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Formation of Electron-Root Radial Electric Field and its Effect on
Thermal Transport in LHD High Te Plasma
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Neoclassical transport analyses have been performed for a high electron temperature LHD plasma with steep
temperature gradient using a neoclassical transport simulation code, FORTEC-3D. It is shown that the large
positive radial electric field is spontaneously formed at the core along with the increase in the electron tempera-
ture, while the neoclassical heat diffusivity remains almost unchanged. This indicates that the 1/ν-type increase
expected in the neoclassical transport in helical plasmas can be avoided by the spontaneous formation of the
radial electric field. At the same time, it is found that the experimentally estimated heat diffusivity is significantly
reduced. This suggests that the formation process of the transport barrier in the high electron temperature plasma
can be caused by the spontaneous formation of the radial electric field.
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1. Introduction
The formation of the electron internal transport barrier

(eITB) observed in many helical devices [1, 2] is promis-
ing for the better confinement. High electron temperature
(Te) plasmas followed by the formation of the eITB are
called CERC (Core Electron-Root Confinement) plasmas
since they have a large positive (electron-root) radial elec-
tric field (Er) at the plasma core. It has been observed that
the Er in a CERC plasma has a steep shear at the plasma
core region where the steep Te gradient of eITB forms. In
the Large Helical Device (LHD), CERC plasmas are origi-
nally observed in the NBI-sustained plasmas with a super-
position of electron cyclotron heating (ECH) [3]. Recent
experiments in LHD have shown that the high Te plasmas
can be observed with only ECH for relatively low density
plasmas [4].

During the discharge of a CERC plasma, it has been
observed in LHD that the Te profile changes from flat into
steep one as the ECH continues. In this process, a locally
flat profile of Te appears temporally, then the local flat re-
gion shrinks, and finally the Te profile results in the steep
eITB one. The resultant foot point of the eITB approaches
the low order rational surface of ι/2π = 1/2. It has been
pointed out that the position where the eITB formation oc-
curs in CERC plasmas has a close relationship to either a
low-order rational surface or a magnetic island [5]. It has
been also reported that there is a threshold of the heating
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power to realize the electron-root Er, and it has a clear de-
pendence on the magnetic axis position [6]. With these
observations, however, the mechanism of the eITB forma-
tion has not been clarified. It is necessary to understand
the mechanism how the eITB forms from the viewpoint of
the transport. In general, the Er and its shear strongly af-
fect both the neoclassical and anomalous transport. Since
CERC plasmas are characterized by the formation of the
electron-root Er at the core, it is important at first to in-
vestigate the Er formation process and its relation to the
transport reduction during the discharge. The Er in heli-
cal plasmas can be determined by the ambipolar condition
of the neoclassical transport, where the neoclassical parti-
cle fluxes of the electron and the ion balance. An accurate
evaluation of the neoclassical transport and Er is a key is-
sue in the transport studies in helical plasmas.

In our recent work, it has been shown that the finite
drift motion of electron orbits across the field lines, or the
finite orbit width (FOW) effect on the neoclassical trans-
port becomes important in high Te helical plasmas due to
the large deviation of the helically-trapped electrons [7]. A
neoclassical transport code, FORTEC-3D, which was used
in that study, has been developed with the aim to apply to
such high Te plasmas. FORTEC-3D code has features be-
low: (1) it involves the electron FOW effect in following
the orbit of (marker) particles with the δ f Monte Carlo ap-
proach, (2) it can be applied to arbitrary magnetic field con-
figurations such as tokamaks and helical/stellarator plas-
mas when the field is expressed in Boozer coordinates [8],
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(3) the collision operator for like-particles satisfies the ele-
mentary conservation laws for the particle number, the mo-
mentum, and the total energy, and (4) the steady-state am-
bipolar Er is determined self-consistently by the ambipolar
condition of Eq. (4) shown later. It is noted that the colli-
sion operator for unlike-species (here, the electron-ion col-
lision) is represented only by the Lorentz operator, or the
pitch angle scattering, since ion is assumed to be a station-
ary Maxwellian. This is due to the fact that any external
momentum input for the ion does not exist, and thus the
ion mean flow can be regarded negligible compared to the
electron thermal speed. Although the momentum conser-
vation in the unlike-particle collision is not satisfied for the
collision operator, momentum transfer from electron to ion
is negligible due to the large difference between the elec-
tron mass and ion one. With these features, FORTEC-3D
code is aimed to evaluate the neoclassical transport and the
ambipolar Er more accurately in high temperature plasmas.

