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Turbulence spreading into the edge stochastic magnetic layer induced by magnetic fluctuation is

observed at the sharp boundary region in the large helical device. The density fluctuation excited at the
sharp boundary region with a large pressure gradient does not propagate into the boundary region due to the
blocking of turbulence spreading by the large second derivative of the pressure gradient. Once the magnetic

fluctuation appears at the boundary, the density fluctuation begins to penetrate the edge stochastic layer and

the second derivative of the pressure gradient also decreases. The increase of density fluctuation in this

layer results in the broadening and reduction of the peak divertor heat load. It is demonstrated that magnetic

fluctuation plays a key role in controlling the turbulence spreading at the boundary of plasma which

contributes to the reduction of divertor heat load.

DOI: 10.1103/PhysRevLett.128.125001

The divertor heat load mitigation is a crucial issue for
magnetically confined fusion reactors, where the divertor
heat flux will increase significantly more than the present-
day devices [1]. Control of the power falloff length is,
therefore, mandatory [2]. In order to reduce the heat flux,
various schemes are being attempted, such as impurity
seeding to dissipate the energy via impurity radiation [3,4],
magnetic flux expansion of the divertor leg [5], and
resonant magnetic perturbation (RMP) field application
[6-8] to increase radiation volume and/or to enlarge contact
area with the divertor plate.

The turbulence in the scrape-off layer (SOL) has been
also recognized as a key player determining SOL width [9-
12]. Propagation of the turbulence (turbulence spreading) is
important to determine the resulting turbulence profile.
Theoretical models of turbulence spreading predict that the
turbulence excited at a linearly unstable region can propa-
gate to a region of weaker excitation or to a linearly stable
region [13—17]. The process appears as a nonlocality of
transport, where the fluctuation level at one place de-
pends on the destabilizing sources located elsewhere
[14,15,17,18]. The theoretical model and the numerical
simulation predict that the transport barrier formed by flow
shear reduces or blocks the turbulence spreading [18,19].
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Experimentally, however, direct observation of the tur-
bulence spreading is difficult, because it requires us to
distinguish the fluctuations excited locally from those
propagated remotely from somewhere else. Although a
few experiments observed signature of the turbulence
spreading [20-22], there have been no experiments to
control the divertor heat load by increasing the turbulence
in the SOL region.

In the present experiments, it has been found, for the first
time, that the divertor heat load is decreased by the
turbulence spreading, which is induced by magnetic fluc-
tuation excited by MHD activity. The large helical device
(LHD) has a wide edge stochastic layer, where the plasma
density (n,) and temperature (7,) are flat due to the
magnetic braiding effect [23]. There is, therefore, no
turbulence drive in this region. The turbulence is first
localized at a steep pressure gradient region, which devel-
ops at the confinement boundary. Once the magnetic
fluctuation is excited via MHD instability, the turbulence
starts spreading into the edge stochastic layer, and the
divertor heat load profile is broadened, leading to the
reduction of the peak heat load by several factors.

LHD is a heliotron type fusion experiment device with
major radius of 3.9 m and averaged minor radius of ~0.6 m
[24]. The magnetic field is created by a set of super-
conducting coils. The magnetic axis R,, = 3.90 m, mag-
netic field strength at the center of the plasma was 2.54 T in
the present experiment. The deuterium plasma was sus-
tained with neutral beam injection (NBI) heating of 5 MW.
RMP with m/n = 1/1 was applied by perturbation coils
from the beginning of the discharge, where m and n are
the mode number of the poloidal and toroidal Fourier

