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Abstract

Edge-localized-modes (ELMs) suppression by non-axisymmetric
resonant-magnetic-perturbation (RMP) provides the way to reach high performance fusion
plasmas without a threatening level of transient heat fluxes to the walls of fusion devices. The
application of RMP, however, strongly modifies the heat flux pattern onto in-vessel components
in contact with the plasma (especially the divertor) leading to local ‘hot spots’. Radiative
dissipation by partially ionized species (impurities and deuterium) lowers the heat flux peaks on
the walls but has been poorly compatible with such RMP-driven, ELM-crash-suppression. Here,
we show how KSTAR has radiatively tamed divertor thermal loading down to more than a factor
of 7 in the off-separatrix region without losing ELM-crash-suppression using ITER-like,
three-row, RMP configurations, demonstrating its sustainment even in a partially detached
plasma in the outer strike point, as required for ITER.
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1. Introduction

The demonstration of thermonuclear fusion as an energy
source using magnetically confined plasmas is the foremost
goal in ITER, where high pressure ‘burning’ plasmas should
be not only established but also sustained to exhibit power
extraction capability [1, 2]. Considering that ITER high fusion
gain (Q) scenarios are based on high confinement mode
(H-mode) plasmas, the occurrence of edge-localized modes
(ELMs) in H-mode plasmas [3] is very likely to pose a major
integration issue that needs to be resolved in ITER operation
scenarios. Specifically, the bursty release of particle and heat
fluxes associated with ELMs can significantly erode plasma
facing components (PFCs: main wall and divertor) reducing
their operational lifetime. ELMs can also degrade the perform-
ance of confined fusion plasmas due to the accumulated impur-
ity influxes they cause [4]. However, thanks to the remark-
able progress in both theory [5, 6] and experiments [7-12]
in recent years, such ELMs are expected to be fully sup-
pressed in ITER, not just their severity reduced (i.e. ELM-
mitigation), using the application of non-axisymmetric reson-
ant magnetic perturbation (RMP). Despite tremendous pro-
gress in ELM-crash-mitigation studies, a generalized model
does not exist to determine the requirements for ELM-crash-
mitigation with RMPs in ITER yet. It is for instance unclear
whether small ELM crashes will actually decrease the heat
flux in ITER (e.g. [13]) and this drives the need for full
ELM-crash-suppression in ITER. In this regard, it is essen-
tial that high performance fusion plasma operation with such
RMP-driven, ELM-crash-suppression maintains the divertor
heat fluxes under 10 MW m~2 in stationary conditions (ITER
design limit). Experiments in the present tokamaks, as repor-
ted in KSTAR [14, 15] or EAST [16], show that the peak
divertor heat flux of RMP-driven, ELM-crash-suppressed H-
modes is typically higher (by more than a factor of 2-3)
than a steady level of heat flux between ELMs in ELMy H-
mode conditions (without RMP). This is due in part to the
increased stationary heat flux associated with the absence of
ELMs but, most importantly, attributable to the changes in
edge plasma and heat transport dominantly from the confined
plasma to the PFCs due to the three-dimensional fields created
by the RMP.

In principle, a relatively straightforward solution to the heat
flux exhaust problem in RMP-driven, ELM-crash-suppression
is to increase the level of edge electromagnetic radiation by
impurity seeding together with fuel gas puffing. In this way
the level of radiation loss is enhanced (proportional to 1> Zetf)
near the region of contact between the plasma and the wall
in the divertor region (n, refers to the plasma density and
Z.fr 1s an effective atomic number characterizing the level
of impurity ionization in plasmas). This scheme is routinely
used to achieve the so-called radiative/detached divertor con-
ditions with low divertor heat fluxes while maintaining high
core confinement in present ELMy H-mode experiments
without RMP, as has been extensively studied (e.g. AUG [17]).
Unfortunately, when applied with RMP, such impurity/gas