In this paper, FORTEC-3D code is applied to a LHD
CERC plasma to clarify characteristics in the formation of
Er and its effect on the electron thermal transport. we show
that the ambipolar Er spontaneously grows to have a large
positive electron root with the steep shear as the Te gets
high and the eITB formation proceeds. On the other hand,
the electron neoclassical heat diffusivities remain almost
constant due to the electron-root Er. It is kept lower level
than expected from the so-called 1/ν scaling in which the
heat diffusivity increases in proportion to T 7/2

e in helical
plasmas. It indicates that the spontaneous formation of the
electron-root Er compensates the increase in the electron
thermal transport in the CERC plasma. The experimen-
tal heat diffusivities estimated from the input power of the
ECH is compared to the neoclassical ones.

The rest of this paper is organized as follows. In
Sec. 2, the brief description of a numerical neoclassical
transport code, FORTEC-3D, and the ambipolar condition
for the Er is presented. The importance of the electron
FOW effect on the electron neoclassical transport is also
described in this section. Section 3 gives numerical re-
sults of neoclassical transport analyses for a LHD CERC
plasma. Finally, a summary and a discussion are given in
Sec. 4.

2. Neoclassical Transport Code
with Finite Orbit Width Effect,
FORTEC-3D
FORTEC-3D solves the drift kinetic equation based

on the two-weight δ f Monte Carlo method [9–11]. It de-
termines the neoclassical particle and energy fluxes by fol-
lowing the motion of a large number of marker particles in
an arbitrary magnetic field. In the two-weight δ f Monte
Carlo method, the distribution function fa is decomposed
into two parts as fa = fa,0 + δ fa, where a = e, i denotes a
plasma species and fa,0 = fa,M is the Maxwellian distribu-
tion function. The following drift kinetic equation for the

δ fa part of the distribution should be solved using simula-
tion markers,

Dδ fa
Dt

≡
[
∂

∂t
+
(
u‖ + ud

) · ∇ + K̇
∂

∂K
−CTP

]
δ fa

=
[− (u‖ + ud) · ∇ +CFP

]
fa,M, (1)

where u‖ and ud are the parallel and drift velocity of parti-
cles, and CTP and CFP are the test particle and field parti-
cle collision operators, respectively. In FORTEC-3D, the
electron-electron collision operator satisfies the conserva-
tion laws for the particle number, momentum, and the to-
tal energy (see Ref. [11]), while the electron-ion one only
involves the pitch angle scattering. The assumption that
the ion distribution function is a stationary Maxwellian
and its mean flow Ui is negligibly small compared with
the electron thermal speed, vth,e � vth,i � Ui � 0, en-
ables FORTEC-3D to use such simplified collision oper-
ator for the electron-ion collision, where vth,e and vth,i are
the electron and ion thermal velocities, respectively. The
five-dimensional phase space variables, (R,K, μ), are used
here, where R represents the position vector in Boozer co-
ordinates, K is the kinetic energy, and μ is the magnetic
moment. The fa,0 = fa,M does not have the mean velocity
here, and thus it does not contribute to any radial transport.
Hence, the neoclassical transport in the radial direction is
only obtained by moments of the δ f in velocity spaces.
The neoclassical radial particle and energy fluxes Γa and
Qa are given as follows:

Γa =

∫
vr δ fa d3v, (2)

Qa =

∫
1
2

mav
2vr δ fa d3v, (3)

where v and vr are the velocity and its radial component,
and ma is the mass of a-th species.

