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Abstract

®

CrossMark

The effects of the stochastic magnetic field in a plasma center produced by electron cyclotron
current drive (ECCD) on transport have been revealed. Because the electron temperature
profile is flat in the core region, in the case of counter-directed ECCD (ctr-ECCD) against the
toroidal magnetic field, the magnetic field is stochastic in the core region with rotational
transform ¢ ~ 1/3. The particle diffusion coefficient of the ctr-ECCD plasma is approximately
20 times as large as that of the plasma without the stochastic magnetic field produced by
co-directed ECCD (co-ECCD) at the maximum. Furthermore, in the stochastic magnetic field
with ctr-ECCD, counter-directed intrinsic rotation is observed in the plasma with balanced

NBI discharge.

Keywords: stochastic magnetic field, particle transport, momentum transport, helical device,

modulation experiment

(Some figures may appear in colour only in the online journal)

1. Introduction

The stochastic magnetic field affects transport properties and
can be used as one of the techniques to control plasmas.
Thus, understanding the effects of the stochastic magnetic
field on particle, thermal, and momentum transport is one
of the important issues for fusion plasmas. For example, the
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stochastic magnetic field produced by the external perturbation
field at the plasma edge induces co-current-directed torque and
enhances transport in the tokamak plasma [1, 2]. Experimen-
tally, the edge stochastization produced by an edge-resonant
magnetic perturbation can suppress impulsive bursts of edge-
localized modes in high-confinement mode (H-mode) with-
out changing the H-mode transport barrier and core confine-
ment [3]. On the other hand, the core stochastization degrades
the confinement of plasmas in the core. In reversed field
pinch devices, transport under stochastization is investigated
from a power balance analysis [4], and suppression of the
core stochastization by controlling the current density profile
improves confinement [5].

© 2021 IAEA, Vienna Printed in the UK
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Core stochastization is observed and its effects on transport
have been studied in the large helical device (LHD). In LHD,
the magnetic topologies of a nested magnetic flux surface,
magnetic islands, and the stochastic magnetic field can be con-
trolled by using external coils and plasma current by neutral
beam injection (NBI) [6-9]. In a previous work in LHD, the
core stochastic magnetic field was found to enhance electron
thermal transport [8]. Ion thermal transport is less affected by
the core stochastic magnetic field because the thermal velocity
of the ions is lower than that of the electrons [8]. The stochasti-
zation also affects the toroidal flow via the damping (increase
of effective viscosity) and driving by the non-diffusive term.
Although the response of heat transport and momentum trans-
port in the stochastic plasma were observed, the profile shape
of the density was not significantly different before and after
the stochastization. Then, particle transport was not evaluated
due to the constant particle fueling in time, thus the effects of
the stochastic magnetic field on particle transport are not fully
understood [8].

In this letter, we show the experimental results of plas-
mas with/without the local core stochastic magnetic field pro-
duced by changing the direction of the localized core plasma
current using electron cyclotron resonant heating (ECRH)
[10, 11]. Using a density modulation experiment, particle
transport is compared between stochastic/non-stochastic plas-
mas. Furthermore, the difference in the toroidal rotation is also
observed. From these results, the effects of stochastization on
particle and momentum transport are discussed.

