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The core impurity confinement properties are experimentally investigated in the Experimental Advanced Supercon-
ducting Tokamak (EAST) plasma heated by lower hybrid wave (LHW) and electron cyclotron resonance heating (ECRH)
(LHW-+ECRH). It is shown that the impurity confinement time (%jpp) in the L-mode plasma jointly heated by LHW and
ECRH is weakly dependent on electron density but strongly dependent on the heating power, thus it is shorter than that
in LHW-only heated L-mode plasma with the similar plasma parameters. The combined heating of LHW and ECRH can
reduce the collisionality and indicates a more effective heating method for core 7y, reduction and normalized poloidal beta
(Bp) improvement. It should be emphasized that in this high fp operation window the small ELM regime can be accessed,
and an L-mode level Ty, (40 ms—80 ms) and high By (~ 1.7) can be obtained simultaneously. It means that this typical
small ELMy H-mode regime has an advantage in avoiding the serious tungsten accumulation, and will be competitive in
future long-pulse steady-state and high-performance operation with high-Z material plasma-facing components.

Keywords: LHW and ECRH heating, impurity confinement time, tungsten, small ELMs regime, EAST
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1. Introduction

The high-Z impurities’ transport in plasma plays a signif-
icant role in present tokamak devices and future fusion devices
such as International Thermonuclear Experimental Reactor
(ITER) and China Fusion Engineering Test Reactor (CFETR).
The high-Z impurities in the plasma core can bring about two
deleterious effects: one is strong radiation causing the cen-
tral power loss,[!! the other is radiative cooling probably lead-
ing to plasma disruption.?! High-Z impurities in the central
plasma therefore need to be controlled, especially in a machine
with tungsten (W, Z = 74) divertor plates, where physical sput-
tering at the striking points can inject tungsten into the main
plasma. 3!

Previous research results in terms of experiments and
simulations demonstrated that the impurity accumulation can
be suppressed by intense central electrons heating.[*~7) Widely
used in DIII-D, 91 ASDEX-U,!"% TCV,!'!) etc., the on-axis
ECRH can provide a more peaked electron temperature in
plasma core so as to avoid the impurity accumulation. The

DOI: 10.1088/1674-1056/abela6

LHW heating utilized on Tore Supral!?l and EAST!!3!4! also
shows an apparent reduction of core impurity confinement,
due to the fact that LHW can heat central electron and gen-
erate turbulent transport. The study of the core impurity con-
finement properties in LHW and ECRH heated plasmas was
inspired by the intense central electron heating.!'3-!7! Further-
more, in EAST, it is observed that the combined heating of
LHW and ECRH can alleviate and avoid the effect of the saw-
tooth oscillation on the impurity transport.['3-21 The results
regarding this combined heating for improving the core im-
purity confinement will be beneficial to the EAST long-pulse
steady-state and high-performance operation with tungsten di-
vertor.

The rest of the paper is structured as follows. In Section 2
described are the radio-frequency (RF) heating systems and
the relevant diagnostics in EAST. In Section 3 provided are
the experimental studies of the metallic impurity confinement
properties in LHW and ECRH heated discharges. Finally in

Section 4 summary and discussion are presented.
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2. Experimental setup

This work was carried out on the full superconducting
EAST tokamak, in which the vacuum chamber has a ma-
jor radius R of 1.85 m and minor radius a of 0.45 m, the
plasma cross-section elongation ratio k£ from 1.2 to 2, maxi-
mum plasma current Ip is 1 MA, maximum designed center
toroidal field strength B is 3.5 T, and there are an advanced
and flexible divertor configuration. The auxiliary heating sys-
tems have been successively developed since the first plasma
was obtained in the 2006 campaign of EAST.?!] The RF heat-
ing methods, routinely used in EAST long-pulse and steady-
state operated discharges, include two sets of LHW heating
systems (a maximum power of 4 MW at 2.45 GHz, and a
maximum power of 6 MW at 4.6 GHZ),[22’23] two sets of ion
cyclotron resonance frequency (ICRF) heating systems with
a maximum total power of 12 MW in a frequency range of
25 MHz-70 MHz,1**! and two sets of ECRH systems with
a maximum total heating power of 1 MW at 140 GHz.[>!
Moreover, EAST has upgraded the plasma facing components
(PFCs) to optimize the capacity of the heat load. The present
main PFCs materials in EAST vacuum are W/Cu mono-blocks
with active water-cooling for the upper divertor, molybdenum
(Mo, Z = 42) plates for the first wall, and SiC-coated graphite
tiles for the lower divertor. In addition, there are metallic mate-
rials mounted for some special purposes, such as tungsten tiles
for one of the guard limiters of LHW, copper (Cu, Z = 29) for
the RF antenna panels (including ICRF, LHW, and ECRH),
and stainless steel (Fe, Z = 26) for the dedicated ICRF an-
tenna. The high-Z metallic impurities in these components
can be sputtered into the main plasma through the process of