fueled plasmas often lead to a loss of ELM-crash-suppression
with a small reduction of the divertor heat flux with respect to
the otherwise similar ELM-crash-suppressed conditions (typ-
ically less than a factor of 2) as found in KSTAR [15], and
EAST [16]. Larger reductions, while sustaining RMP-driven,
ELM-crash suppression, have been obtained in DIII-D and
KSTAR [18, 19] but not through the increase of radiation in
the divertor region but in the confined plasma. ITER is expec-
ted to operate with a partially detached high density diver-
tor plasma so as to provide acceptable divertor power load
handling [20], while maintaining a low core radiation to sus-
tain the high confinement plasmas required for high fusion
gain operation. Therefore, the compatibility of radiative diver-
tor conditions with strongly reduced heat flux to the divertor
with RMP-driven, ELM-crash-suppression remains an open
issue for ITER. Of particular complexity and importance for
ITER is the issue of achieving radiative divertor conditions
and heat flux reduction in the 3D divertor structures away
from the separatrix, which are created by the application of
RMP. This was identified initially in experiments at EAST
[21], understood to be directly linked to the 3D edge magnetic
field geometry [22], and confirmed experimentally at EAST
[16], where the off-separatrix heat flux could only be reduced
by a factor of less than 1.5 through the increase of divertor
density and impurity radiation before ELM-crash-suppression
was lost. ITER-specific modeling has been in good progress to
address both RMP ELM control and divertor thermal loading
(e.g. JOREK) [23].

In this letter, we demonstrate, for the first time, a reduc-
tion of both the near-separatrix and off-separatrix heat flux in
KSTAR significantly, while maintaining RMP-driven, ELM-
crash-suppression and demonstrating its sustainment in a par-
tially detached plasma near the outer strike point (OSP). This
accomplishment is noticeably attributable to the following
three major factors; (i) the optimal 3D magnetic field topology
by applying currents in coils situated above/below and at the
outer midplane, (ii) the use of N, impurity seeding to increase
divertor radiated power levels and (iii) the use of ‘diffusive’ D,
gas fueling to increase the edge/divertor plasma density. We
note that KSTAR has a rather unique capability to optimize
the applied 3D magnetic perturbations through its ITER-like
configuration having three rows of in-vessel ELM control coils
and, as we show in this letter, this is key to achieve the low-
est divertor heat fluxes by enhanced divertor radiation while
maintaining ELM-crash-suppression.

2. Experimental setup for divertor thermal loading
under RMP-driven, ELM-crash-suppression

The layout of the ELM control coils, gas feed lines, divertor
Langmuir probes, and diagnostics used in this study in the
KSTAR tokamak, as well as the structural views of KSTAR
and ITER in-vessel ELM coils, is shown in figure 1. While
the equilibrium separatrix is delineated in D shape in grey
in figure 1(a), the OSP on the divertor surface is referenced
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Figure 1. (a) Layout of the KSTAR tokamak highlighting the positions of the three rows of in-vessel ELM control coils (RMP coils Loci),
the fueling lines used for diffusive plasma fueling (red) and impurity seeding (dark green) and the viewing geometry (light green) of the
infrared camera system used to diagnose heat fluxes to the divertor target (structure at the bottom of the figure), along with divertor probes
(magenta). (b) In-vessel Control Coils (IVCC) for RMP in KSTAR, and (c¢) In-vessel ELM control coils in ITER. Note that both KSTAR
and ITER are similarly capable of providing a non-axisymmetric magnetic field using 3-rows.

to differentiate the near-separatrix (close to OSP) from off-
separatrix (away from OSP) under RMP respectively.

