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The role of the effective helical ripple in the helical plasma confinement is analyzed using the transport code
via the effect of zonal flows. One-dimensional coupled transport equations are calculated in the different cases of
the effective helical ripple. The reduction of the effective helical ripple ratio lowers the criterion for the excitation
of zonal flows in helical plasmas. It is demonstrated that the reduction of the turbulent transport can be obtained
in the case of the smaller neoclassical transport when zonal flows are excited.
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1. Introduction

The control of zonal flows is the key issue in fusion re-
search. There has been much progress of the experiments
on zonal flow [1]. A number of the calculations have been
done and shown the significance of the nonlinear interac-
tion between zonal flows and the turbulence driven by the
drift wave (e.g., [2]), suggesting the new framework in the
simulations of plasma transport. Based on this paradigm,
we have examined the reduction of the turbulent transport
due to the excitation of zonal flows by the transport code
analysis in the core region of helical plasmas [3]. The elec-
tron Internal Transport Barrier (e-ITB) in helical plasmas
was shown to be formed by the mechanisms of (i) the bi-
furcation of the ambipolar electric field and the reduction
of the neoclassical energy transport, (ii) the formation of
the electric field interface which quenches the turbulence
due to the shear of the electric field and (iii) the reduced
damping of zonal flows which causes the suppression of
the turbulent transport. The transport reduction can be ob-
tained in a wide region for E, in conjunction with the e-
ITB. This shows that the change of the damping of zonal
flows can cause the transition in the turbulent transport.

In the collisionless plasmas of the Large Helical De-
vice (LHD) in the region of the small negative electric
field, if the ripple transport becomes smaller, the level of
the turbulent transport gets lower. We focus on the effect
of the helical ripple related with zonal flows on the con-
finement in the helical plasmas. The reduction of the ef-
fective helical ripple causes the smaller damping rate of
zonal flows in the helical plasmas even in the branch of the
small negative electric field (the ion root), which means the
reduction of the turbulent transport. Not only the neoclas-
sical but also turbulent transport is reduced by the inward
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shift of the magnetic axis in LHD [4,5]. In the inward
shifted configuration of the magnetic axis, the helical rip-
ple transport is found to be much smaller than that in the
standard configuration of magnetic axis [6]. In the cases
of the different values for the effective helical ripple, the
calculation results including the effects of zonal flows will
be shown. This study is to investigate the impact of shift-
ing axis positions, because the value of the effective heli-
cal ripple changes due to the variation of the experimen-
tal magnetic axis positions in LHD. This calculation result
will explain the observations on LHD.

2. One-dimensional Model of Trans-

port Equations

The one-dimensional transport model is employed.
The cylindrical coordinate is used and r-axis is taken in
the radial cylindrical plasma in this article. The region
0 < p < 1 is considered, where p = r/a and a is the mi-
nor radius. The temporal equations calculated here for the
density (n), the temperatures (the electron temperature T,
and the hydrogen ion temperature 7;) and the radial elec-
tric field (E;) in this article are same as those given in [3].
The expression for the radial neoclassical flux associated
with helical-ripple trapped particles is given in [7] which
covers the collisionless regime (from the v; regime to the
1/v; regime), where v; is the collision frequency of species
j- A theoretical model for the turbulent heat diffusivity yt
in the presence of zonal flows is adopted [8] . The value
for the radial electric field in a nonaxisymmetric system is
basically determined by the ambipolar condition [9]. How-
ever, the solution of the radial electric field, which satisfies
the Maxwell construction [10,11], can be chosen from the
multiple ambipolar E; when the temporal equation of E; is
used.
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3. Model of Sources and Boundary

Conditions

The source profiles are here set as followed. To es-
tablish the plasma, the particle source term S, is set to be
S = Soexp((r — a)/Ly). Here the coefficient S is taken
as 7x 1022m~s7! and L is set to be 0.01 m. This profile
represents the peaking at the plasma edge of the particle
source due to the ionization. Throughout the calculation in
this article, the radial profiles of the electron and ion terms
of the absorbed powers, Py and Py, are assumed to be
exp(—(r/ (0.2a)?) for the sake of the analytic insight. The
absorbed powers of electrons and ions are set to be 1 MW
and 500 kW, respectively.

