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Abstract

Experimental observations in EAST tokamak have revealed a notable suppression of tungsten
accumulation during the lower hybrid wave (LHW) injection in the neutral beam injection
(NBI)-heated H-mode plasma. The variation in tungsten concentration during the LHW phase is
quantified using the intensity of tungsten unresolved transition array (W-UTA), as measured by
the extreme ultraviolet spectrometer. After the LHW is turned on, the tungsten concentration,
Cw = nw/n., decreased by approximately 45%, from 9.5 x 107> to 5.3 x 107>. Additionally,
the peaked tungsten profile is flattened, with the peak position shifted outward, implying a
significant alteration in tungsten transport. The observed results suggest that reduced toroidal
rotation and increased electron temperature are responsible for the variation in tungsten transport
during the LHW heating. Modeling using a simulation code of Transport in Gyrokinetic
Plasmas with Rotation and Optimization (TGYRO) indicates that, after the LHW injection, the
turbulent diffusion of tungsten ions is enhanced and the neoclassical convection is weakened.
Moreover, comparisons of the transport coefficients of tungsten ions under different plasma
parameters reveal that the LHW heating enhances the turbulent diffusion of tungsten ions by
increasing the electron temperature gradient. It also decreases the plasma toroidal rotation
velocity, which in turn reduces the inward neoclassical convection of tungsten ions. These
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findings provide a feasible solution for the tungsten accumulation induced by the NBI heating,
supporting EAST in achieving long-pulse high-performance plasma discharge. This work offers
an important reference for the operation of ITER and the design of future fusion reactors.

Keywords: EAST tokamak, tungsten impurity transport, lower hybrid wave, EUV spectrometer

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

1. Introduction

In magnetic confinement fusion research, tungsten is con-
sidered as a potential candidate material for plasma-facing
components (PFC) in ITER [1] and future reactors, like
CFETR [2], due to its excellent characteristics of high sput-
tering threshold and high neutron resistance. However, as a
high-Z element, tungsten ions do not fully ionize within the
temperature range of fusion plasmas, leading to substantial
radiation power loss and increased potential for plasma col-
lapse. During the collapse, a significant damage to the toka-
mak wall is caused by heat deposition, electromagnetic stress,
runaway electrons and so on. Therefore, controlling the tung-
sten atom/ions in the plasma is a critical challenge for fusion
research.

Tungsten accumulation often occurs in neutral beam injec-
tion (NBI)-dominated H-mode plasma because the NBI accel-
erates the toroidal rotation of the plasma, leading to an asym-
metric distribution of tungsten density and enhancing the
inward neoclassical convection [3, 4]. Moreover, the particle
source directly brought by the NBI increases the density gradi-
ent, further enhancing the inward neoclassical convection and
exacerbating the accumulation of tungsten ions in the plasma
[5, 6]. Studies in ASDEX-U tokamak have suggested that on-
axis electron cyclotron resonance heating (ECRH) can be used
to control the tungsten accumulation by increasing the electron
temperature [7]. A high electron temperature gradient (ETG)
plays a key role in generating a large turbulent diffusion [7, 8].
In JET tokamak, it has been found that on-axis ion cyclotron
resonance heating (ICRH) with sufficient power can reduce the
ratio of density gradient to ion temperature gradient (ITG) and
increase the neoclassical outward convection, thereby signific-
antly suppressing the tungsten accumulation [5, 9]. However,
the RF-sheath near the ICRH antenna introduces additional
impurity sources, leading to a significant increase in the impur-
ity content in the plasma [10, 11].

In EAST, lower hybrid wave (LHW) has been demon-
strated to exhibit a significant effect of plasma current drive,
playing an indispensable role in achieving a super long-
pulse discharge, such as 403 s H-mode and 1056 s I-mode
steady-state discharges [12, 13]. In discharges with relat-
ively high-power NBI, however, the long-pulse H-mode oper-
ation has been often restricted by the tungsten accumulation.
Recently, a reproducible long-pulse H-mode operation with
sufficient tungsten suppression has been successfully achieved
in the LHW-heated discharge, and then various experimental
approaches have been explored to mitigate the tungsten
accumulation [14-16]. Experimental studies in EAST also
indicate that the tungsten accumulation can be suppressed in

the NBI discharge when the 4.6 GHz LHW is superimposed.
Furthermore, the tungsten concentration is reduced by an order
of magnitude when the ratio of LHW power to total injection
power, Pruyw/(PLuw + PnBi), exceeds 0.8.

Currently, studies of the impact of LHW on tungsten impur-
ity transport and the role on the tungsten impurity content
control remain limited. Recent findings in EAST suggest that
the LHW can influence the tungsten transport and suppress
the tungsten accumulation effectively in the NBI-dominant H-
mode discharge. In this work, therefore, experimental obser-
vations and simulation analyses are combined to investigate
how the LHW affects tungsten impurity transport. The struc-
ture of this paper is as follows. The diagnostics in EAST
and the simulation codes for data analyses are introduced in
section 2. Section 3 presents results of the experimental obser-
vation on tungsten impurity behavior in low- and high-gos
plasmas. Results of the tungsten transport analyses based on
the TYGRO and STRAHL codes are described in section 4.
Discussions and conclusions are given in sections 5 and 6,
respectively.