In an initial set of experiments, a systematic study of the
effect of the n = 1 3D fields applied with the 3-rows of ELM
control coils in comparison to the 2-rows, which are com-
monly available in other tokamaks, was carried out in KSTAR,
as shown in figure 2. Here, n refers to the toroidal mode num-
ber, while n = 1 is the longest wavelength, non-axisymmetric
field that typically allows ELM-crash-suppression to be
achieved without triggering global MHD instabilities in the
plasma discharge in fusion devices with a low level of intrinsic
error fields [24]. This lower single null discharge had a tor-
oidal magnetic field (Bt) of 1.8 T with plasma current (/,) of
0.5 MA, dominantly heated by neutral beam injection (Pngr)
of 3.1 MW, along with a safety factor (gos) of ~5. As shown
in figure 2(f), a gradual increase of static (for 0.5 s) and rotat-
ing (for 1 s at 1 Hz) RMP current waveform in three different
levels is configured to not only measure the threshold of RMP
ELM-crash-suppression, but also diagnose the striated diver-
tor thermal loading via a single IR camera whose view is nar-
rowly fixed to a finite toroidal segment. It should be noted that
the level of current that needs to be applied in the rows of coils
to achieve ELM-crash-suppression depends on the number of
rows used with 2-rows requiring a larger coil current level than
when using 3-rows. This is quite consistent with a perturbed
ideal MHD calculation in which the required 3D magnetic
field strengths for ELM-crash-suppression remains the same;
i.e. the externally applied magnetic field with the two differ-
ent configurations and two current levels would be equival-
ently shielded out by the same induced currents inside plasma
in the ideal MHD picture [6]. Hence, the use of 3-rows allows

the achievement of ELM-crash-suppression at a lower level of
RMP current than that of 2-rows. The former is accompan-
ied by lower divertor heat fluxes both near the separatrix and
off-separatrix than the latter. As can be seen in this figure and
in more detail in the top row of figure 3, the achievement of
ELM-crash-suppression increases the total divertor heat flux
in both 2-row and 3-row cases, but the increase is smaller with
3-rows than with 2-rows.

This result is, to some extent, consistent with a wider (by
10%—40%, in the toroidally averaged sense) divertor heat
flux footprint for ELM-crash-suppressed conditions for 3-rows
compared to 2-rows RMP, as had been previously identified in
systematic experiments in KSTAR [14, 15, 25]. Despite this
robust experimental evidence, the differences of the poloid-
ally varying 3D magnetic field structure between 2 and 3 rows
and their impact on edge transport are not fully understood yet.
It is important to note that the peak values of the divertor heat
flux are similar near the separatrix and in the off-separatrix
structures when RMPs are applied, as shown in the top row of
figure 3. To measure the full toroidal distribution of the diver-
tor heat fluxes, the 3D magnetic field perturbation applied with
2 and 3 rows is rotated rigidly in the toroidal direction for 1 s at
1 Hz, while maintaining ELM-crash-suppression. This allows
us to diagnose the divertor heat fluxes in a full coverage of
the toroidal variation with one infrared camera located at a
single toroidal location. Such a novel operation is possible in
KSTAR, primarily due to its extremely low level of intrinsic
n = 1 non-axisymmetric field [24], which could have other-
wise spoiled the full toroidal scan.

To address the radiative thermal loading impact on such
RMP-driven, ELM-crash-suppressed discharges, N, seeding
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Figure 2. RMP-driven, ELM-crash suppression with 2-rows and 3-rows (shaded bands, ELM mitigation for non-shaded times) in KSTAR.
Shown are the time traces of () line-averaged plasma density n,, (b) divertor deuterium gas (0.6 V, equivalent to the rate of 1.3 x 10%° D,
particles s_l), (c) NBI heating power Pngi, (d) normalized 3, On, (e) safety factor, gos, (f) RMP coil current per turn at top (black), middle
(red), and bottom (blue) rows, (g) photodiode signal at lowest energy spectral line of deuterium Balmer series D, (652 nm) respectively, and
(h) Measured heat flux on the outer KSTAR divertor target (near the bottom of figure 1(a)) for ELM-mitigated and ELM-suppressed
conditions, whose time evolution at each level of RMP current (static for 0.5 s, and rotating for 1 s at 1 Hz) shows a toroidally distributed
pattern on the divertor.
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Figure 3. Toroidal distribution of divertor heat fluxes for 2-row and 3-row (with two levels of RMP current at 3.5 kA and 4.5 kA)
ELM-crash-suppressed H-modes in KSTAR. Shown are the contours of power flux on divertor only with RMP in the top row (1a)—(1¢),
compared with those of RMP plus N, divertor seeding in the mid-row (2a)—(2c¢), and with the counterparts of RMP plus N divertor seeding
and diffusive off-divertor D, fueling in the bottom-row (3a)—(3c¢). The circles in the top row represent the loci of the peak heat fluxes in the
near- and off-separatrix areas respectively, whose magnitude has been decreased by divertor radiation. These are used for quantitative
comparisons of the heat flux reduction achieved when nitrogen and diffusive deuterium are additionally injected, as marked in the middle
and bottom rows respectively. Note that N, + diffusive D, is the most effective in reducing heat fluxes for 2-row and 3-row without losing
the RMP-driven, ELM-crash-suppression, demonstrating its sustained compatibility with a partially detached plasma in (3¢), as discussed in
the paper.
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Figure 4. Comparison of the heat flux reduction associated with the divertor thermal loading control during RMP-driven,
ELM-crash-suppression. (a) Ratio of the power flux near the separatrix (0 < R < 12 mm) without gas control at the toroidal location in
which it is maximum (gpeak. sep) tO that (gpeak, sep ) With N divertor seeding (black), and to that (gpeak sep =~ °2) with diffusive D,
off-divertor fueling plus N» divertor seeding (red) for 2-row (square) gpeak and 3-row (triangle) ELM suppressed H-modes in KSTAR. (b)