In referring to the FOW effect in this paper, we mean
the whole effect caused by neglecting the particle radial
drift. This comes from the convention of the local neo-
classical transport adopted in many numerical neoclassical
transport codes, such as DKES [12]. In the local codes,
not only the radial drift but also the ∇B and curvature drifts
in poloidal and toroidal directions included in the drift ki-
netic equation are neglected as a consequence of the as-
sumption of |vE×B| � |vB|, where vE×B is the E × B drifts
and vB represents the drift arising from the ∇B and the cur-
vature. It is noted that the incompressible vE×B is also
usually assumed there. These assumptions are not nec-
essary for FORTEC-3D since all the drifts above are in-
cluded in FORTEC-3D. The FOW effect on the neoclassi-
cal transport arises through the collisionless detrapping of
the helically-trapped particles and the poloidal resonance.
The former one makes the 1/ν neoclassical transport flux
smaller due to the less fraction of the helically-trapped par-
ticles as a consequence of the collisionless detrapping of
trapped particles. With the latter effect, the neoclassical
transport flux of purely 1/ν-behavior appears with a small
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but finite Er. More detailed discussion on the electron
FOW effect can be seen in Ref. [7].

In this paper, only the electron neoclassical transport
is evaluated by FORTEC-3D with its FOW taken into ac-
count. The reason for this is twofold: one is that the elec-
tron FOW effect makes a significant influence on the elec-
tron neoclassical transport when Te is high due to helically-
trapped particles in a three-dimensional magnetic field [7]
and the other is that the ion temperature is in general low
in CERC plasmas.

The time evolution of Er can be described by the fol-
lowing equation,

ε⊥ε0
∂Er

∂t
= −e

{
Γe(Er,Ue,‖) − Γi(Er,Ui,‖)

}
, (4)

where Ua,‖ is the parallel mean flow of species a, ε0 rep-
resents the electric permittivity in the vacuum, and ε⊥ de-
notes the effect of the classical polarization current defined
by

ε⊥ ≡ 〈|∇ρ|2〉 +
〈 v2

A

c2
|∇ρ|2
〉
, (5)

where vA is the Alfvèn velocity and c is the speed of light.
The radial electric field is determined in FORTEC-3D by
imposing the ambipolar condition for the neoclassical par-
ticle fluxes of electrons and ions. It is realized when the
left hand side of Eq. (4) vanishes: Γe and Γi balance and
Er reaches a steady state. Hence, one needs to evaluate
the ion neoclassical particle flux in addition to the electron
one although only the latter is evaluated by FORTEC-3D
in this paper. Since it requires the large amount of compu-
tational resources to simultaneously calculate both the ion
and the electron neoclassical transport fluxes by FORTEC-
3D, a database made by DGN/LHD [13], which is a nu-
merical neoclassical transport code without the FOW ef-
fect, is adopted for the ion particle flux as is done in the
reference [14]. The ion particle flux Γi is referred to from
the corresponding radial position ρ and the radial electric
field Er. This enables ones to evaluate Γi at each time
step without much computational burden. Therefore, the
Er is determined by FORTEC-3D to meet the ambipolar
condition of ΓF3D

e (EF3D
r ) − ΓDGN

i (EF3D
r ) = 0, where the su-

perscripts of F3D and DGN refer to the value obtained by
FORTEC-3D and DGN/LHD, respectively. It is noted that
the Er can also be determined by using only DGN/LHD as
ΓDGN

e (EDGN
r ) − ΓDGN

i (EDGN
r ) = 0, and the EDGN

r such ob-
tained by DGN/LHD is also shown in the next section for
the reference purpose. Finally, it is noted that the averages
over certain time steps for resultant values of FORTEC-
3D such as Er, the heat diffusivity, etc., are shown in the
remaining part of the paper to remove an inevitable numer-
ical noise of the Monte Carlo method as much as possible.