2. Experimental setup

EAST (R/a =1.85m/0.45m, I, = 1 MA and B, = 2.0-3.5T)
is a full superconducting tokamak with flexible divertor con-
figurations, i.e. lower single null, double null and upper single
null configurations. In 2014 and 2021, the original graphite
upper and lower divertors were replaced by tungsten mater-
ials, respectively, to enhance the divertor heat load capabil-
ity during the long-pulse high-performance plasma discharge
[17]. To minimize the ‘hot spot’ effect, graphite guard limiters
of the LHW antenna were also replaced by tungsten materials
in 2018 [18]. In 2022, the main limiter was upgraded to tung-
sten materials to further validate the feasibility of ITER oper-
ation scenario [19]. Consequently, the EAST tokamak con-
tinued to operate the discharge under full tungsten divertor
and limiter environments to this day, despite frequent tung-
sten bursts induced. Recently, several heating systems have
been upgraded in EAST. It enables to explore multiple heat-
ing schemes on the study of H-mode discharges. The heating
systems applied in this work include co-injection NBIs [20],
ECRH [21] and LHW [22]. The LHW frequency of 4.6 GHz
is utilized with a parallel refractive index of n; = 2.04 and a
phase difference of 90° between adjacent main waveguides to
achieve the optimal coupling efficiency.

To study the tungsten behavior in EAST H-mode dis-
charges, two fast-time-response extreme ultraviolet (EUV)
spectrometers with a time evolution of 5 ms have been
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Figure 1. Observation chords of fast-time-response EUV
spectrometers (EUV_Long and EUV_Short) and space-resolve EUV
spectrometer (EUV_Long?2). The data used in this study was taken
before 2020, when carbon materials were used on the lower divertor.

developed in EAST, named ‘EUV_Short” and ‘EUV_Long’,
working in the wavelength ranges of 5-138 A [23] and
20-520 A [24], respectively. A space-resolved EUV spec-
trometer, named ‘EUV_Long2’, working in 20-520 A has
been used to measure the radial profile of line emissions
from highly ionized tungsten ions in EAST [25]. A charge-
coupled detector (CCD) is used for the spectrometers. The
observation range of the space-resolved EUV spectrometer is
—10 < Z <40 cm at R = 1.9 m. Figure 1 shows the line
of sight of the EUV spectrometers in EAST plasma. In gen-
eral, the impurity species may be distinguished by three cat-
egories as low-Z impurities (Z < 18), medium-Z impurities
(18 < Z < 32) and high-Z impurities (Z > 32), depending on
the difference in the ionization energy. For simplicity, in this
study, the impurity species are distinguished by two categor-
ies of low-Z (Z < 18) and high-Z (Z > 18) impurities because
the electron temperature of EAST plasma is near the ioniza-
tion energy of helium-like (E; = 4121 eV) and hydrogen-like
(E; = 4426 eV) argon ions. Based on the EUV spectromet-
ers, the line emissions from intrinsic low-Z (He, Li, C, N and
0O) and high-Z (Fe, Cu, Mo and W) impurity ions with dif-
ferent ionization stages have been observed and identified in
the EAST plasma [26-28]. The tungsten concentration, Cy
(=nw/ne), is evaluated with a combination of the intensity
of tungsten unresolved transition array (W-UTA) in 45-70 A
and cooling factor. Moreover, the density profile of Fe?**,
Mo *-Mo** and WH+-W# ions can be calculated util-
izing Abel inversion and photon emission coefficients from
ADAS database [29].

In the experiment radial profiles of the -electron
temperature, 7., are provided by Thomson scattering

diagnostic [30] and 16-channel heterodyne radiometer [31],
and radial profiles of electron density, n., are measured by
polarimeter-interferometer [32] and microwave reflectometry
[33]. A tungsten source from upper divertor is evaluated from
the line intensity of W I at 4009 A measured by divertor
visible spectroscopy [34]. Total radiation power loss is eval-
uated from a resistive bolometer system [35]. In the frame-
work of the theory-based modeling carried out in this paper,
radial profiles of the tungsten transport coefficients are simu-
lated by Transport in Gyrokinetic Plasmas with Rotation and
Optimization (TGYRO) [36] which is linked to a drift-kinetic
code, NEO [37, 38], and a trapped gyro-Landau-fluid code,
TGLF [39-41], to calculate the neoclassical and turbulent
transports. The density profiles of tungsten and other impurity
ions are simulated by an impurity transport code, STRAHL
[42], along with the emission rates of all charge states of the
impurity ions, based on the provided transport coefficients.