plasma surface interaction (PSI), degrading the plasma perfor-

mance.
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Fig. 1. Sight field of soft x-ray imaging system (the blue lines) and view-
ing chords of two EUV spectrometers: EUV _Short (dashed black line) and
EUV_Long (red lines) in EAST cross section.

Figure 1 shows the field of view of the soft x-ray imag-
ing system,?® which can cover the whole plasma poloidal
cross-section by using 116 lines of sight (LOS). The view-
ing chords of two EUV spectrometers (EUV_Short and
EUV _Long) are also exhibited in this figure. The EUV _Short
and EUV_Long®”! work in a wavelength range of 20 A-50 A
and 20 A-500 A, respectively, and both have good tempo-
ral and spectral resolutions for measuring the chord-integrated
line emission intensity emitted from impurity ions. These di-
agnostic tools enable the effective investigating of the core
impurity behavior inside r/a ~ 0.4. Other needed diagnos-
tic tools include the Thomson scattering system for measuring
the electron density and temperature profile, the polarimeter-
intferometer (POINT) for measuring the electron density pro-
file, and the far-infrared (FIR) hydrogen cyanide (HCN) laser
interferometer for measuring the lineaveraged electron den-

sity.

3. Experimental results

The studies of impurity confinement by using LHW and
ECRH heating are carried out in L- and H-mode plasma on
EAST. In this analysis, the Ty, defined below is used to esti-
mate the efficiency of the heating methods for impurity accu-
mulation control.

3.1. Spontaneous transient perturbations of impurities in

EAST

The Tjmp is the slowest time constant corresponding to
the fundamental eigenfunction and can describe the decay of
the final impurity distribution,®>° which has been used on
many tokamak devices, such as C-mod,*%! TCV,3! JET, 32!
etc. Experimentally, the Ty, is often deduced by so-called
transient perturbation method (TPM), in which, the decay of
transient impurity perturbation induced by the active impurity-
producing techniques (such as, laser blow-off, pellets in-
jection and gas puffing) is used for analyzing the impurity

transport. 28,29.33]
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Fig. 2. (a) Probability of transient impurity sputtering events versus Dgapout
(distance of outer gap between limiter and last closed flux surface) in ohmi-
cally L-mode discharges (total 509 shots), and (b) probability of species of
the sputtered impurities in ohmically (dark blue color) and LHW (red color)
heated L-mode discharges (total 1433 shots) respectively.
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As there is no active technique for injecting metallic im-
purities on EAST, the spontaneous transient perturbations of
medium and high-Z impurities are chosen for calculating the
Timp- This spontaneous TPM has been successfully used to
study the confinement properties of Fe and Cu in LHW-heated
sawtooth-free plasma on EAST.!'3! Such a spontaneous TPM
of metallic impurities always occurs when the distance of
outer gap between the limiter and the last closed flux surface
(Dgapout) 18 relatively small. It is found that more than 80%
of transient perturbation events happen when Dgpou < 4 cm,
such as in the ohmic plasma shown in Fig. 2(a). In the L-