We choose the boundary condition at the center of the
plasma (o = 0) such that n’ = T, = Ti’ = E, = 0, where the
prime denotes the derivative of the physical quantity. At
the edge (o = 1), we employ these boundary conditions,
-n/n’ = 0.05m, -T/T; = —T;/T] = 0.02m in this arti-
cle. For the diffusion equation of the radial electric field,
the boundary condition at the edge (o = 1) is chosen as
" = I, where I'e* and I’ represent the nonaxymmet-
ric (neoclassical) part of the particle flux of electrons and
the hydrogen ion, respectively. The machine parameters
which are similar to those of LHD are settobe R = 3.6 m,
a=06m, B=3T,{ =2andm = 10. In this case, we
set the safety factor and the helical ripple coefficient as g =
1/(0.4+1.2p%) and &g = 2+/1 — (2/(mq(0)) — 1) L(mr/R),
respectively [12]. Here, ¢g(0) is the value of the safety
factor at p = 0 and I, is the second-order modified Bessel
function.

4. Model of Turbulent Transport Co-

efficients

In the absence of the zonal flow, the model for the
anomalous heat diffusivity y, is adapted as a candidate,
which is based on the theory of the self-sustained tur-
bulence due to the ballooning mode and the interchange
mode, both driven by the current diffusivity [13, 14].
The reduction of the anomalous transport due to the inho-
mogeneous radial electric field was reported in the toroidal
helical system. The anomalous heat transport coefficient
is given as ya =xo/(1+Gwk)) (xo = F(s, a)ai v/
(wf)eqR)), where w, is the electron plasma frequency. The
factor F(s, @) is the function of the magnetic shear s and
the normalized pressure gradient @. For the ballooning
mode turbulence (in the system with a magnetic well) [13],
we employ the anomalous thermal conductivity y,sm. In
the case of the interchange mode turbulence for the sys-
tem of the magnetic hill [14], we adopt the anomalous
thermal conductivity y, . The details on the coefficients
F(s,a), G and the factor wg;, which stands for the poloidal
E X B rotation frequency, are given in [13, 14] in the
ballooning and interchange mode turbulence, respectively.
The greater one of these two diffusivities is adopted as
Xa = max(xYaBm; Xam)-

In this article, we use the same procedure to derive
the value of the turbulent heat diffusivity in the presence
of zonal flows with that in [3]. Zonal flows (at nearly zero
frequency) are generated by the fluctuations and strongly
influence the turbulent transport. The damping of zonal
flows is caused by the collisional process [15] and by
the self-nonlinearity of zonal flows [2]. Whether zonal
flows are excited or not is judged by comparing with the
quantity [8, 16], Ydamp = kiqr‘ 2k52vdamp, where ¢, is the
wave number of zonal flows, kg is the poloidal wave num-
ber and k, are the perpendicular wave number of the
microscopic fluctuations, respectively. When the turbu-
lence is weak and y, is smaller than xgamp, zonal flows
are not excited and one has yt = y,. If the condition
Xdamp < Xa satisfies, the turbulent diffusivity yr is reduced
as XT = \XaXdamp [8]. A fitting interpolation formula is
employed as yt = +/xa min(/Xa, yXdamp) to include the
effect of zonal flows in the transport codes. The damp-
ing rate of the E x B (poloidal) flow vy is defined as
—(0(0Up)/01)/6Up, where Uy, is the speed of the poloidal
flow and ¢ shows the perturbed component. If we as-
sume the relation U, = —E; /B, the damping rate is shown
as —(0(0E;)/0t)/SE;. Therefore, we obtain the damping
rate vpr = 8J7*/0E; /e, from the differential equation in
terms of E; [16]. The neoclassical part of the radial current
Ji(= e(I7" — Ig*)) in helical plasmas has a nonlinear de-
pendence on E;. We obtain the damping rate vgamp of zonal
flows as Vgamp = min(vini/gR, vii/€) + vpr, where vy,; is the
thermal velocity of ions and v;; is the collision frequency
of ions. The first term takes the smaller value between the
term vyi/(gR) and the term v;ji/ €, which represents the col-
lisional damping rate in the plateau and banana regimes
without the E; effect, respectively. The second term comes
from the dependence of the neoclassical current on the ra-
dial electric field. Owing to the dependence of Vgamp On E,
the value of vgamp is large in the weak positive and nega-
tive solution of E;, while it is small in the strong positive
and negative E; solution, in the typical parameter region
of experimental results in helical plasmas. The turbulent
transport coefficient becomes smaller when the strong pos-
itive radial electric field is formed in the e-ITB. [3, 16]

For simplicity, the value for the turbulent diffusivities
of the particle is set as Dt = 10m?/s. The essence of the
results shown later does not change due to the value of Dr.
The value of Dr is set to be constant spatially and tempo-
rally. We also set Dgr = y1 for the diffusion coefficient
of the radial electric field in order to examine the varia-
tion of the typical length for the electric field shear at the
transition point.