3. Tungsten suppression with LHW injection

In recent EAST experiments, lithium coating [43] and real-
time lithium powder injection [44] have been carried out to
suppress the tungsten source, in particular, in H-mode dis-
charges. However, the tungsten ion still exists in the core
plasma with a considerably high concentration. To control the
tungsten accumulation in the NBI-heated H-mode discharge,
experiments have been performed by superimposing the LHW
heating. Initial results on the tungsten accumulation suppres-
sion are obtained in the H-mode discharge [16]. For more com-
prehensive understandings on the combined heating effect of
LHW and NBI and further better control of the tungsten accu-
mulation, several heating combinations have been explored in
EAST. The low and high g¢s plasmas represent two typical
discharge parameter regimes in the EAST tokamak. In both
regimes the suppression of tungsten impurity ions accumula-
tion by the additional LHW heating has been observed.

3.1. Experimental observations of tungsten impurity behavior
in low qgs plasma

Time traces of the NBI-dominant H-mode discharge with
upper single null divertor configuration (shot #80672) under
a low toroidal magnetic field (By = 1.67 T) are shown
in figure 2. The 4.6 GHz LHW with Prgw = 1.5 MW is
injected during the steady phase with Pygr = 2.0 MW. The
0.7 MW 2.45 GHz LHW is kept almost constant to drive the
plasma current. The plasma current, central electron temperat-
ure and line-averaged electron density are 450 kA, 2.0 keV and
3.0 x 10" m™3, respectively, with gos of 4.0. After the first
NBI injection the plasma moves to ELMy H-mode phase at
t =3.15s. The second NBI injection started at t = 3.3 s leads to
further increase in toroidal rotation velocity and tungsten con-
centration. The H-L transition is triggered at = 7.3 s after the
NBI is turned off. When the LHW is switched on, the ELM fre-
quency (fgLm) increases from 70 Hz to 100 Hz, and decreases
to 75 Hz after the LHW is turned off, as shown in figure 2(c).
Although the increase in fgy could flush out the tungsten
ion, the amplitude of D, signal slightly increases during the
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Figure 2. Time evolution of (a) Pngi, P1.ecuz Luw, () line-averaged electron density, neo, and central electron temperature, Teo, (¢) plasma
stored energy, Wmmup, and D, intensity of upper divertor, (d) central toroidal rotation velocity, Vi, (e) total radiation power loss, Pradotal,
and W I (4009 A) line emission, (f) tungsten concentration in plasma core in #80672 discharge. Time slices of t =5.2sand t = 6.5 s
denoted with vertical dashed lines are selected for data analyses on EUV spectra and radial profiles.

LHW injection, indicating an enhancement of the plasma wall
interaction (PWI), which in turn also enhances the tungsten
source. The tungsten source, as seen in the W I line emission
in figure 2(e), continuously increases due to the enhancement
of PWI during the LHW phase. Despite this, the tungsten con-
centration in the plasma core decreases from 2.0 x 107> to
6 x 107° during the LHW injection and radiation power loss
also significantly reduces from 350 kW to 200 kW, as shown
in figures 2(e) and (f), respectively. The significant decrease
in the tungsten concentration and radiation power is associ-
ated with a reduction in the toroidal rotation velocity, which
decreases from 130 km s~! to 70 km s=! during the LHW
heating as shown in figure 2(d). After the LHW is switched
off, the toroidal rotation velocity, tungsten concentration and
radiation power continue to rise, reaching V, = 110 km s™1,
Cw = 1.8 x 1072 and P,yq = 300 kW, respectively, att = 6.5 s.
Notably, the spontaneous decrease in the tungsten concentra-
tion during ¢t = 3.5-4.1 s may be related to the fishbone mode
instability triggered by high-energy particles, as shown in
figure 3. The fishbone mode stabilized during the LHW phase
can control the impurity accumulation [45], and its effect on
the impurity ions is similar to that of sawtooth instability [46].

Figure 4 presents EUV spectra observed with and without
LHW injection in shot #80672. The line emissions from low-
Z impurity ions, such as CVI 33.734 A, N VII 24.78 A,
O VII 21.602 A and O VIII 18.97 A are identified in the short
wavelength range of 1040 A. The W-UTA in the wavelength
range of 45-70 A is composed of line emissions from low-
ionized tungsten ions, e.g. W2T-W32F due to the low elec-
tron temperature of 2 keV in this discharge. In the wavelength
range of 70-195 10\, several isolated line emissions from metal-
lic impurity ions are identified, e.g. Mo XXXII 127.868 A, Fe
XXIII 132.906 A and Cu XXIV 111.186 A. During the LHW
phase, the intensity of line emissions from low-Z impurity ions
(Li, C, N, O and Ne) is obviously unchanged, whereas the
intensity of line emissions from high-Z impurity ions (Fe, Cu,
Mo and W) substantially decreases. The intensity reduction of
high-Z impurity line emissions suggests an effective control of
the impurity accumulation during LHW heating.