2. Experimental condition and results

A density modulation experiment has been performed in
hydrogen plasma under the following conditions. The mag-
netic configuration is the so-called inward-shifted configu-
ration [12], which is R, = 3.6 m and B,, = 2.75 T, where
R,x and B, are the position of the magnetic axis and a toroidal
magnetic field at R,, respectively. The plasmas are heated
by 3.7 MW of negative ion-based NBI (N-NBI) and 2.8 MW
of ECRH with 77 GHz and 154 GHz, which are injected in
a tangential direction, from 3.3-5.3 s. The injection direc-
tion of ECRH in the LHD can be controlled. The direction
of the ECCD can be controlled by the injection direction of
the ECRH [13]. The core localized plasma current due to
ECCD changes the poloidal magnetic field. Thus, the magnetic
topology is controlled by the injection direction of ECRH.
The N-NB is injected in order to measure the magnetic shear
(= (p/)(0t/Dp)) by motional Stark effect (MSE) spec-
troscopy [14]. The two N-NBs are injected in the co- and
ctr-direction, then the external tangential torque can be can-
celed out with them, amounting to a few percent of the driving
force from each tangential NB [15]. In addition, the ECRH
does not contribute to the torque input. Thus, the observed
toroidal rotation is the intrinsic rotation. The ECRH is injected
in the counter direction for #151913 (ctr-ECCD plasma), the
co-direction for #151919 (co-ECCD plasma), and a balanced
injection for #151916 (bal-ECCD plasma). The plasma current
in the core region can be controlled by the injection direction

151913 etr-ECCD
151916 bal-ECCD
151919 co-ECCD
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Figure 1. Temporal waveform of (a) line-averaged density, (b) T at
p = 0, (c) central ion temperature from Art!7, and (d) plasma
current. A positive sign of /;, indicates co-directed /;,. Blue solid
lines and red dashed lines indicate the ctr-ECCD plasma and the
co-ECCD plasma, respectively.

of ECRH. As aresult, the rotational transform, magnetic shear,
and rational surface can be controlled [13, 16].

Figure 1 shows the temporal waveforms of #151913,
#151916, and #151919. Note that the temporal waveforms of
#151916 are shown until # = 4.15 s because the NB was bro-
ken down in the bal-ECCD plasma discharge at t = 4.15 s.
The line-averaged density 7. is modulated between 1.6—1.8 x
10" m~3 by conventional gas puffing with a modulation fre-
quency of 2.5 Hz during an analysis time window of 4.0-5.2s.
The electron temperature 7. obtained with Thomson scattering
measurement and the ion temperature 7; in the plasma center
obtained with Ar*!7 of the ctr-ECCD plasma are 20%-30%
and 5%-20% lower than those of the co-ECCD plasma,
respectively. Due to the ECRH, the direction of the plasma
current /, of the ctr-ECCD plasma is opposite to that of the
co-ECCD plasma. This observation indicates that the plasma
current direction is not determined by the bootstrap current but
by the ECCD, because the edge pressure gradient is similar in
both cases.

Figure 2 shows the rotational transform ¢ obtained with
MSE at t = 4.6 s, the profiles of n., T, T; averaged in the
analysis time window, and V, profiles at r = 4.6 s for the
co- and the ctr-ECCD plasmas. In the bal-ECCD case, the pro-
files of ¢, Vior, and T; at t = 4.0 s and the profiles of n., T,
averaged at r = 4.0-4.1 s are shown in figure 2. Here, p is
defined as a normalized effective minor radius by agg, which
indicates the effective minor radius inside which 99% of the
electron kinetic energy exists [17]. The localized current in
the plasma core can be produced by ECCD and the current
can change the rotational transform. As shown in figure 2(a),
¢ reaches 1/3 at p ~ 0.3 in the ctr-ECCD case, ¢ reaches 1/3
at p ~ 0.2 in the bal-ECCD case, and ¢ reaches 1/2 in the co-
ECCD case. In the case of the ctr-ECCD plasma, the T, profile
is flat at p < 0.3 where ¢ reaches 1/3, as shown in figure 2(c).
This indicates the existence of large electron thermal diffusion
in the ctr-ECCD plasma. This 7', flattening strongly suggests
the existence of a stochastic magnetic field at p < 0.3. In the
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Figure 2. (a) v profiles. A black solid line indicates the ¢ profile in
the vacuum, and black dashed lines indicate the rational surface of
+=1/3 and 1/2. (b) The n profiles. (¢) The T profiles and the 7
profiles. (d) The Vi, profiles. The blue, green, and red plots and
lines indicate the ctr-, the bal-, and the co-ECCD data, respectively.
In (a) and (d), the data of the ctr- and the co-ECCD plasmas at

t = 4.6 s, and the data of the bal-ECCD plasma at t = 4.0 s are
shown. In (b) and (¢), the averaged value of the ctr- and the
co-ECCD plasmas at t = 4.0-5.2 s, and the averaged value of the
bal-ECCD plasma at t = 4.0—4.1 s are shown.