mode discharge with ohmic and pure-LHW heating, such tran-
sient perturbations are caused mainly by iron and copper ions
as shown in Fig. 2(b). The transient perturbation of cop-
per ions induced by the ‘hotspots’ from the LHW antenna
panels are confirmed by high-speed CCD camera and EUV
spectrometers.!'3l However, the transient perturbation caused
by molybdenum or tungsten ions is rarely observed because
of the high sputtering threshold of molybdenum and tungsten
ions. The shots with the perturbations of molybdenum and
tungsten ions are mainly due to the dust-dropping or the inter-
action between the plasma particles and the testing samples.
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Fig. 3. Time traces of pulses # 55999 and #56042 during 4.0 s-6.0 s and 5.0 s—7.0 s, respectively: (a) line-averaged electron density 7, (b) central
electron temperature T (0), (c) stored energy Wymp, and (d) soft x-ray emission from central chord.

The perturbation of impurity can be displayed by soft x-
ray emission signals and EUV spectra. Taking shots #55999
(LHW-only) and #56042 (LHW-+ECRH) for example, in
Fig. 3(d), perturbations are revealed by the spikes on the cen-
tral soft x-ray signal. The species of the sputtered impurities
causing the spikes on the soft x-ray emission signal can be
identified by the fast EUV spectrometers. The intensities of
the line emissions from intrinsic impurities in shots #55999
and #56042, such as Cyy (33.73 A), Ligy (134.99 A), Fexxu
(117.17 A), and Cuxxvi (111.186 A), are given in Fig. 4. Tt
can be seen that the spikes on the intensity of Fexxy (#55999)
and Cuxxvyy (#56042) emissions indicate that iron and copper
ions penetrate deep into the plasma. Subsequently, the spikes
decay nearly exponentially due to the diffusion of iron and
copper ions out of the plasma. Therefore, it can be confirmed
that the spikes on the soft x-ray signals are caused by iron ions
for shot #55999 at 4.62 s and by copper ions for shot #56042

at 5.66 s respectively. The enhancement of intensity of Cy

emission during the ECRH heating phase in shot #56042 is
due to the thermally overloaded wall protection tiles (graphite
tiles embedded on the high field side of the first wall) on the
opposite to the ECRH antennas, can be seen in Fig. 4(a).
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Fig. 4. Time evolutions of intensities of line emissions from intrinsic impuri-

ties of shots #55999 (solid red line) and #56042 (dashed black line): (a) Cyy

33.73 A, (b) Liyy 134.99 A, (c) Fexxn 117.17 A, and (d) Cuxxyy 111.186 A.
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The response of the plasma parameters to the perturbation
of impurities is shown in Fig. 3. Generally, the TPM can be
utilized on the central chord of soft x-ray emission signal only
in the case that the effect of the impurity perturbation on elec-
tron density 7, or electron temperature 7;(0) does not exceed
10%, 12281 a5 the intensity of soft x-ray emission is determined
by 7ie and T, (0) (o< 12T, y = 2-5). As clearly seen from Fig. 3,
the plasma parameters for each of both shots are not obviously
affected by transient perturbation of impurity events.

An exponential function A e(~*/%mp) 4+ B is used to fit the
decay phase of the soft x-ray signal. The relative error of the

#55999 soft x-ray (r/a=0)
peak time@4.68 s

fitted decay time is less than 2% with the 95% confidence in-
terval. It is found that a nearly constant decay time is ob-
tained after the soft x-ray signal has decayed ~ 20% as shown
in Fig. 5(b). Figure 5(c) also shows the decay times of sev-
eral chords of soft x-ray signal at different locations (r/a = 0—
0.4). Tt indicates that the decay time at the location of /a =0
is larger than at other locations, for the diffusion is lower in
the inner plasma which thus governs the Tjmp. So, in order to
guarantee that the decay phase is determined by the Ty, the
fit must start till the brightness of central chord of soft x-ray
emission has decayed about 20%—-40% from its peak.

T T T T ] 80 T T T T 80
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Fig. 5. (a) Reconstruction of soft x-ray signal with function Ae(/%mp) 4 Bin decay phase of spike (red dashed line), (b) decay time versus decay after
peak, and (c) decay time calculated by fitting the different chords of soft x-ray signal near locations r/a = 0-0.4.