3. The Radial Electric Field Forma-
tion in CERC Plasma
The FORTEC-3D code is applied to a CERC plasma

observed in the LHD experiment of # 103619. The heat-
ing scenario of # 103619 is shown in Fig. 1. The ECH
with two gyrotrons of 77 GHz has been operated and the
total injection power of the ECH was 1.34 MW for the dis-
charge. The momentum input by ECH in the parallel di-
rection is not taken into account in simulations here since
that is small in this discharge. The time evolution of the
electron temperature at the magnetic axis of R = 3.53 m
and the line averaged density are also shown in the figure,
where R is the major radius. The magnetic field strength at
the axis is Bax = 2.705 T. It is noted that the β value is very
low for all the timing of this discharge (β < 0.02 %) due to
the low density of the plasma. In FORTEC-3D, the effect
of the heating power on the neoclassical transport and the
Er formation is not considered. This is justified by the fact
that the nonambipolar flux of energetic particles driven by
ECH does not contribute so much to the ambipolar con-
dition, and thus the resultant ambipolar Er for a similar
plasma density as the CERC plasma considered here [1].

The electron temperature of the LHD # 103619 dis-
charge observed by the Thomson scattering are shown in
Fig. 2 (a). As shown in the figure, Te at t = 0.8 s (denoted
by flat) shows a flat profile over the core region of approxi-
mately at ρ < 0.4, a locally flat one at t = 0.9 s (local flat),
and an eITB one at t = 1.1 s (eITB). It can be seen that
the local flat temperature profile gradually vanishes as the
ECH continues as mentioned in Sec. 1. The ion tempera-
ture is not available for the discharge, thus the parabolic
profile for Ti is assumed with Ti = 0.4 keV at the mag-
netic axis for all the timing of the discharge as shown in
the Fig. 2 (a). The use of the local neoclassical transport
code, DGN/LHD, for Γi is justified due to the low Ti of the

Fig. 1 The time sequence of the ECH of the LHD # 103619 dis-
charge. The total power of 1.34 MW with two 77 GHz
gyrotrons was injected for the plasma. The electron tem-
perature at Rax = 3.53 m and line-averaged density are
also shown.
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Fig. 2 (a) The temperature profiles of the LHD CERC plasma (# 103619) for several timing. The ion temperature, which is assumed
as the same value for all timing due to the lack of the observation, is indicated by a dashed line. (b) The density profile of the
discharge. Since the density remains almost constant after t � 0.8 s, only the value at t = 0.9 s is indicated for simplicity.

Fig. 3 The ambipolar radial electric field profiles for the LHD
CERC plasma obtained by FORTEC-3D. Each Er profile
shows a value at the steady state. The ambipolar Er ob-
tained by DGN/LHD are also plotted in the figure (dashed
lines).

CERC plasma. The plasma density of the discharge is flat
and low (ne � 0.4 × 1019 m−3) as shown in Fig. 2 (b). The
plasma density remains almost constant after t � 0.8s (see
also Fig. 1), thus only the value at t = 0.9 s is indicated for
simplicity. It is noted that FORTEC-3D calculates the neo-
classical transport for fitted profiles of Te and ne shown in
Figs. 2 (a) and (b) and equilibrium magnetic fields obtained
by VMEC code [15].

The FORTEC-3D simulations presented in this paper
have used 2 × 107 markers for the lower Te cases (t = 0.9
and 1.0 s) and 4 × 107 for high Te case (t = 1.1 s). Since
the larger thermal velocity of the high Te plasmas can de-
grade the accuracy of the simulation results, twice as much
markers are used in the latter case. For t = 1.1 s case, we
have confirmed the convergence of simulation results by
varying the number of markers Nm = 1 × 107, 2 × 107 and
4 × 107. It has been confirmed that the ambipolar Er is al-

most unaffected by Nm, and Qe changes 20 − 30% at most
in the core region and is unaffected at ρ > 0.3.