Figure 5 illustrates the time evolution of the intensity nor-
malized by ne, I/n., for low- and high-Z impurity ions in the
plasma core. During the 4.6 GHz LHW injection, the con-
tent of low-Z impurity was unchanged obviously, while the
intensity of Li** ions slightly increased due to an enhanced
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Figure 4. EUV spectra in wavelength ranges of (a) 1045 A, (b) 45-85 A and (c) 85-195 A observed with fast-time-response EUV
spectrometers during H-mode phase with (at # = 5.2 s) and without (at # = 6.5 s) 4.6 GHz LHW in #80672 discharge of which the central

electron temperature is 2 keV.

plasma-wall interaction, as shown in figures 5(a)—(d). In con-
trast, the content of high-Z metallic impurity ions significantly
decreased during the LHW injection, but began to increase
again after switching off the LHW, as presented in figures 5(e)
and (f). The ratio of I/n. after ( = 6.5 s) and during (t = 5.2 s)
the LHW is listed in table 1 for metallic impurity ions. Due
to formation of the peaked radial profile of the electron tem-
perature, metallic impurity ions in high ionization stages like
Fe??>* and Mo*** ions are more localized in the plasma core.
During the LHW phase, then, the change in the density of such
highly ionized ions is bigger than that of low-ionized impur-
ity ions staying in the plasma edge. It suggests that the LHW
effect on impurity transport is more pronounced for impurity
ions staying in the plasma core than those in the plasma edge.

For instance, after turning off the LHW, the I/n, of W32 ions
increases by 256.5%, while the I/n, of W?°* and W'+ ions
in relatively lower ionization stages shows smaller increase of
206.1% and 132.4%, respectively. A similar trend also appears
in behaviors of Mo and Fe ions. The W-UTA is composed of
line emission from W26T-W32+ jons with ionization energies
ranging from 0.881 keV to 1.335 keV. The ionization energy
of Mo’*t and Mo*'" ions are 1.730 keV and 1.790 keV,
respectively. Despite the lower ionization energy of tungsten
ions (W?7+, W2+ and W32%) and molybdenum ions (Mo?*+,
Mo+ and Mo3'*), changes in the content of Mo (Z = 42) and
W (Z = 74) ions during the LHW phase are more substantial
compared to Fe (Z = 26) ions. The relative content of low-Z
impurity ions (C*+, C>*, N+, 0%* and O™) in the plasma
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Figure 5. Time evolution of n.-normalized line intensity of (a) Li** 135 A, (b) C** 40.27 A and C7* 33.73 A, (¢) N®F 2478 A,
0’%18.97 A and O°* 21.6 A, (d) Fe*** 132.91 A and Fe'”* 93.926 A, (¢) Mo 7127.868 A, Mo™** 116 A and Mo*** 74.17 A,

(f) W32+ 5222 A, WP+ 49,938 A and W?'* 49.403 A observed with fast-time-response EUV spectrometers in # 80672 discharge. Timing
of 4.6GHz LHW injection is denoted with shaded area and two vertical dashed lines indicate timings at which the ratio is calculated in

table 1.

Table 1. Line emissions from metallic ions used in the present study (#80672 discharge).

Ions Lines E; (eV)* AA)YP Ratios after and during LHW®
Fe!’t Fe X VIII 1357.8 93.926 11.0%
Fe?*t Fe XXIII 1950.4 132.91 38.7%
Mo+ Mo XXV 1263.0 74.17 116.9%
Mo+ Mo XXXI 1730.1 116.0 247.5%
Mo’!+ Mo XXXII 1790.9 127.868 330.8%
w2t W XXVIII 881.4 49.403 132.4%
w2+ W XXX 1180.0 49.938 206.1%
w3t W XXXIII 1335.1 52.22 256.5%

# E;: ionization energies of ions.
® \: wavelengths of lines.

¢ ne-normalized line intensity ratios after and during LHW taken at t = 6.5 s and t = 5.2 s, respectively.

edge exhibited no significant change during the LHW phase,
with the exception of Li** ions which shows a slight increase
during the LHW heating. The time behavior of the impurity
ions suggests that the LHW may significantly influence impur-
ity transport itself. This influence is likely related to the atomic
number of impurity ions, particularly through neoclassical
transport [42].

The LHW heating has a significant impact on the tung-
sten radial profile. The radial intensity profile of line emis-
sions from W?’*and W32% ions is observed by the space-
resolved EUV spectrometer system at # = 5.2 s (during LHW)
and r = 6.5 s (after LHW). Results are plotted in figure 6.
During the LHW phase, the radial profile of W?’*and W32+
ions is flattened. In the radial region at p < 0.3, the tung-
sten ion content is significantly reduced. After the LHW is
turned off, both W3>* and W27+ ions begin to accumulate
in the plasma core. This significant change in the tungsten
radial profile suggests that the LHW has a substantial impact