3.2. Comparison between 7, in L-mode plasma with
LHW and LHW-+ECRH heating

3.2.1. Dependence of 7, on electron density and total
heating power

The previous investigation shows that the T, value in-

creases with ﬁ2’43Ptggi4

plasma and pure-LHW-heated L-mode plasma in EAST.!

increasing in ohmically heated L-mode
13]
But the dependence of Ty, on 7l and P (total heating
power) is different from that in the plasma with combined
heating of LHW and ECRH. The Tim values versus 0% in
discharges with pure-LHW heating and with combined heat-
ing of LHW and ECRH are shown in Fig. 6. The chosen shots
are obtained at Ip = 0.3 MA-0.5 MA, 7. = 1.5 x 10! m—3-
4.0 x 10" m~3, B, = 2.25 T-2.55 T, and total heating power
Piotal = 1.3 MW-1.6 MW, where in the shots with combined
heating, the input power of ECRH, Pscry = 0.2 MW-0.5 MW.
In Fig. 6, the red and black triangles indicate the shots with
pure-LHW heating and combined heating of LHW and ECRH
respectively. In pure-LHW heated L-mode discharges, the Tymp

values increase with 7043

increasing obviously. Noticeably, as
the electron density increases, the absorbed power of LHW
will decrease in central plasma which causes central electrons
to be weakly heated.*¥ In this case, the higher the electron
density, lower central electron temperature can make impu-

rity diffusivity in core plasma decrease due to the collisional

.35 But for the shots with combined heating, the T

transpor
values are lower than for the shots with pure LHW heating
and just slightly increase with 794>, Even for the shots with
higher electron density, the on-axis ECRH can heat the central
plasma as well as improve the LHW heating capability due to

1341 or the syn-

the increased background electron temperature
ergy effect.!®!7-361 It can be inferred that the Ty is weakly
dependent on 7, but strongly dependent on Py, in the shots

with combined heating of LHW and ECRH.

80 T T
t ALHW .
70V LHWH+ECRH A .7 4
i NI
— 60 - A AA . - ]
g [ AW A
= 50F 2R A - ="
Ef @ VW ¥
& 40 £ V/g \2va4 _
30F .
20 s | A A | A
1.0 1.4 1.8 2.2
7943
Fig. 6. The Ty, values versus 7043 in discharges with pure-LHW heating (red

triangles) and with combined heating of LHW and ECRH (black triangles).

The Tjnp values versus Ptgt?lﬁ in the discharges with com-
bined heating of LHW and ECRH are shown in Fig. 7. The
chosen shots are obtained at 7ie = 1.5 x 10 m—3-2.3 x

075205-4
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10" m™3 and Po = 0.5 MW-2.5 MW (where Pscry =
0.2 MW-0.5 MW). As clearly shown in Fig. 7, the Tjmp val-

ues do not increase monotonically with P, 1 4 increasing in the

tOta
discharges with combined heating. When the Pmml is higher

04 -

(P*04 < 1.2), the Timp Value increases with P ;" increasing.

total
But when the Py, is lower and ECRH becomes the dominant
heating (Pacry/ Ptotal > 0.4), the Tjmp value will deviate from
the tendency of P, tota] * and keep a lower level due to the peaked
central electron temperature provided by ECRH as shown in
square box of Fig. 7. The results regarding the dependence of
Timp Value on no 43Pm&4 indicate that the Ty, value in the L-

mode plasma heated by combined heating of LHW and ECRH
cannot be well predicted by EAST’s scaling law!!?!

421032302 043P 0.4 (l)

TEAST (MSs) = total

where Ip is in unit of MA, B, is in unit of T, 7. is in unit of
10 m—3, and Py is in unit of MW. This combined heat-
ing method allows a higher electron density operation and can
avoid the serious impurity accumulation, which is beneficial

to high normalized poloidal beta (Bp) plasma obtainment. 37!
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Fig. 7. Measured Tjy, values versus Plol a1 in discharges with combined heat-
ing of LHW and ECRH.