Published by the American Physical Society
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component of the RMP. The RMP field strength B, is
B,/By ~0.10%, and resonates at radius of i (rotational
transform) =1, which is located at the edge region [25,26].
A pronounced edge stochastic layer is created by the RMP
application with radial width of ~10 cm as shown in
Figs. 1(a) and 1(b) due to the overlapping of magnetic
islands of different mode numbers of inherent magnetic
islands in the nonaxisymmetric configuration and of those
created by the RMP. The global confinement did not
degrade by the RMP application in the present experiments.
The magnetic field line connection length (L.) in the
stochastic layer is 10> to 10® m. The L, increases sharply
up to 10° m, which is the maximum tracing length in the
present calculation, toward the confinement region at r.g ~
0.48 m rg; is defined as a radius of a cylinder that encloses
the plasma volume. As seen in Figs. 3(a) and 3(b), 7', and
n, show fairly flat profiles in the stochastic layer, and a
steep gradient is formed at the boundary of the confinement
region. The beta value during the time window of the
analysis was very low, 0.23%, and kept almost constant.
The density fluctuation (71,) was measured with a 2D-phase
contrast imaging (PCI) system [27,28]. The measured
frequency and the wave number ranges are 10 kHz < f <
500 kHz and 0.1 mm~' < k, < 0.8 mm™!, respectively.
At the edge region of interest, k p, 1. p, =
¢y/wq; = 0.2 ~1 mm, is the ion inertial scale length with
¢, and w,; being ion sound speed and ion cyclotron
frequency, respectively. The measured fluctuations are,
therefore, in the ion scales. The line of sight of the 2D-
PCI passes through the entire plasma from top to bottom.
The line integrated signal is resolved in space by consid-
ering the magnetic field line pitch angle and the propaga-
tion direction of the fluctuations perpendicular to the
magnetic field lines [27].
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FIG. 1. Radial profiles of (a) L. in the edge region. (b) 2D
distribution of L,.. Corresponding locations of r.s = 0.48 and
0.60 m are indicated in (b).

A spectrogram of magnetic probe signal B, and the
temporal evolution of the 7, profile in the edge region are
shown in Figs. 2(a) and 2(c), respectively. The 7, was
normalized with line averaged density 71, to compensate the
slight increase of 7, within the time window. At the initial
phase, t < 4.15 sec, i, is localized around r; ~ 0.48 m,
which corresponds to the boundary of the confinement
region, where steep gradient of T, and n, is developed as
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FIG. 2. (a) Spectrogram of magnetic fluctuation, temporal
evolutions of radial profiles of (b) P, and (c) density fluctuation
(11,), (d) 71, in the stochastic layer (r.s = 0.54 m), (e) divertor
peak heat load. (f) 7i, in the stochastic layer as a function of the
magnetic fluctuation intensity of m/n = 3/3 mode (#148584).
Time evolutions of (g) radial profiles of 7, and (h) divertor peak
heat load in the case without the m/n = 3/3 magnetic fluctuation
(#148600). The divertor heat load during the MHD burst is
masked.
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shown in Figs. 3(a) and 3(b). The k; of the fluctuation is in
the rage of 0.3 —0.5 mm™' (k,p; = 0.06 —0.1) with a
peak around 0.3 mm~!. The gradient can be a local source
of turbulence through various processes such as the ion
temperature gradient (ITG) mode or trapped electron mode
(TEM), etc. The peak of the density fluctuation spectrum is
around 10 kHz. Based on the discussion in Ref. [29] the
characteristic is similar to those excited by the ITG
turbulence. Strict identification of the turbulence modes
is, however, not the main purpose of the present analysis.
During the initial phase, MHD bursts occur as indicated by
the burst of B, at t = 4.10 and 4.15 sec. After the second
burst, a coherent mode appears at ~4 kHz and lasts for
t > 4.15 sec. The mode number of the magnetic fluc-
tuation was identified as m/n = 3/3 and it propagates in
electron diamagnetic direction in a laboratory frame. There
have been no higher harmonics observed of this mode.
From the mode number, the fluctuation is considered to be
induced by pressure gradient driven MHD instability
around 1 =1, where steep gradient is formed at r. ~
0.48 m as shown in Figs. 3(a) and 3(b). The propagation
velocity of the magnetic fluctuation is almost same as the
E x B rotation speed, which is estimated later. After
the magnetic fluctuation sets in, 71, begins to spread into
the edge stochastic layer as shown in Figs. 2(c) and 2(d).
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The intensity of the magnetic fluctuation of the mode,
Beﬁm /n=3/3> gradually increases in time. Figure 2(f) shows
i1, in the stochastic layer (7. = 0.56 m) as a function of
B’g,m/nﬁ s3- The 7, in the stochastic layer increases with
increasing B&m/n=3 s3- It is noted that the frequency of
B‘g‘m /n=3/3 18 ~4 kHz without harmonics, and is outside of
the density fluctuation measurement range as mentioned
above. This means that the measured 7i, is not directly
excited by the magnetic fluctuation. Figures 2(g) and 2(h)
show the time evolution of the 71, profile and the peak
divertor heat load without the magnetic fluctuation of
m/n = 3/3 mode with the RMP application. In this case,
the turbulence spreading into the stochastic layer does not
occur and the divertor peak heat load remains nearly
constant. In the series of the experiments, it has been
confirmed that the turbulence spreading occurs only when
the coherent magnetic fluctuation of the m/n = 3/3 mode
appears and the spreading never occurs without the
coherent magnetic fluctuation.