on tungsten impurity transport. The electron temperature pro-
file remains unchanged after turning off the LHW, showing
only a slight reduction in the plasma core, i.e. 2.0-1.8 keV,
as plotted in figure 7(a). Due to a fringe jump in the signal
of the polarimeter-interferometer system [32] after r = 5.8 s,
no electron density profile is measured at r+ = 6.5 s (see
figure 7(b)). However, according to the line-averaged density
measured by hydrogen cyanide interferometer [47], as illus-
trated in figure 2(b), the electron density appears to remain
unchanged after the LHW is turned off. Notably, during the
LHW phase, the central ion temperature reduces from 1.6 keV
to 1.3 keV (see figure 7(c)), and the central toroidal rota-
tion velocity also reduces markedly (see figure 7(d). The tor-
oidal rotation can be enhanced by the neoclassical inward
pinch of high-Z impurity ions. Therefore, the reduction of the
toroidal rotation velocity is one of the primary reasons why
the high-Z metallic impurity ion content decreases during

the LHW.
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from charge exchange recombination spectroscopy [48]. Data of red
squares and blue circles are observed at t = 5.2 s (with LHW) and

t = 6.5 s (without LHW) in #80672 discharge, respectively. Solid
lines indicate fitting curves based on measured experimental

data.

3.2. Experimental observation of tungsten impurity behaviors
in high qg¢5 plasma

A high gos (q95 = 6.0) discharge with upper single null config-
uration (B; = 2.55 T and I, = 500 kA) is conducted with inter-
mittently injected 4.6 GHz LHW during NBI H-mode phase.
The temporal evolution of plasma parameters and impurity
content in the discharge is illustrated in figure 8. The LHW
with P gw = 1.5 MW is injected at a frequency of 3 Hz and
a duty cycle of 50% during the steady discharge phase with
Pngr = 2.0 MW. Low-power ECRH with Pgcrg = 0.3 MW
is also injected throughout the discharge period to maintain a
high electron temperature of 3.3 keV. Before switching on the

LHW, a clear improvement on the particle confinement after
the L-H transition is evident in the temporal density behavior
at t = 2.6 s. The tungsten content continues to increase from
t =2.6stotr=3.2s, as shown in figures 8(f) and (h). This
increase is likely due to the enhanced particle confinement and
the consequent accumulation of impurity ions in the plasma
core.

The intensity of the central channel signal of the elec-
tron cyclotron emission (ECE) [31] increases with the LHW
injection, indicating effective electron heating by the LHW.
Simultaneously, the ELM frequency, fgpm, Starts to increase
and reaches 180 Hz, while it decreases to 120 Hz after switch-
ing off the LHW, as evidenced by the D,, signal in figure 8(c).
During the LHW, the tungsten source estimated from W I
line emission increases by 50%—-80% (see figure 8(d)). Similar
to the shot #80672, the tungsten concentration (Cy,) signific-
antly decreases during the LHW, despite the enhancement of
the tungsten source. The Cy is approximately 9.5 x 1072 in
the discharge phase without LHW. However, the Cy, reduces
by about 45%, i.e. 5.3 x 107>, Further interest lies in the
temporal behavior of line emissions from W26T-W2* and
WH+_W4+ jons, as shown in figure 8(f). The reduction ratio
of tungsten impurity ions during the LHW exhibits different
variations among charge states. The content of W4 +-W++
ions predominantly locating near the plasma core decreases
by 55%, whereas the content of W26+-W?** jons distribut-
ing near the plasma edge reduces by 40%. A similar drastic
change is observed in the total radiation power loss, as shown
in figure 8(g). The total radiation power loss, along with the
tungsten impurity content, continues to increase during the
NBI phase before + = 3.5 s. This intermittent increase and
decrease in the tungsten concentration are related to changes in
the toroidal rotation velocity and electron temperature induced
by the LHW. Figure 8(e) clearly illustrates the relationship
between the LHW and toroidal rotation velocity. During the
LHW phase, the toroidal rotation velocity decreases to approx-
imately 75 km s~!, while it progressively increases to more
than 100 km s~' during the NBI phase without LHW pulse.

Owing to the higher central electron temperature of
3.0 keV, several line emissions from highly ionized tungsten
ions are observed through the EUV spectrometers, e.g. W3+
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at 63.883 A, W0+ at 65.873 A, WH+ at 131.21 A, W+
at 61.334 A and 126.29 A, W*+ at 60.93 A, and W#* at
62.336 A and 126.998 A, as shown in figure 9. Some spec-
tral lines unfortunately overlap due to their closely proximate
wavelengths, e.g. W4t at 47.048 A and W** at 47.191 A,
and W+ at 132.88 A and Fe XXIII 132.91 A. These tungsten
lines are crucial for studying tungsten impurity transport. The
line emission intensity of tungsten ions is significantly reduced
with the LHW injection. It becomes remarkable in the case of
highly ionized tungsten ions. In contrast, the line intensity of
low-Z impurity ions remains unchanged during LHW.