The radial electric field obtained by FORTEC-3D is
shown in Fig. 3. In this figure, EF3D

r at t = 0.8 (denoted
by flat), 0.9 (local flat), and 1.1 s (eITB) are shown, re-
spectively. Dashed lines in the figure represent results ob-
tained by DGN/LHD, that is, EDGN

r . As indicated in the fig-
ure, the ambipolar electron-root Er with the steep shear is
spontaneously formed along with the eITB formation from
t = 0.8 to 1.1 s at the core region. In the low Te plasma at
t = 0.8 s, the ambipolar Er of FORTEC-3D and DGN/LHD
almost agree with each other. This is because the FOW ef-
fect in the low Te plasma is small so that the electron parti-
cle fluxes of both codes are almost the same. On the other
hand, the difference between FORTEC-3D and DGN/LHD
becomes larger at t = 1.1 s when Te increases especially at
around ρ = 0.14 where the steep Te gradient forms, and it
results in approximately 20% at the most there.

As described in Sec. 2, the radial electric field is de-
termined by the electron and ion particle fluxes to satisfy
the ambipolar condition of Γe(Er,Ue,‖) = Γi(Er,Ui,‖). Note
here that Γe from FORTEC-3D depends implicitly on the
electron parallel flow, too. The electron parallel flow, de-
fined as neUe,‖ =

∫
v‖δ f d3v in FORTEC-3D, can be seen as

one that evolves according to the mev‖-moment of the drift
kinetic equation (1):

mene
∂Ue,‖
∂t
= −〈B · ∇ ·Πe〉 + 〈B · Fe〉, (6)

whereΠe is the electron viscosity tensor, and Fe is the fric-
tion force between electron and ion, respectively. Γi in the
ambipolar condition is given as a function of the radial po-
sition ρ and Er at each time step in FORTEC-3D from a
Γi-database made by DGN/LHD code, which determines
the steady-state Γi without including the ion-electron col-
lision operator due to the small mass ratio me � mi (for
more detailed description of DGN/LHD, see Ref. [13]
and references therein). On the other hand, in the paral-
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lel momentum balance for ions, which has a similar form
as Eq. (6), the ion-electron friction can be neglected again
due to the small mass ratio. Complete momentum bal-
ance between ions and electrons is required only to ex-
plain the intrinsic ambipolarity in axisymmetric tokamaks.
In LHD cases, ion-electron friction term has little effect
in determining both ion parallel flow and the ambipolar
condition because of finite neoclassical toroidal viscosity
〈Bt · ∇ · Πi〉 in helical plasmas [16]. Moreover, since we
analyze here ECH-heated plasmas, there is no explicit mo-
mentum source for ion and the assumption vth,e � Ui � 0
in our model is valid. Therefore, although the Γi-database
from DGN/LHD code neglects the effect of ion-electron
friction, and as a result, our simulation model of FORTEC-
3D does not treat the momentum transfer from electron to
ion, the use of the Γi-database is justified to determine the
ambipolar Er in our simulation model for LHD under the
me/mi → 0 limit approximation. The electron parallel flow
and the Er such obtained in FORTEC-3D simultaneously
satisfy both the ambipolar condition and the parallel mo-
mentum balance Eq. (6).

The Er and the electron mean flow also satisfy the ra-
dial force balance relation. The radial force balance rela-
tion is obtained from the momentum balance equation and
is expressed as follows:

Eψ +
p
′
e

ene
+ Uθ =

ι

2π
Uζ , (7)

where the radial electric field is expressed in ψ-coordinate
instead of r, p

′
e is the pressure gradient, and Uθ = U · ∇θ

and Uζ = U ·∇ζ are contravariant components in theta- and
zeta-directions of the electron mean flow, nU =

∫
uδ f d3v.

In the present cases, it is found that U/vth,e ∼ O(10
−4) and

Uζ/Uθ < O(10−1). This makes the Uζ term in the right
hand side of Eq. (7) negligible, leading to the Eψ+ p

′
e/ene+

Uθ � 0. To see this more in detail, the radial force balance
for t = 1.1 s case is shown in Fig. 4. As clearly seen in the
figure, the sum of the left hand side (black line) is almost
zero over the wide region of the plasma, and the Uζ term
contributes little to the force balance (see dashed pink and
orange lines in the figure).