5. Results of the Analysis

The effect of the helical ripple transport on the con-
finement via zonal flows in helical plasmas is studied by
use of the transport code analysis. We show the calcu-
lation results for two cases of the effective helical ripple:
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€& = &o and g, = 0.1gy. In the cases of ¢ = €, and
e, = 0.1ey0, the calculations in the standard configuration
and the inward-shifted configuration in LHD experiments
are demonstrated, respectively. The helical ripple trans-
port in the inward shifted configuration is much smaller
than that in the standard configuration in the experimen-
tal results in LHD. One-dimensional transport model anal-
ysis for the LHD-like plasmas has been done. The pro-
files of n, T., T; and E, are solved as an initial value
problem adopting the turbulent transport diffusivities with
the effect of zonal flows. An example is taken from the
plasma which is sustained by the electron cyclotron res-
onance (ECR) heating. In order to set the line-averaged
temperature of electrons to be around 7, = 2.0 keV and the
line-averaged density to be around 72 = 1.6 X 10! m~3, for
the choice of the above mentioned turbulent transport co-
efficients. The line-averaged ion temperature T; is chosen
to be about T; = 1.2keV. The central ion heating is used in
the present calculations, because the importance of the ra-
tio T./T; was already remarked to obtain the E; transition
between the ambipolar multiple E; [17]. When we evaluate
Xdamp> WE employ an estimate kiqr‘ zkgzpi‘2 ~ 50 [8].

The stationary profiles of the radial electric field (a),
the density (b), the electron temperature (c) and the ion
temperature (d) are demonstrated in Fig. 1 as a calculation
result when zonal flows are excited in the two cases of the
effective helical ripple. The solid line shows the case: (1)
€ = €0, Which corresponds to the experimental situation
of the standard configuration, R,x = 3.75m in LHD. The
dashed line represents the case of the smaller helical ripple:
(2) & = 0.1&y, which corresponds to the experimental sit-
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Fig. 1 Radial profiles of (a) the electric field, (b) the density, (c)
the electron temperature and (d) the ion temperature for
the two cases of the effective helical ripple: €, = e, with
the solid line and the smaller helical ripple: &, = 0.1&y
with the dashed line.

uation of the inward shifted configuration, R,x = 3.6 m.
In Fig. 1 (a), the radial transition from the positive radial
electric field to the negative one is shown. The parameter
pr represents the location of this radial transition of E;. In
both cases of the effective helical ripple, the steep gradient
of E; can be obtained. Therefore, the improvement near the
transition point is obtained in the narrow region due to the
steep E; gradient. It is found that the radial electric field
is strongly positive in the region p < pr, |[E;| > 25kV/m.
On the other hand, the radial electric field is slightly neg-
ative in the region p > pr, |[E;] < 10kV/m. In the case
of the smaller helical ripple: € = 0.1€,, the value of the
radial electric field gets larger than the case: € = ey in
the region p < pr. The stationary profiles of the density
are shown in the two cases of the effective helical ripple
in Fig. 1 (b). The profiles of the density do not differ sig-
nificantly due to lowering the value of the effective helical
ripple, because the turbulent particle diffusivity is set con-
stant as Dr = 10m?/s in the calculations here. We also
obtain the stationary profiles of the electron temperature
(c) and the ion temperature (d) in two cases of the effective
helical ripple in Fig. 1. The clear change of the gradient for
the electron and ion temperatures at the transition point p
can be obtained in both cases of the effective helical ripple,
that shows the characteristic of the transport barrier.

Next, the effect of the helical ripple via zonal flows
is examined in the calculation results. The radial profiles
of the criterion for the excitation of zonal flows, xgamp (the
solid line), the turbulent heat diffusivity without the effect
of zonal flows, y, (the dashed line) and the turbulent heat
diffusivity with the effect of zonal flows, yr (the dotted
line), are shown in Fig.2. The radial profiles of the heat
diffusivity are shown in the case: €, = €y in Fig.2 (a). On
the other hand, in Fig. 2 (b), the radial profiles of the heat
diffusivity are shown in the case: €, = 0.1y in Fig. 2 (b).
If the relation ygamp < Xa is satisfied, zonal flows are ex-
cited. In both cases in Fig. 2, the reduction is obtained from
the heat diffusivity without the effect of zonal flows y, to
the turbulent heat diffusivity with the effect of zonal flows
Xt in the entire core region p < pr. The damping rate
of zonal flows is small if the value of E; is large such as
E; ~ 30kV/m in the region p < pr in Fig. 1 (a), because
the neoclassical radial current has a weak dependence on
the radial electric field in the region where the absolute
value of E; becomes large. These results are same as those
in [3]. In the outer region p > pr of Fig. 2 (a), the criterion
for the excitation of zonal flows, Ygamp is larger than the
turbulent heat diffusivity without the effect of zonal flows,
Xa. Therefore, the reduction from y, to yr due to zonal
flows does not occur in the outer region p > pr in the case:
€ = €. On the other hand, in Fig. 2 (b), the criterion for
the excitation of zonal flows, yqamp gets smaller than y,
in the region p > pr, because the smaller effective helical
ripple ratio lowers the criterion for the excitation of zonal
flows Xdamp. This case: & = 0.ley corresponds to the
experimental condition of the inward shifted configuration
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Fig. 2 Radial profiles of the heat diffusivitiy in the case of (a)
& = &p and (b) g = 0.1g,. The solid line, the dashed
line and the dotted line show the radial profiles of ygamp Of
the criterion for the excitation of zonal flows, the turbu-
lent diffusivity in the absence of zonal flow and the turbu-
lent diffusivity with the effect of zonal flows, respectively.