Figure 10 illustrates radial intensity profiles of line emis-
sions from W27+, W32+, W38+, W41+ (W42+), W43+ and
WHT jons observed during the NBI and LHW superimposed
phase by the space-resolved EUV spectrometer. Since the
sampling time of the CCD detector was set to 800 ms/frame
in this discharge to enhance the signal-to-noise ratio, temporal
behavior of the tungsten radial profile during the LHW pulse
could not be studied. Therefore, the radial profiles plotted in
figure 10 are the signal accumulated from¢#=3.3stor=4.1s
and t = 4.9 s to t = 5.7 s. Nevertheless, the observed res-
ult indicates a pronounced alteration in the tungsten radial
profile from NBI to LHW phases. It is found that the radial
intensity profiles of W+, W4+ W4+ and W*+ ions are
strongly peaked during the NBI phase. However, these profiles
are flattened during the LHW phase with extremely low intens-
ities. The line intensity profile of W2’ and W32 ions loc-
ated in outer plasma region are also flattened during the LHW
phase. Furthermore, the peak position of the W2’ W32+ and
W3+ profiles shifts outwardly and the intensity gradient of
the W4+ W+ W4+ and W+ profiles becomes moderate
during the LHW phase. The drastic variation in the tungsten

intensity profile implies that the LHW has a significant influ-
ence to the tungsten transport process, and it may be associ-
ated with the toroidal rotation and electron temperature. Radial
profiles of T, ne, T; and V; are shown in figure 11. The data
are taken at t = 4.80 s during the LHW pulse and att = 5.0 s
between two LHW pulses in the #70769 discharge. As the n,
profile does not change so much between two cases with and
without LHW, the significant variation in the tungsten content
does not originate from changes in the electron density pro-
file. However, both ion temperature and toroidal rotation velo-
city noticeably decrease after the LHW pulse, as illustrated
in figures 11(c) and (d). The electron temperature increases
during the LHW, in particular, the central electron temperat-
ure increases from 2.6 keV to 3.3 keV. The variations in these
parameter profiles are primarily responsible for the alteration
of tungsten transport induced by the LHW.

4. Simulation results

Based on the plasma parameter profiles from shot #70769, as
shown in figure 11, the TGYRO code is utilized to calculate
the radial profile of tungsten transport coefficients under vary-
ing conditions. To estimate the transport coefficients, TGYRO
utilizes experimentally measured profiles, such as electron
temperature, ion temperature, electron density and toroidal
rotation as initial input profiles. Through the iterative coupling
with gyrokinetic simulations, TGYRO calculates and updates
the transport coefficients until the simulated profiles converge
to the experimental profiles. More detailed descriptions and
specific settings on the TGYRO code can be found in the
following [49]. Effects of the LHW heating, toroidal rotation
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velocity, electron temperature and ion temperature on turbu-
lent and neoclassical transports of the tungsten ion are stud-
ied. Figure 12 contrasts the radial profile of tungsten transport
coefficients with and without LHW injection. As illustrated in
figure 12(a), the diffusion of tungsten ions is predominantly
driven by the turbulent diffusion due to the high ETG in the H-
mode plasma. In the NBI phase without LHW, the neoclassical
convection velocity dominates over the turbulent convection
velocity, which is the primary reason for the tungsten accu-
mulation. During the LHW phase, the outward turbulent dif-
fusion of tungsten ions increases and the inward neoclassical
convection decreases, leading to a significant reduction in the

tungsten content, as shown in figures 12(a) and (b). The ratio
of total convection velocity to total diffusion coefficient can
be replaced by the normalized density gradient of W ions as
follows;

Vg

Ny

v
—= . 1
= M
In the presence of LHW power, the ratio of v/D increases
and resultantly the peaked W density profile is smoother than
the case of the absence of LHW power. However, experimental
observations reveal that the LHW injection leads to changes
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Figure 11. Comparisons of radial profiles of (a) electron tempera-
ture, T., and (b) electron density, ne, (c) ion temperature, 7T, and (d)
toroidal rotation velocity, Vi, with (r = 4.8 s) and without (t = 5.0 s)
LHW in #70769 discharge.

in several plasma parameters, e.g. electron and ion temperat-
ures and toroidal rotation. To investigate the effect of electron
temperature (7), ion temperature (7;) and rotation velocity
(Vy) on the tungsten transport coefficients, firstly, the trans-
port coefficients were calculated using the discharge without
LHW. The result was set as the initial parameter group includ-
ing T, Vi, T; and n, profiles in the discharge phase without
LHW. To check the individual impact of T, Tj, and V, in the
discharge with LHW, the simulation was repeated in sequence
by replacing each parameter in the initial parameter group
with the same parameter in the discharge phase with LHW.
For example, when T, in the discharge phase with LHW is
selected, all other parameters in the initial parameter group
are unchanged in the simulation. The transport coefficients
obtained from each simulation were then compared with those
in the initial parameter group to examine the individual con-
tribution of 7., T; and V. The impact of these parameters on
the transport of tungsten ions is analyzed below.