The energy flux, Qe, and the heat diffusivity, χNC
e

of those plasmas obtained by FORTEC-3D are shown in
Figs. 5 (a) and (b). It is noted that the energy flux rep-
resents the total heat flux, that is, the sum of the con-
vective and conductive heat fluxes. The energy fluxes
calculated by DGN/LHD are also shown by dashed lines
in Fig. 5 (a). The difference of the energy flux between
FORTEC-3D and DGN/LHD at t = 0.9 and 1.1 s are ap-
proximately 20 − 30% at ρ � 0.14, which is slightly larger
than that of Er. This is explained as follows. Particles used
in FORTEC-3D have various energies, while DGN/LHD
uses the mono-energetic particle to evaluate the neoclas-
sical transport. Since the energy flux is evaluated by v2

moment of the particle distribution function δ f , the exis-
tence of such energy-distributed particles in FORTEC-3D

Fig. 4 Force balance relation in LHD plasma of #103619 at t =
1.1 s. In the figure, red line represents the Eψ term in left
hand side of Eq. (7), green the pressure gradient, blue Uθ

and black with point the sum of them. Dashed pink line
represents the Uζ term in the right hand side of the same
equation, and orange is the difference between black and
orange lines. It is noted that the terms shown here are
averaged over the magnetic surface.

more affects the energy flux rather than the particle flux
and the ambipolar Er, where the former is the constraint
of the ambipolar condition of Γe = Γi. It is noted that the
ion particle flux, Γi, is evaluated by DGN/LHD. The dif-
ference in the energy flux arises from this fact in addition
to the difference in the ambipolar Er seen in Fig. 3. The
neoclassical heat diffusivities are shown by solid lines in
Fig. 5 (b). It is noted that χNC

e shown in the figure repre-
sents effective values with respect to this energy flux, and
are defined as χNC

e ≡ Qe/(−ne∇Te). Although the energy
flux increases due to the increase in Te, the neoclassical
heat diffusivity at the core rather remains low level even
when Te becomes high at t = 0.9 and 1.1 s. This is due to
the formation of the large electron-root Er during the eITB
formation shown in Fig. 3. With the large electron-root Er

in the CERC plasma, the neoclassical heat diffusivity does
not show the so-called 1/ν scaling which is expected to
be large in high temperature plasmas if Er = 0. In other
words, the spontaneously growing electron-root Er com-
pensates the 1/ν increase in χNC

e when the eITB formation
occurs in the CERC plasma. The neoclassical heat dif-
fusivities are compared to experimental values, which are
estimated from the power deposition profile of the ECH, in
Fig. 5 (b). The experimental heat diffusivities χEXP

e at the
core are drastically reduced by the order of magnitude of
101 or more from t = 0.8 s to 1.1 s. Since the neoclas-
sical part of the transport, χNC

e remains unchanged during
the discharge, the reduction of the experimental heat dif-
fusivity can be mainly attributed to the reduction of the
anomalous, or the turbulent transport.

To explore the characteristics of the neoclassical trans-
port further, dependence on the plasma collisionality is
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Fig. 5 (a) Radial profiles of the energy flux evaluated by FORTEC-3D (solid lines) and DGN/LHD (dashed lines) at t = 0.8, 0.9 and 1.1 s
of the LHD # 103619 discharge. (b) Radial profiles of the neoclassical heat diffusivities, χNC

e (solid lines) and experimental ones,
χEXP

e (circles). The former ones are obtained by FORTEC-3D and the latter are estimated from the power deposition of the ECH.

Fig. 6 (a) Neoclassical heat diffusivities evaluated by FORTEC-
3D (solid lines with symbols) vs. the normalized colli-
sionality, ν∗h,e at several radial positions. In (a), dashed
lines with symbols corresponds to values with artificially
setting Er = 0. (b) The radial electric field evaluated by
FORTEC-3D (solid lines with symbols) vs. the normal-
ized collisionalities at the same positions as those in (a).