bal-ECCD case, although + reaches 1/3, the T, profile is not
flat. Thus, stochastization should not occur in the bal-ECCD
case. It should be noted that MHD modes are not observed in
the core. The n, profiles shown in figure 2(b) are reconstructed
from the line-integrated density n.L obtained with a 13 ch
FIR laser interferometer [18, 19] by using Tikhonov Phillips
regularization and generalized cross-validation [20, 21]. The
density profile of the ctr-ECCD plasma is hollower than those
of the bal-ECCD and the co-ECCD plasmas, indicating that the
particle transport of these plasmas is different. The T profile
of the ctr-ECCD plasma is similar to that of the bal-ECCD and
the co-ECCD plasma as shown in figure 2(c), which is obtained
with charge exchange spectroscopy (CXS) [22]. The heat flux
is mainly due to the equipartition heating. Then, the ratio of
the ion thermal diffusion coefficient of the co-ECCD plasma to
that of the ctr-ECCD plasma is approximately 1.2. This ratio is
smaller than the difference of electron thermal diffusion. This
result can be explained as the difference in the thermal veloc-
ity between the electron and the ion. Furthermore, as shown in
figure 2(d), the toroidal rotation velocity (Vi) of the co-, bal-,
and the ctr-ECCD plasmas obtained with CXS in the core
region directs to the co-direction, approximately zero, and the
ctr-direction, respectively. The external torque of the tangen-
tial injected NB is canceled out. Thus, the observed toroidal
rotations are caused by an intrinsic torque.
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Figure 3. (a) Amplitude and (b) phase profiles of the modulation.
(¢) Dmog and (d) Vmeq profiles. Blue solid lines and red dot lines
indicate the ctr- and the co-ECCD plasma, respectively.

3. Enhancement of particle diffusion due to
stochastization

In order to evaluate particle transport from the density modu-
lation experiment, the amplitude A and the phase delay ¢*°
profiles of the density modulation shown in figures 3(a) and
(b) have been calculated by the fast Fourier transform. Here,
AP is normalized by their maximum, and ¢“® is shifted to 0
at p = 1. The value of A*? of the ctr-ECCD plasma at p < 0.6
is smaller than that of the co-ECCD plasma. Although ¢ of
the ctr-ECCD plasma is approximately the same as that of the
co-ECCD plasma outside of p ~ 0.3, ¢**P at p < 0.3 becomes
flat in the case of the ctr-ECCD plasma.

The diffusion coefficient and the convection velocity have
been evaluated for the co- and the ctr-ECCD plasmas from the
modulation experiment. Here, the diffusion coefficient and the
convection velocity evaluated from the modulation experiment
are denoted as Dy,oq and V4. The detailed analysis method
for the estimation of Dy,,q and V04 is sShown in reference [20].

Figures 3(c) and (d) show the profiles of Dy,og and Vipeq. At
p > 0.3, Dpoq of the ctr-ECCD plasma is approximately the
same as that of the co-ECCD plasmas within the error bars.
However, Dpoq of the ctr-ECCD plasma is 20 times larger
than that of the co-ECCD plasmas inside p < 0.3 at maxi-
mum, where ¢ of the ctr-ECCD plasma is less than 1/3. Thus,
significantly enhanced particle diffusion exists at p < 0.3. In
the stochastic magnetic field, the radial particle diffusion is
affected by the diffusion coefficient of field lines and the paral-
lel particle diffusion coefficient, which is much larger than the
radial particle diffusion coefficient. Thus, this result is qualita-
tively consistent with the theoretical result [23]. On the other
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Figure 4. (a) Relationship between Vi at p = 0.2 and —V 7, /T,
and (b) E. profiles. The blue solid line, green dashed line, and red
dotted line indicate the ctr-, bal-, and co-ECCD plasmas,
respectively.

hand, Vo4 of the ctr-ECCD plasma is comparable to that of
the co-ECCD plasma. The core stochastization has little effect
on Vinod.