4.1. Impact of electron temperature on tungsten transport

Effective suppress of the tungsten accumulation by ECRH has
been proven due to favorite effects of increase in the ETG and
enhancement of the turbulent diffusion [8]. Figure 13 presents
the radial profiles of transport coefficients calculated for low
(without LHW) and high (with LHW) electron temperatures.
All other plasma parameters are used for the case without
LHW. Similar to the effect of ECRH on tungsten transport,
in the discharge #70769, the electron temperature is effect-
ively increased by the LHW injection while forming a steeper
temperature gradient, as shown in figure 13(d). Resultantly, it

leads to a significant enhancement of the turbulent diffusion of
tungsten ions through the electron micro-instability mode like
trapped electron mode (TEM) and ETG mode. Figures 14(a)
and (b) illustrate the real frequency and linear net growth rate
of the micro-instability mode at low and high electron temper-
atures. As the ETG increases, the growth rate at k,ps > 1 raises
obviously, suggesting destabilization of the electron micro-
instability mode. The increase in the ETG has a minor effect
on the radial convection, and then this effect is negligible com-
pared to the pronounced change in the turbulent diffusion.

4.2. Impact of toroidal rotation on tungsten transport

Acceleration of the toroidal rotation induced by the NBI injec-
tion is the primary reason for the tungsten accumulation.
Experimental observations indicate a significant decrease in
the toroidal rotation speed following the LHW injection. It
demonstrates that the tungsten content can be controlled with
the LHW by decelerating the toroidal rotation. Figure 15 con-
trasts the impact of the toroidal rotation induced by the LHW
on tungsten impurity transport. Following a reduction of the
toroidal rotation, the inward neoclassical convection of the
tungsten ion notably diminishes by the LHW, and thereby
the tungsten accumulation can be effectively controlled. The
influence of the LHW on the toroidal rotation is frequently
observed in EAST [50] even in discharges maintained with
ion cyclotron range of heating (ICRF). However, there is no
definitive physical model to clearly explain the underlying
mechanism [51]. Only theoretical speculations exist, such as
direct momentum input from the wave, edge shear flow [52],
electron orbit loss [53] and trapped electron pinch effect [54].

4.3. Impact of ion temperature on tungsten transport

In #70769 and #80672 discharges, the ion temperature signi-
ficantly decreased during the LHW phase. This phenomenon
has been also observed in the HL-2A tokamak. The reason
is considered to be related to the edge shear flow (E;) [52].
The normalized logarithmic gradient of the ion temperature
is compared between two cases with and without LHW injec-
tion in figure 16(d). Decrease in the ITG significantly enhances
the inward neoclassical convection, while it simultaneously
reduces the turbulent diffusion by stabilizing the ITG mode.
AS aresult, the inward transport of tungsten ions is enhanced,
as illustrated in figures 16(a)—(c). As calculated with TGLF,
the linear growth rate of the ion micro-instability mode signi-
ficantly decreases with less ITGs, as shown in figure 14(d). A
steep ITG truly contributes to the expulsion of impurity ions
[55, 56]. Despite this, the significant reduction in the tungsten
content following the LHW injection indicates that unfavor-
able effect on the tungsten accumulation suppression origin-
ated from the decrease in the ITG is fully compensated by
favorable effects originated from the decrease in the toroidal
rotation and the increase in the electron temperature.
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4.4. Comparison of tungsten densities under different
plasma parameters

Based on the calculation by the STRAHL impurity transport
code, in which the transport coefficients are used those calcu-
lated by TGYRO as the input parameter, the impact of trans-
port modifications caused by variations in T, Tj, and V, are
evaluated on the density profile of tungsten ions. The result is
shown in figure 17. Compared to the tungsten ion density in
the case without LHW, the tungsten density in the plasma core
decreases from 3.69 x 10" m~3to 1.98 x 10'> m—3 during the
LHW phase. The reduction of approximately 46% in the calcu-
lation is consistent with the experimental result of 45% reduc-
tion, as shown in table 2. The high ETG and low toroidal rota-
tion velocity reduce the tungsten density to 1.46 x 10'> m—3
and 2.58 x 10" m~3, respectively. This indicates that higher
ETG has more favorite effect on the tungsten control compared
to the reduction in the toroidal rotation. Lower ITG leads to the
density buildup of the tungsten ion to 5.63 x 10" m~3 (see
figure 17(a)). However, decrease in the toroidal rotation and
increase in the ETG have a sufficient tungsten control effect
by offsetting the unfavorable effect of the reduced ITG, and
thus it leads to a significant decrease in the tungsten density.

