field amounts
to fps = 169 kA for the predicted plasma profiles.

Nakajima and Okamoto {24] have studied the neoclassical expression for the beam driven
(or Ohkawa) current based on the drift kinetic equation for electrons in the 1/v regime.
The net beam driven current density J,.; is the sum of the fast ion beam current density
Jy and the electron current density Jy. produced by the interactions with fast ions : J,.; =
Jy + Jye. In Ref[24], Jy., or F(= Joe/Js), and the electric conductivity o are derived
for nonaxisymmetric devices. It is found that the strong configuration dependences are
not seer for F' and o contrary to the bootstrap current since the interactions between
electrons and fast ions or the inductive field occur in the velocity space. The different
trapped electron distributions produce different beam currents and conductivities between
the axisymmetric and nonaxisymmetric systems.

We estimate the beam driven current in the LHD plsama produced by the tangential
neutral beam injections. Two neutral beams are injected in the same direction from the

negative lon sources with the energy of 125 keV' and the power of 10 MW Tt is necessary to



calculate the fast ion beam current J,, to obtain the net beam driven current. In order to
calculate J, we solve the Fokker-Planck equations for fast ions with vy, € vy < v [25),
where vy, and vy, are the plasma ion and electron thermal speeds, respectively, and v the
beam ion speed. We assume that all the fast ions have the same speed :? and the same
pitch angle 80 when they are generated by the injection of neutral atoms Accordingly the
source function for the fast ions is expressed by S = Spé(v — v?)8(cos 6 — cos89) /+2. For
this source function the Fokker-Planck equation has the steady state solution [25] and the

beam current density is given by

Jy = ZpeSyT, cos A2 ’Ub

14+
/ dz 3+Z2 1 +C;3)1+Z2I3 (41)

1+
where Sy = I/eZ, with I, the equivalent current and Z, the beam atomic charge number,
7, the slowing down time, Z, = Z;¢/Zy (Zy = ¥, n.Zimy/n.m,), and o = v, vy (v is the
critical speed [251).

We calculate the beam driven current for the standard configuration of the LTHD and
the profiles of density and temperatures obtained in Fig.4(a) and (b). For simplicity we
assume that the birth distribution of fast ions with 125 keV energy i1s a Gaussian profile
centered at r = 0 and its halfwidth is A = a/4. Z.;; is constant with the radius and
Z, = 1 for the hydrogen beam atoms and hydrogen plasma ions. In Figs.6(a), (b). {c).
and {d), the trapped electron distribution f;. the function £, the beam current J;. and the
net beam driven currents J,. are shown, respectively. The fraction of trapped particles
increases with the radius since the helical ripples increase with the radins. Accordingly the
conductivity decreases with the radius although it is not shown in Figuies. The function
F, which reflects the effect of the elctron return current, inreases with the radius as the
trapped particle fraction f; increases and thereby the electron return current Jj, decreases.
This is because of the fact that the number of passing electrons carrying the return current
decreases with the increase in trapped electrons and that the passing electrons suffer from
the frictional force against the trapped electrons. F also increases as the effective ionic
charge number Z.;s. The radial dependences of F' are weakened as Z,;; increases. For
small Zess (Zess = 1.0), the effect of £, is singnificant, and the radial dependence of F is
roughly the same as that of f;. For large Zes; (Z.;; > 3) fi is less effective and F is a

weak function of the radius. These results are attributed to the fact that increasing Z, 4,



enhances the pitch angle scattering resulting in decrease in the electron return current. In
the present case since Z¢; is constant Jy, is reduced uniformly and F approaces unity. In
Fig.6(c) the beam currents calculated from Eq.(4.1) are shown. The profiles are assumed to
be Gaussian but the magnitude of the beam current depends strongly on Zz¢. In Fig.6(d),
the profiles of the net beam driven currents are shown. F increases with Z.;; whereas
Jy decreases with Z.;¢ and the dependence of J,o on Z.;; is determined by the balance
between the two different dependences. The total net beam current {, can be obtained by
the integration of J,., over the radius. For Z.;; = 1 ~ 5. the total currents amount to

I, = 115 ~ 275 kA when the beam power is 10 MW,

5. Conclusion

In this report we obtained the pofiles of density, temperatures and electric field in the
LHD plasma by the transport code using the modified GRB scaling for the anomalous trans-
port coefficients. The GRB scaling is used as the volume-averaged value of the anomalous
coefficient but the radial profile of the coefficient, which has larger values in the edge region,
has been given so as to reproduce the LHD scaling.