3.2.2. Dependence of 7, on effective collisionality

Figure 8 shows the measured i, values and integrated
power of turbulence (at wave number k = 12 cm ™! in the re-
gion r/a ~ 0-0.4) versus effective collisionality (at r/a ~ 0-
0.1) in L-mode plasmas with pure-LHW heating and with
combined heating of LHW and ECRH. The effective colli-
sionality V¢ is defined as the electron—ion collision frequency
normalized to the electron curvature drift frequency, and ex-

pressed as 38!
Veft = Vei/@pe ~ 10 ne - Zeg - T, - R, 2)

where Zg is the effective charge number and R is the major
radius. The integrated power of turbulence can be obtained

from the following equation:

s = [ swar. 3)

where S(z, f) refers to the spectrogram of microturbulence. As
shown in Fig. 8, the measured iy, values have a tendency of
increase with the Ve as shown by the dashed blue line. It is
clearly shown that the Tjmp and Vegr values are lower in the
shots with combined heating of LHW and ECRH than that
with pure-LHW heating.
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Fig. 8. Measured T, values (circles) and integrated power of turbulence S,
(green crosses) versus effective collisionality (Vegr) at r/a ~ 0-0.1 in L-mode
plasmas with pure-LHW heating (red) and with combined heating of LHW
and ECRH (black).

In order to investigate the influence of the combined heat-
ing on core impurity confinement, two similar sawtooth-free
L-mode discharges with different heating methods are chosen
for comparison. The experimental conditions and plasma pa-
rameters of shots #59075 and #59093 are presented in Table 1,
e.g., Ip =04 MA, i, ~2.5%x 10" m™3, B;=2.3 T, and the
same total heating power. Shot #59075 is heated by pure LHW
with A gw = 1.9 MW, while shot #59093 is heated by LHW
with PLyw = 1.6 MW and ECRH with Pscry = 0.3 MW. It is
found that the combined heating of LHW and ECRH reduces
the Tymp from ~ 62.78 ms to ~ 48.33 ms, and improves the en-
ergy confinement time 7g (g = Wmup/(Piota—dWwmup/d?))
from 36.8 ms to 49.8 ms. The reduced Ty, and improved g
demonstrate an effective control of impurity and energy con-
finement by the combined heating of LHW and ECRH. With
this combined heating, the Bp is improved from ~ 0.55 to
~0.9.

Table 1. Comparison between Ty, in LHW (#59075) and in
LHW+ECRH (#59093) heated L-mode plasmas.

#59075 #59093
Heating LHW LHW-+ECRH
patterns (1.9 MW) (1.6 MW-+0.3 MW)
I, (MA) 0.4 0.4

fie (1012 m=3) 2.5 2.5

B (T) 23 2.3
Warp (k) 52.6 76.2
Bp 0.55 0.9
Tg (ms) 36.8 49.8
Timp (MS) 62.78 48.33
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The electron density and temperature profiles of the L-
mode discharges with these two kinds of heating methods
are shown in Fig. 9. The chosen shots have the parameters
of Ip = 0.45 MA, i ~ 1.8 x 10! m—3, and the same total
heating power Py = 2.0 MW. The red line indicates the dis-
charge with the pure LHW heating (A gw = 2.0 MW), and the
black line indicates the discharge with the combined heating of
LHW and ECRH (Agw = 1.5 MW and Pecru = 0.5 MW). As
shown in Fig. 9, in the case of combined heating of LHW and
on-axis ECRH, a fairly peaked electron temperature profile
and a relatively flat density profile in core plasma are achieved.
The mechanism of T, reduction has not been clarified yet.
This intense central electron temperature (7 (0)) would be re-
sponsible for the shorter T, in the shots with combined heat-
ing described above. On the one hand, the pump-out effect of
intense 7, (0)**! can flatten main ion density gradient and thus
reduce neoclassical convection for impurities.[*! On the other
hand, higher T;(0) and lower central electron density can re-
duce the Vg in the core plasma, and thus yielding a low k
electron mode such as trapped electron mode (TEM) turbu-
lent transport dominated.!'>! An enhanced microinstability at
k=12 cm~! in the central region (r/a < 0.4) is observed by
the tangential CO; laser collective scattering system!*!! in the
shots with combined heating of LHW and ECRH as shown
by the green crosses in Fig. 8. The turbulent transport asso-
ciated with these low k electron modes such as TEM can pro-
duce a decreased inward pinch and even an outward pinch of
impurity,!*?>%3 yielding a shorter Timp- The TEM is often dom-
inant in a low collisionality plasma which has been confirmed
by gyrokinetic calculations in TCV.[*4! In EAST, the TEM is
also testified to be stronger than the electron temperature gra-
dient (ETG) modes at r/a ~ 0.4 by the integrated modeling
calculations in this combined heating case.*’!