investigated. The heat diffusivities and the ambipolar Er

at several radial positions of ρ = 0.20, 0.25, 0.30 and
0.35 are plotted with the collisionality in Figs. 6 (a) and
(b). The normalized collisionality is defined as ν∗h,e =
ν/
[
ε3/2

h (vth,e/qR)
]
, where ν denotes the collision frequency,

and εh and q are the helicity of the LHD magnetic configu-
ration and the safety factor, respectively. For comparisons
with the 1/ν-type dependence of the heat diffusivity, χNC

e

evaluated from DGN/LHD by setting Er = 0 are also plot-

Fig. 7 The Heat diffusivities vs. the radial electric field.
Solid lines represent the neoclassical ones obtained by
FORTEC-3D, and triangles represent experimental esti-
mations which are the same as those in Fig. 5 (b).

ted by dashed lines in the Fig. 6 (a). It is clearly shown
in the figure that χNC

e clearly decreases due to the larger
value of Er as the collisionality (Te) decreases (increases),
see solid lines in Figs. 6 (a) and (b). It can be concluded
that the 1/ν dependence of the heat diffusivity is clearly
avoided at all the radial positions with the formation of
the electron-root Er when the collisionality becomes low.
This shows that the neoclassical heat diffisivity results in
either

√
ν- or ν-regime with the ambipolar Er instead of

1/ν-regime. Figure 7 shows the dependence of both χNC
e

and χEXP
e on the ambipolar Er realized at ρ = 0.25 and

0.30. One can see the clear reduction of the experimen-
tal heat diffusivity in the figure, while the neoclassical heat
diffusivities at both positions almost remain constants dur-
ing the discharge in spite of the increase in Te there.

4. Summary and Discussion
To investigate the radial electric field and its effect on

1403039-6



Plasma and Fusion Research: Regular Articles Volume 8, 1403039 (2013)

the electron neoclassical thermal transport in a LHD CERC
plasma, we have performed the neoclassical transport anal-
yses using FORTEC-3D, which evaluates the neoclassi-
cal transport and the ambipolar Er including the electron
FOW effect. The CERC plasma is characterized by the
high electron temperature (Te > 8 keV at the core) with
the steep gradient of the eITB and the large positive Er,
or the electron root with its steep shear. As pointed out in
Ref. [7], the high Te in a CERC plasma requires the elec-
tron FOW effect included in neoclassical transport analy-
ses, and FORTEC-3D is appropriate tool for this purpose.
It should be emphasized that this is the first attempt of the
neoclassical transport analysis with the electron FOW for
such a high Te CERC plasma in LHD.

The radial electric field shows the spontaneous forma-
tion resulting in the large electron-root value with the eITB
formation in the CERC plasma. The resultant χNC

e remains
unchanged and kept lower values over the entire region
inside the eITB foot point although the neoclassical ther-
mal transport itself increases along with the increase in Te.
This indicates that the spontaneous formation of the large
electron-root Er compensates the 1/ν degrading of the neo-
classical transport. At the same time, the experimental heat
diffusivity shows a clear reduction by the order of 10 or so
during the eITB formation although it still remains much
larger than the neoclassical transport level.

The ETG turbulence is attributed to the remaining
transport since the steep Te gradient exists in the CERC
plasma. The effect of the E × B velocity shear on the
growth of the turbulence plays a significant role for the
transport reduction, see a review paper by Burrell [17]
and references therein. Also it has been shown exper-
imentally that the suppression of the turbulence-driven
transport by the E × B velocity shear results in the
transport barrier in helical devices [18]. As described
above, the considerable reduction of the transport ac-
complished in the CERC plasma is realized with the
spontaneous formation of the electron-root Er with the
large shear. Therefore, it can be expected that either
the neoclassical ambipolar Er and/or its shear results
in the improved confinement of the CERC plasma. It

is required to investigate either of these mechanisms more
contribute to the reduction of the turbulent transport in the
CERC plasma: the large electron-root Er itself or the steep
Er shear at the eITB region. The linear growth rate of the
ETG turbulence obtained by a gyrokinetic transport code,
GKV-X [19], will be compared to the Er shearing rate to
discuss the turbulent transport in the CERC plasma in a
forthcoming paper.
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