Using the density and temperature profiles obtained by the transport code we calculated
the bootstrap current in the LHD plasma with the set of standard machine parameters
given in §2. The bootstrap current amounts to f,, ~ 169 kA for the standard vacuum
field configuration of the LHD and for the plasma profiles given in Fig.4. The estimated
beam-driven current in the LD plasma produced by the tangential neutral beam injection
changes from 115 to 275 kA depending on Z,;s for the hydrogen neutral beams with energy
of 125 keV and power of 10 MW. The bootstrap current and the beam driven current have
been estimated only for the case of (n.) ~ fi, = 1 x 10%m™3. The bootstrap current as well
as the beam driven current can be easily influenced by various plasma profiles. Therefore
it should be noted that the predicted values of the bootstrap current and beam driven cur-
rent presented here are just the results only for the profiles given in Fig.4. Since the global
confinement is governed dominantly by the anomalous transport coefficients, a model of
the anomalous transport, which is derived from the reliable theory and describes accurately

both the global confinement time scaling and the local dependence of the transport coeffi-



cients, is required. We have used the vacuum magnetic field configuration for calculations
of bootstrap current and beam-driven current. It is well known that the bootstrap current
depends strongly on the field configuration or the Fourier spectra of the magnetic fields,
which can be modified by the finite beta effects. In order to obtain the more accurate
results, it is necessary to solve three-dimensional equilibria with finite § including self-
consistenily the bootstrap current and beam-driven current. It is noticed that the parallel
viscosities due to impuity ions and fast ions are important for the estimation of bootstrap

current [26]. These problems are under investigation.
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Figure captions

Fig.1 Diagram of LED empirical scaling law. 7g[s], #[%], T[keV] and n.[10°°m™] are
shown for B=4T, R=3.9 m and ¢ = 0.65 m.

Fig.2 Comparison of LHD empirical scaling law and transpot code results.

Fig.3 Transport code results in the case of ECW heating. B=4T, R=39m, ¢ =106

m.

{a) density profile, {b) temperature profiles for electrons (solid line) and ions {dashed
line). {c) electron thermal diffusivities : ripple diffusion (dot-dashed line) axisym-
metric neoclassical diffusion (dashed line), anomalous diffusion (2 dots-dashed line},
total coefficient (solid line). {d) 1on thermal diffusivities : ripple diffusion {dot-dashed
line} axisymmetric neoclassical diffusion {dashed line), total coefficient (solid line),
anomalous diffusion is not included. {e) collisionalities for electrons v... (solid line)

and ions v,.. (dashed line). (f) electric potential calculated from I'.(E,) = [,( £, ).

Fig.4 Transport code results in the case of NBI heating. Hydrogen neutral beams with
energy of 125 keV and power of 20 MW are injected tangentially to the hydrogen
plasma. ECW heating with 3 MW is added. Other parameters are the same as in
Fig.3.

(a} density profile, (b) electron and ion temperature profiles, (c) collisionalities for

electrons and ions, (d) electric potential profile.

Fig.5 Bootatrap current dependence on the pitch modulation parameter a. The geometric
factor is calculated for the vacuum field with B = 4T, R = 4 m, a = 0.52 m,
Yo = 1.20, Auzs = —0.1 m and Bg(net) ~ 0 (a little different from the standard
configuration). Plasma profiles are calculated by the transport code for B = 4 T,
R =4 m and a = 0.52 m (different from the results in Figs.3 and 4).

Fig.6 Beam driven current. The beam power is 10 MW and other beam parameters are

the same as in Fig.4.

(a) fi - fraction of trapped electrons. (b} £' = J,./J,. (¢) J, : beam current density,

(d) Juet : net beam current density.
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