of, —raw P
-\ -~ LHW+ECRH -

0 0.4 0.8 0 0.4 0.8
P Iz

Fig. 9. (a) Electron density profiles and (b) temperature profiles of shots at
Ip = 0.45 MA and 7i, ~ 1.8 x 10'° m~3 with the same total heating power,
where solid red line denotes the shot with source power of A gw = 2.0 MW,
dashed black line represents the shot with source power of A gw = 1.5 MW
and Pgcrpg = 0.5 MW, and p is the square root of normalized poloidal flux.

3.3. Impurity confinement in LHW and ECRH heated
small ELMy H-mode plasmas

The analysis in sawtooth-free L-mode plasma shows that
the core impurity confinement can be effectively reduced by
combined heating of LHW and ECRH, which will be a good
candidate heating method for the steady-state long-pulse and

high-performance operation in EAST with tungsten divertor.
In the 2017 EAST campaign, a long-pulse steady-state small
ELMy H-mode with a duration of over 100 s and confine-
ment factor Hog > 1.1 was achieved by using the pure RF
heating (ICRF, LHW, and ECRH) with tungsten divertor. 46! Tt
is also found that the preset long-pulse steady-state and high-
performance discharges were always terminated by tungsten
accumulation if the ECRH heating was turned off in advance.

The impurity confinement in H-mode plasmas heated by
the combination of LHW heating and ECRH heating is ex-
plored on EAST, for the small-amplitude and high-frequency
ELM regime (fgLm > 200 Hz) often occurs in the high Bp
discharges.[*”] The comparisons among Timp and the By (nor-
malized plasma thermal pressure) in L-mode, high-enhanced-
recycling (HER) mode, and small ELMy H-mode are per-
formed and the results are shown in Fig. 10. This figure
shows Tiyp = 30 ms—88 ms in L-mode discharges, Timp =
140 ms—178 ms in HER H-mode discharges which operated
with Agw = 2 MW—4 MW, and Ty, = 40 ms—80 ms in
small ELMy H-mode discharges by using the combination
of LHW heating and ECRH heating. Noticeably, the Ty, in
the small ELMy H-mode showing a level close to L-mode
discharges is apparently shorter than that in HER H-mode
discharges. 1348491 With the sufficient central heating and well
controlled impurities®°! in this small ELMs regime, a higher
BN ~ 1.7 can be obtained.

2.0 T T T

O L-mode

+ HER H-mode
A AA A small ELMy H-mode
1.5F AA %ﬁ A ]

A
++ s
z L 4t ]
&« 1.0 g
PRt
L o ]
0-5¢ bt
0 1 1 1
0 50 100 150 200
7-imp (ms)

Fig. 10. BN versus Timp in L-mode (black squares), HER H-mode (blue
crosses), and small ELMy H-mode (red tringles).

Generally, in EAST routine discharges with this com-
bined heating regime (PLgw > 1.7 MW and Pgcryg >
0.5 MW), small ELMy H-mode with fgy = 0.5 kHz-1.4 kHz
can be accessed. Shot #93624 is a typical discharge, which
has the parameters of Ip = 0.4 MA, 7, ~ 3.9 X 10" m3,
By = 2.55 T, source heating power PLgyw = 1.9 MW, and
Pecryg = 0.5 MW after t = 2.92 s, which are shown in Fig. 11.
During this kind of combined heating phase, the edge coher-
ent mode (ECM) is weakened, the T;(0) is about 3.2 keV,
meanwhile a confinement factor Hog ~ 1.3 and fBp ~ 1.35 are
achieved.
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Fig. 11. Waveforms of shot #93624: (a) plasma current Ip, (b) line-averaged electron density 7., (c) stored energy Wynp, (d) LHW and ECRH
heating power A gw and Pgcry, (€) normalized soft x-ray emission intensity from central LOS, (f) D, intensity from upper divertor, and (g) impurity
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Fig. 12. Waveforms of shot #93626: (a) plasma current Ip, (b) line-averaged electron density 7, (c) stored energy Wypp, (d) LHW and ECRH heating
powers P gw and Pgcry, () normalized soft x-ray emission intensity from central LOS, (f) Dy intensity from upper divertor, and (g) the impurity

confinement time Ty, during LHW+ECRH heating phase.