5. Discussions

In #80672 and #70769 discharges, following the injection
of the LHW, the ELM frequency increased from 75 Hz to
100 Hz and from 120 Hz to 180 Hz, respectively. The move

to higher ELM frequencies is basically favorable for expelling
the impurity ions from the pedestal region [57, 58]. Therefore,
the impurity ions staying in the plasma edge should be more
affected by the ELMs. However, the experimental observa-
tions shows that the reduction of impurity ions in relatively
lower ionization stages staying near the plasma edge, e.g.
Fe!”™* and Mo?** ions, is not so sufficient during the LHW
phase compared with impurity ions in higher ionization stages
locating in the plasma core, e.g. Fe??* and Mo*** ions, as
illustrated in figure 5. Moreover, as shown in figure 9, after
the LHW injection, the line emission intensities of molyb-
denum and iron ions exhibited no significant changes com-
pared to those of tungsten ions. This implies that the increase
in the ELM frequency during the LHW phase for both experi-
ments did not significantly enhance the impurity flushing out,
and thus the impact of the increased ELM frequency on tung-
sten impurity transport was negligibly small in the present
study. Moreover, high frequency ELM can even lead to the
enhancement of impurity sources [59], which may explain the
observed increase in the tungsten impurity source in the exper-
iment. The increase in the tungsten impurity source induced
by a plasma-wall interaction during the LHW phase and the
reduction of the ITG, which can enhance the neoclassical
inward convection and decrease the turbulent diffusion, are
fully counterbalanced by changes in the electron temperat-
ure and toroidal rotation. These changes also lead to the
mitigation of the tungsten accumulation caused by the NBI
heating.
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Figure 17. (a) Radial profile of total tungsten density calculated by STRAHL code based on the transport coefficients in cases of with LHW
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Table 2. Tungsten densities calculated by STRAHL code in a
variety of parameters.

Tungsten density (m ™) Percentage change®

w/o LHW 3.69 x 10" —

with LHW 1.98 x 10" —46%
Low V; 2.58 x 10% —30%
Low T; 5.63 x 10 +53%
High T. 1.46 x 10" —60%

2 Comparison to the case without LHW. Negative/positive values indicate
decrease/increase in the tungsten density, respectively.

In #80672 discharge, the LHW injection did not make a
significant increase in the electron temperature, which might
be attributable to the edge deposition of LHW power due to
the low toroidal magnetic field (Bt = 1.67 T) and the relatively
low electron density (1.9 = 3.0 x 10" m~3). Nonetheless, the
LHW injection suppressed the tungsten accumulation by redu-
cing the toroidal rotation velocity in the NBI-heated plasma.
Changes in the plasma toroidal rotation induced by the LHW
have been observed in several tokamaks, such as Alcator C-
Mod [51, 60, 61], HL-2A [52], JET [62], Tore Supra [63] and
EAST [22, 50, 64]. However, the physical mechanism why the
LHW can change the toroidal rotation still remains unclear,
while several physical models have been proposed to explain
it [51], e.g. direct momentum input from LHW, electron orbit
loss, pinch effect of trapped electrons and radial drift of LHW
resonant electrons.

6. Conclusions

After the LHW injection in the low q¢s plasma with
NBI heating, 70% reduction in the tungsten concentration,
Cw (=nw/ne), from 2.0 x 1072 to 6 x 10~° was observed with
decrease in the toroidal rotation velocity from 110 km s~! to
70 km s~!. Similar result was also observed in the high gos
plasma. In this experiment, the LHW was injected intermit-
tently with a 50% duty cycle and a frequency of 3 Hz. Periodic
variations with the LHW injection were clearly identified in

the electron temperature, toroidal rotation and tungsten con-
centration. During the LHW phase, the tungsten concentra-
tion decreased by approximately 45%, from 9.5 x 1075 to
5.3 x 1073, and the radial profile of tungsten ions flattened
with shifting the peak position outward. Significant changes
are found in the tungsten transport.

The tungsten transport coefficient is modeled using the
TGYRO simulation code based on the radial profile analysis
in discharge #70769. The simulation results indicate that the
tungsten impurity transport is mainly dominated by the turbu-
lent diffusion and neoclassical convection. During the LHW
phase, the turbulent diffusion of tungsten ions is enhanced
and the neoclassical convection is weakened. By compar-
ing the transport coefficient of tungsten ions among differ-
ent toroidal rotation velocities and electron temperatures, it is
found that lower toroidal rotation velocities weaken the inward
neoclassical convection, while higher electron temperatures
enhance the outward turbulent diffusion. Although the tur-
bulence measurement is poor in the present experiment, the
simulation suggests that the growth rate of electron micro-
instability modes increases during the LHW phase. Thus, the
additional heating by LHW can suppress the tungsten accu-
mulation in NBI-heated plasmas based on the following two
aspects;

. The LHW heating decreases the plasma toroidal rotation
velocity. It leads to the reduction of the inward neoclassical
convection of tungsten ions.

. Increase in the ETG enhances the turbulent diffusion of
tungsten ions through a destabilization of electron turbu-
lent instability modes.

Nevertheless, the physical mechanism to explain the rela-
tion between the LHW and toroidal rotation still remains
unclear. In the future EAST experiment various experimental
scenarios are being planned to explore the relation between
the LHW and the toroidal rotation. Experimental studies in
EAST tokamak aimed at preventing the tungsten accumulation
induced by NBI heating will provide an important reference
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for the operation of ITER and the design of future fusion
reactors.
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