4. Reversal of intrinsic toroidal rotation due to
stochastization

In addition to the significant change in the core diffusion, a sig-
nificant difference in core momentum transport is also found.
As shown in figure 2(d), the toroidal rotation is co-directed in
the co-ECCD plasma and ctr-directed in the ctr-ECCD plasma.
Since the external torque is negligible, the observed toroidal
rotation is driven by the intrinsic torque.

Figure 4(a) shows the relationship between the core Vi,
and the normalized electron temperature gradient (—V T, /Te)
in the ctr-, bal-, and co-ECCD plasmas. As the direction of
the ECCD changes from the ctr-direction to the co-direction,
—VT./T. increases and V,,, changes from the ctr-direction to
the co-direction. Figure 4(b) shows the change of radial elec-
tric field (E;) obtained with CXS. E; shear at p ~ 0.3, where
the toroidal rotation is different between the co- and the ctr-
ECCD plasmas, is almost zero in the ctr-ECCD plasma, and
increases in the bal-ECCD and further in the co-ECCD plas-
mas. In the ctr-ECCD case, the core magnetic field is stochas-
tized, butin the bal-ECCD case, it is nested. Thus, the magnetic
topology between the ctr- and the bal-ECCD cases is different.
On the other hand, because the core magnetic field is nested
both in the bal- and the co-ECCD cases, the difference in Vi,
stems from the difference in the profiles between the bal- and
the co-ECCD plasmas.

The difference in intrinsic rotation between the bal- and
the co-ECCD cases can be argued referring to the observation
in tokamak [24]. The magnetic topology is the nested mag-
netic flux surface in both cases. The normalized 7. gradient
of the co-ECCD plasma is larger than that of the bal-ECCD
plasma in the core region. On the other hand, the difference
in the normalized n. gradient and 7; gradient between the
co- and the bal-ECCD plasma is small. Thus, from the differ-
ence of these profiles, the electron temperature gradient-driven
trapped electron mode (TEM) is enhanced in the co-ECCD
plasma [25]. This is similar to the result in tokamak: the intrin-
sic rotation directs to the co-current direction which is the

0.0 DY AL 00— :
36 38 40 42 44 46 3.6 37 38 3.9
R (m)

Figure 5. (a) Poincaré plot of the magnetic field lines for the
ctr-ECCD plasma and (b) that focused on core region. Black lines
indicate the magnetic flux surface, and thick black line indicates the
magnetic flux surface at p = 0.3.

co-direction with the toroidal magnetic field when the TEM
is enhanced [24]. Because E x B shear enhances the residual
stress, the higher E; shear of the co-ECCD plasma can enhance
the intrinsic torque further.

On the other hand, in the case of the ctr-ECCD plasma,
since the gradients of ne, T, and T; are almost zero, any turbu-
lence will not be destabilized. In addition, almost zero E, shear
will not enhance the residual stress. Therefore, the role of the
intrinsic rotation due to turbulence is probably negligible. It is
necessary to find new physics mechanisms to account for the
ctr-directed intrinsic rotation in the stochastic magnetic field.