During the steady state phase, one spontaneous impurity
Fe burst (without influence on ELM) at 4.65 s is observed
and used to calculate the Tjmp. As shown in Fig. 11(g), the
calculated Tiyp is about 76.33 ms. In this discharge, the ra-
tio of 7g (~ 86.13 ms) to Tjyp reaches up to ~ 1.1, this ratio
level is nearly twice that in HER H-mode regime heated by
pure LHW.[!3 The above analysis shows the combined heat-
ing of LHW and ECRH accompanied with small amplitude
and high frequency ELMs has a great capacity for flushing
out the impurities, ! suggesting a good candidate regime for

realizing the steady state and high performance operation of

EAST 1000 s goal in future.

It should be pointed out that in this regime, Timp (75 / Timp)
can be further reduced (increased) by improving the total
power of this combined heating, such as in shot #93626.
This shot has the following parameters: Ip = 0.4 MA, 7, ~
45%x10° m™3, B, =255 T, and a higher source power of
LHW and ECRH (PLgw = 2.2 MW and Pgcryg = 0.9 MW) as
shown in Fig. 12. The fgpm in this shot is similar to that in
#93624. The calculated Ty in this shot (Fe burst at 5.25 s)
is reduced to 59.09 ms, and the 75/ Timp 18 improved to ~ 1.24
(T8 ~ 73.3 ms). Comparing with the shot #93624, the reduc-
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tion of impurity confinement and energy confinement are as-
sociated with the very centrally peaked electron temperature
(T:(0) ~ 4.5 keV). The higher T;(0) can result in the increas-
ing of electron thermal diffusivity x.!'>! and impurity diffusiv-
ity Dimp. >3 The increased g/ Timp indicates that the enhance-
ment of the impurity particles’ transport is more significant
than that of the electron thermal transport by improving the
total heating power in this regime.

Tungsten concentration (Cw = ny/ne, iy, and ne are the
tungsten ion density and electron density respectively, inside
LCFS) is also investigated in this ELMy H-mode regime with
LHW power scanning, such as in shot #88073. This shot
has the parameters of Ip = 0.4 MA, 71, ~ 3.3 X 10" m—3,
B = 2.55 T, Pecry = 0.7 MW, and A gw is scanned from
2 MW to 3.5 MW from 2.5 s to 7.5 s as shown in Fig. 13.
In this small ELMs regime, it is clearly seen that the Cw is
well controlled at 107> level (Cw always exceeds 10~# in
type-I ELMy H-mode®?!) and can be further reduced from
~5.0x%x 1072 to ~ 2.5 x 1077 with the decrease of Vegr. As
Vefr is proportional to T (0) ™2 - Zegr, the Ve is more sensitive
to T.(0) than to Zeg, which can be checked in Figs. 13(d)
and 13(e). It is noted that the Vs just decreases slightly af-
ter 3.8 s where decreasing rate of the 7 (0) becomes slow and
Zsr increases continuously. Two potential reasons of the slow
change of 7. (0) after 3.8 s are given in Ref. [53]: one is that the
increase of Z.g reduces the current drive efficiency, the other
is that with P gw increasing, the parametric decay instabil-
ity is enhanced, thus reducing the fraction of LHW power ab-
sorbed by plasma. Continuous growth of Z.¢ during the LHW
ramping-up phase is most likely caused by the impurity sput-
tering from the interactions between ELMs and surface or the
‘hotspot’ often occurring in the case of high P pw."* The
increased Cyw after 6.2 s is due to tungsten droplet events. Us-
ing this droplet event, the tungsten confinement time is also
evaluated to be about 68.5 ms. The results imply that the com-
bined heating of LHW and on-axis ECRH with sufficient high