The physical interpretation of the phenomena is given as
follows. Because of the low 7, (<200 eV) and high n,
(>3 x 10" m™3) in the edge stochastic region, neither
charge exchange spectroscopy nor Doppler reflectometer
is available for electric field measurements. Nevertheless,
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FIG. 3. Radial profiles of (a) T,, (b) n,, (c) electron pressure, (d) 1st radial derivative of the pressure, (¢) 2nd radial derivative of the
pressure, (f) V.5 shearing rate, (g) density fluctuation, and (h) radial derivative of the density fluctuation. Blue (open) symbols:
t =4.10 sec, red (closed) symbols: t = 4.33 sec (#148584).
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the electric field profile can be deduced by assuming force
balance in radial direction as, E,~ (V,p,/Z;n;e). The
relation is found to be in good agreement with the measured
E, profile in the edge region in stellarators [30] and also in
tokamaks [31]. Figure 3 shows radial profiles of T,, n,,
electron pressure (p,), its first and second radial deriva-
tives. Because of the low temperature and high density in
this region, the equilibration time between electrons and
ions, 75/ = 3.17 x 10'*(AT!3 /n;Z2InA) is ~0.5 ms, which
is much shorter than the particle duel time in the stochastic
layer ~L/c, ~ 10 ms, and than the energy confinement
time ~0.1 sec, by 1-2 orders of magnitudes. It is, there-
fore, considered that p, =~ p;. Thereby, V,p, and V2p, in
Figs. 3(d) and 3(e) reflect E, and V,.E, =~V (V,p;/Z;n;e)
profiles, respectively. At the initial phase, t = 4.10 sec, the
pressure gradient is steep, ~70 kJ/m®, and its second deri-
vative takes maxima or minimum of ~ #2000 kJ/m’
[Fig. 3(e)]. Based on the assumption above, this corre-
sponds to radial electric field shear of 300 kV/m?, and
provides E x B flow (V,p) shear of ~100 kHz as shown
in Fig. 3(f), where the absolute values of the shear takes
maximum at both sides of the peak of pressure gradient. On
the other hand, after the onset of the magnetic fluctuation,
t = 4.33 sec, the pressure gradient becomes weaker and
the corresponding V g,z shear is smaller by several factors.
This change of the flow shearing rate suggests that during
the initial phase the turbulence generated at the confine-
ment boundary is prevented from propagating by the flow
shear as predicted by the models [13,19], while in the later
phase with the magnetic fluctuation, the turbulence pene-
trates to the stochastic layer due to the reduction of the
Vg shear. This is clearly shown in Figs. 3(g) and 3(h),
where the 71, and its radial derivative across the stochastic
layer are plotted. At the initial phase, t = 4.10 sec, the
fluctuation is peaked around r.y = 0.48 m, where the
pressure gradient is peaked, too. The fluctuation amplitude
decays in both inner and outer directions. In the later phase,
however, the radial spreading of the fluctuation is obvious,
where the magnitude of the radial derivative decreases in
both inner and outer directions.

The results are compared with the global gyrokinetic
simulations in Ref. [19], as follows. The flow shearing rate
in the initial phase with the turbulence blocking is
~100 kHz, which corresponds to 0.51c,/a, where a is
minor radius of plasma. Here ¢,/a is used as a measure of
turbulence decorrelation rate based on a gyro-Bohm type
transport coefficient, D p ~ prc,/a. In the later phase with
the turbulence spreading the shearing rate decreases and
ranges 0.10 ~0.21 ¢,/a. In Ref. [19], the change from
turbulence blocking to spreading is found to occur around
0.2 ¢;/a. The observation of turbulence blocking or
spreading in terms of the Vg, p shearing rate is consistent
with the predictions of the simulations.