5. Process of stochastization

Finally, we discuss the generation process of the stochastic
magnetic field. Figures 5(«) and (b) show the Poincaré plot
of magnetic field lines under the experimental condition for
the ctr-ECCD plasmas. Here, the magnetic field lines have
been calculated by a 3D equilibrium code (HINT [26]) and a
magnetic field tracing code (MGTRC [27]). In the 3D equi-
librium calculation, the pressure profile is given consistent
profiles of n. and T. with Thomson scattering measurement.
Here, the current profile is determined so that + becomes 1/3 at
p ~ 0.1-0.15 which is the center of the flat region of n. and T
because the O-point of the magnetic island is considered to be
in the center of the flat region and ambiguity of the MSE mea-
surement is considered to exist in the core region. As shown
in figure 5, the stochastization occurs at p ~ 0.3. The pro-
cess of stochastization is explained as follows. The magnetic
island occurs at+ = 1/3 due to the ctr-ECCD current. Then, the
stochastic layer is produced around the separatrix of the mag-
netic island [28]. Because of the low magnetic shear around
+ = 1/3, the disturbance of the only separatrix of m/n = 3/1
island grows up by error field (m: poloidal mode number, n:
toroidal mode number). The magnetic flux surface at p < 1/3
becomes stochastic as shown by the red dots in figure 5.

In the bal- and the co-ECCD cases, the stochastic mag-
netic field does not exist at ¢ ~ 1/3 and + ~ 1/2, respectively,
because these plasmas have peaked T, profiles. Whether the
stochastization occurs or not is determined by the combina-
tion of the amplitude of the magnetic perturbations, the mode
number, and the magnetic shear. For example, in reference [8],
the stochastization occurs at + ~ 1/2 and the magnetic shear
~0.5. However, in the co-ECCD case, the magnetic shear
is approximately 0.3. On the other hand, in the bal-ECCD
case, the magnetic shear is approximately 0.1, which is lower
than the 0.25 of the ctr-ECCD case. These differences are
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probably one of the reasons why the magnetic field of the
co- and the bal-ECCD plasmas is not stochastized. The investi-
gation of the condition of stochastization at the rational surface
is a future task.

6. Summary

This paper has described the effect of the stochastic magnetic
field on particle and momentum transport by comparing the
co- and the ctr-ECCD plasmas. This result avails of not only
the comprehension of the physics in transport in the stochastic
magnetic field but also the control of transport in the plasma
core.

In the core region of the ctr-ECCD plasma, the electron tem-
perature profile has become flat inside the position of ¢t = 1/3.
This result shows the existence of large electron thermal trans-
port and the stochastic magnetic field inside the rational sur-
face with + = 1/3. From the density modulation experiment,
Diyoa in the stochastic magnetic field was approximately 20
times larger than that in the nested magnetic flux surface.
The enhancement of particle transport in the stochastic mag-
netic field has been revealed experimentally by the density
modulation method, which was not identified in the previous
NBCD experiment [8]. In addition, Vo4 in the stochastic mag-
netic field of the ctr-ECCD plasma is comparable to that of
the co-ECCD plasma. Ctr-directed intrinsic toroidal rotation
has been observed in the ctr-ECCD plasma. In reference [8],
when flow damping occurred in the stochastic magnetic field,
the toroidal flow did not become completely zero, but a ctr-
directed toroidal flow remained. Because the external torque
existed due to the ctr-NBI, the remains of the ctr-directed flow
stemmed from the non-diffusive term and/or the remains of the
external counter torque. In this paper, the ctr-directed flow that
stems from the non-diffusive term has been revealed. This phe-
nomenon is probably not explained by the intrinsic torque due
to the E X B shear and the turbulence because of the small E;
and the small gradients of ne, T., and 7.

The stochastic magnetic field was reproduced by using the
HINT and the MGTRC code under the experimental condi-
tions. As a result, the magnetic flux surface of the ctr-ECCD
plasma which reached ¢+~ 1/3 in the core region became
stochastic because the disturbed magnetic flux surface at the
separatrix of the magnetic island was enhanced due to the low
magnetic shear.
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