in LHD. The damping rate of zonal flows is mainly deter-
mined by the damping rate of the E X B (poloidal) flow
rather than the collisional damping in the parameter re-
gion examined here. Since the effective helical ripple gets
smaller, the damping rate of zonal flows also gets smaller,
even if the absolute value of E; is less than 10kV/m in the
region p > pr in Fig. 1 (a). Therefore, the reduction from
Xa to yr due to zonal flows is obtained in Fig.2 (b) even
in the outer region p > pr, where the radial electric field
takes the small (negative) value. In the core region p > pr,
the value of yr in the case: €, = 0.1€, is smaller than that
in the case: &, = ey, because of the larger positive value
of E; in the case: &, = 0.1€,0. However, the value of y in
the case: e, = 0.1€,0 is larger than that in the case: €, = €4
in the region pr < p < 0.7. This is because the value of
Xa in the case: €, = 0.1ey is larger than that in the case:
& = e, where the values of n, Te, T, |T,| and |T| be-
come larger in the case: €, = 0.1y comparing with the
case: € = €. This result depends on the choice of the
model for the anomalous heat diffusivity, y,. The value of
T in the case: g, = 0.1¢y is smaller than that in the case:
€ = €y in the region p > 0.7, because the reduction from
Xa to yr due to zonal flows is obtained in Fig.2 (b) in the
outer region p > pt. The significant reduction of the total
heat diffusivities, (the sum of the neoclassical and turbulent
heat diffusivities), is found specially in the region p > pr in
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Fig. 3 Radial profile of the turbulent diffusivity in the presence
of zonal flows from the same profiles of the density, the
temperatures and the electric field. The solid line and the
dashed line show in the cases of g, = €, and g, = 0.1¢,.

the case of ¢, = 0.1e,y comparing with the case of &, = €,
due to the reduction of the neoclassical transport. Finally,
the analysis is performed to compare the heat turbulent dif-
fusivities when zonal flows are excited in two cases of the
effective helical ripple for the same plasma profiles (n, Tk,
Ti and E;) . The plasma profiles in the case: & = €y in
Fig. 1 are used. The radial profiles of yr are shown in the
case: €, = e with the solid line and in the case of the
smaller helical ripple: €, = 0.1€,0 with the dashed line in
Fig.3. Even in the outer region p > pr, the reduction of
X in the case of the smaller helical ripple can be obtained,
comparing with the case: €, = €0, because the smaller ef-
fective helical ripple lowers the criterion for the excitation
of the zonal flows.

6. Summary

In summary, one-dimensional transport analysis in he-
lical plasmas is performed in the different cases of the ef-
fective helical ripple to examine the effect of the ripple
transport on confinement via zonal flows. Even in the outer
region where the small negative E; is shown, the reduction
of the turbulent transport can be obtained in the case of
smaller helical ripple when zonal flows are excited. This
is because the reduction of the effective helical ripple ratio
lowers the criterion for the excitation of zonal flows, espe-
cially the damping rate of ExB (poloidal) flow. This model
with the effect of zonal flows used here may be a candi-
date to explain the transport reduction in the outer region
(of the small negative electric field) observed in the case
of the inward shifted configuration (R,x = 3.6 m) in LHD.
In this article, the damping of zonal flows was mainly ad-
dressed, because the drive of zonal flows is not shown in
the parameter region examined here. If the effective heli-
cal ripple changes, the drive of zonal flows may be seen.
The study of this article is not limited to toroidal helical
plasmas, should be extended to the tokamak plasmas. In
the extension to the tokamak plasmas, the main and inter-
esting subject is what physical mechanisms determine the
structure of the radial electric field in tokamaks. This work
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is left for the future study.
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