power injection can reduce the collisionality, and thus control-

ling high-Z impurities’ accumulation.
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Fig. 13. Waveform of shot #88073: (a) plasma current /p and line-averaged
electron density 7., (b) LHW and ECRH heating power A pyw and Pecru,
() plasma stored energy Wyap and normalized poloidal beta Bp, (d) central
electron temperature 7; (0) and effective charge number Zg, (e) effective col-
lisionality Veg inside r/a = 0.1 and tungsten concentration Cy, and (f) Dy
emission from upper divertor. The abrupt increase of tungsten concentration
at 6.2 s is due to tungsten droplet.

The Hog, Timp, and the maximum duration values of L-
mode, HER H-mode, and small ELMy H-mode plasma heated
by RF heating are listed in Table 2. It is found that the small
ELM regime has a higher Hog, a lower Tiy, and the longer
pulse duration than other H-mode regimes on EAST, which
shows that the small ELM regime will be more competitive
in exploring long-pulse steady-state and high-performance op-
eration in future tokamak devices with high-Z material PFCs
like tungsten. More detailed analysis of the impurity and elec-
tron heat transport with small ELM regime is worth being
performed, which can be helpful for further development on

EAST.

Table 2. Hog, Timp, and the longest pulse duration in EAST typical several regimes.

Heating patterns Hog Timp (MS) Max. duration (s)
L-mode Ohmic 0.5 42-88 -
L-mode LHW/LHW+ECRH 0.6 30-60 411
HER H-mode LHW+ECRH+ICRF 1.1 120-178 64.6
Small ELMy H-mode LHW+ECRH+ICRF 1.3 40-80 14.6

4. Summary and discussion

Using the spontaneous transient perturbations of impuri-
ties, the core impurity confinement characteristics in sawtooth-
free L- and small ELMy H-mode plasma heated jointly by
LHW and ECRH on EAST are investigated experimentally.

It has been verified that the combined heating regime can pro-

vide a sufficient central electron heating and lead to a reduced
Vegr in core plasma, which is beneficial to inhibiting the high-
Z impurities” accumulation. In the L-mode plasma, Ty, in
shot with combined heating of LHW and ECRH is apparently
lower than that in the shot with pure LHW heating, even if

these shots have the same Py, and similar plasma parameters.
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The dependence of Tjy, on the 7z and P in LHW+ECRH
heated plasma is also investigated and compared with that in
LHW-only heated plasma. In shots with the combined heating
of LHW and ECRH, it is found that Ty, is weakly dependent
on 7., but strongly dependent on P, dominated by LHW
heating. Surely, the on-axis ECRH heating plays an essen-
tial role in this performance. With the help of the increased
central electron temperature provided by the synergy between
LHW and ECRH can foster more LHW power deposition near
the plasma center. Thus, a peaked electron temperature profile
can be achieved, and relevant turbulent transport such as TEM
will be dominating in low Vg plasma and responsible for the
enhanced transport observed in experiment. The results indi-
cate that this combined heating method can avoid the serious
impurity accumulation and is beneficial to Sp improvement.

Since high Bp regimes are favorable for the access to
the small ELM regime, the impurity suppressing effect by
this combined heating regime is also testified in the H-mode
plasma. Comparing with HER H-mode regime, an L-mode
level Tiymp and higher By are obtained in small ELM regime
heated by this combined heating method. It also shows that
the further increasing of the total power of LHW and ECRH is
beneficial to Ty, reduction and 7g/Timp (> 1) improvement.
The LHW power scanning experiments verify that the tungsten
ion concentration can decrease by reducing the V. The above
results indicate that the lower V¢ accompanied with small am-
plitude and high frequency ELM has a great capacity in flush-
ing out the impurities from core plasma. Compared with other
regimes, the small ELM regime heated by this combined heat-
ing scenario will be beneficial to the steady high-performance
long-pulse operations in future devices with high-Z material
(e.g., tungsten) plasma-facing components.
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