There are two ways for MHD activity to trigger
a feedback loop that enhance turbulence spreading. The

magnetic fluctuation of m/n = 3/3 caused by the MHD
activity effectively stochastizes the sharp boundary created
by the RMP with m/n = 1/1. This is clearly observed in
Fig. 2(b), which shows a contour plot of temporal evolution
of radial pressure profile (p,). After the MHD mode
excitation the sharp boundary is lost around ry; =
0.48 m, leading to reduction of the second derivative of
p. and to reduction of the V,; shear. Since the shear flow
reduction loses the screening effect of the magnetic
perturbation field, it results in further stochastization as
observed in Ref. [32]. The process drives the feedback loop
between the stochastization, loss of sharp boundary, and
V gxp shear reduction. At the same time, the reduced Vg
shear loses its capability of blocking the turbulence. Then,
the enhanced turbulence spreading weakens the sharp
boundary, V?p. This leads to V. shear reduction. The
process also drives the feedback loop that enhances the
turbulence spreading. In addition, the MHD activity can
trigger directly turbulence spreading through nonlinear
coupling with the background turbulence as observed in
HL-2A [33]. Such a process also can trigger the feedback
loop that enhances the turbulence spreading.

During the turbulence spreading phase, reduction of the
peak divertor heat load is observed as shown in Fig. 2(e),
which is measured by the Langmuir probe array at the
divertor plate. The heat load profile normalized by the peak
values is shown in Fig. 4(a) together with L, on the divertor
plate in Fig. 4(b). The heat load is localized at the long L.
region of ~10° m, and rapidly decays into the short L,
region. The heat load profile becomes broad in the
turbulence spreading phase at t = 4.40 sec. The peak heat
load is plotted as a function of the 71, in the stochastic layer
in Fig. 4(c), together with the FWHM of the divertor heat
load profile in Fig. 4(d). The FWHM was obtained by
fitting with a Gaussian function. As the fluctuation
increases in the stochastic layer, the peak heat load
decreases by a factor of 3 to 4 with concomitant broadening
of the profile. Figure 4(g) plots the divertor peak heat load
as a function of the edge pressure gradient at 7 = 0.47 —
0.49 m before and after the turbulence spreading. The
dashed line represents a linear fit to the data before the
spreading. The peak heat load after the spreading clearly
deviates from the linear scaling, indicating an impact of the
turbulence spreading on the peak heat load.

The global confinement is maintained during the turbu-
lence spreading phase, as shown in Fig. 4(e), where the
plasma stored energy is plotted as a function of 7, in the
stochastic layer. This is caused by core-edge coupling,
where the pressure profile peaks at central region while the
edge pressure gradient degrades during the spreading.
Similar core-edge coupling has been observed in the
EAST tokamak, where core pressure increases to compen-
sate the pedestal pressure degradation [34]. In the LHD, the
transport is more dominated by turbulence than neoclass-
ical transport as the radial electric field increases [35], the
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situation of which applies to the present experiments.
The mechanism of the core-edge coupling is beyond of
the scope of this paper and is left for future work.

The results show the peak divertor heat load reduction
caused by the turbulence spreading while the core perfor-
mance is maintained.

In summary, we have observed clear evidence of
turbulence spreading into the edge stochastic magnetic
layer, where no drive for turbulence exists due to the flat 7',
and n, profiles. Density fluctuation is localized at the
boundary of the confinement region, where a steep pressure
gradient develops to provide an energy source for turbu-
lence. Once the magnetic fluctuation is excited at the
gradient region, the density fluctuation spreads into the
stochastic layer. The density fluctuation enhancement in
the stochastic layer leads to widening of the divertor heat
load profile and to reduction of the peak heat load as
evidence of enhanced cross-field energy transport in the
stochastic layer caused by the turbulence spreading. The
role of the magnetic fluctuation on the turbulence spreading
is considered to be the stochastization of the boundary of
the confinement region, which results in a loss of the
sharp boundary and thus leads to reduction of the
Vexp shearing rate to block the spreading. The results

demonstrated a new scheme to control the divertor heat
load with magnetic fluctuation induced by MHD activity
that leads to the enhancement of turbulence in the SOL
region.

The LHD data can be accessed from the LHD data
repository at https://www-lhd.nifs.ac.jp/pub/Repository_
en.html.
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