Ratio of the power flux (gpeak, off-sep) away from the separatrix (R > 12 mm) and the counterparts (i.e. (gpeak, Off_sepNz and Gpeak, oft-sep

N2 + D2)

under the same corresponding conditions. Each circle in figure 3 denotes the toroidal angle and radial position used for the comparisons
evaluated here. According to the same definition, a factor of 4 is horizontally delineated, as required for ITER operation scenarios [24].

and diffusive D, 4+ N injection were added from t = 3 s
in a steady level (No: 4.1 x 10% s~! and diffusive D,:
5.6 x 10" s~1), while maintaining the ELM-crash-suppressed
H-mode state and a strong reduction of divertor heat fluxes. All
the core plasma parameters in these discharges remain essen-
tially the same, despite the various changes of edge and SOL
conditions, showing a similar line-averaged plasma density of
ne. ~ 3 x 10" m~—3 (commensurate with ~40% of Greenwald
density limit) at ggs ~ 5. The experimental results are shown
in the middle row of figure 3 (for N;), and in the bottom row of
figure 3 (for D, + N,) respectively. It is to be noted that the use
of 3-row RMPs at high level (4.5 kA) has lowered the diver-
tor thermal loading than at intermediate level (3.5 kA), which
has eventually led to more than a factor of 4 reduction in the
off-separatrix region without driving a n = 1 mode-locking.

3. Radiatively controlled divertor thermal loading
and partial detachment near outer strike point

3.1. Divertor heat flux reduction associated with radiative
SOL control

For a quantitative analysis in near- and off-separatrix heat
flux reduction in detail, we have selected only the fully
ELM-crash-suppressed periods at both 2 and 3 rows of RMPs,
where the off-midplane coil current amplitude per turn is either
3.5 kA or 4.5 kA with fixed midplane coil current amplitude at
2.3 kA. While N, seeding has lowered the maximum divertor
heat flux, the combination of diffusive D, and N, seeding has
been most effective in both 2-row and 3-row RMPs. Of partic-
ular importance for ITER is to quantify this reduction of diver-
tor heat fluxes at the toroidal location where they are highest,

both at the separatrix and off-separatrix. Specifically, for ITER
0 = 10 plasmas without RMP, a reduction of a factor of, at
least, 4 by radiative divertor operation is required to reduce the
maximum heat flux under engineering design limits, from 2D
modeling results which results in a scrape-off layer heat flux
fall-off length ()\,) of 3.4 mm [26]. It is to be noted that such
Mg estimate for ITER remains very uncertain. For example,
an empirical scaling for ITER power-decay length guided by
an heuristic drift model is extrapolated to be of the order of
~1 mm [27], while a theoretical prediction based on gyrokin-
etic simulations is projected up to 5.9 mm [28]. In a typical
RMP experiment in KSTAR, a similar power-decay length of
~2 mm has been measured without RMPs [15], which is not
affected by extrinsic gas inputs, while the divertor is attached
[14, 15]. For RMPs with low gas input, a toroidally aver-
aged power decay length remains similar to that of no RMP
discharge (e.g. ~2 mm in KSTAR). In this regard, the influ-
ence of radiative thermal loading control should be quanti-
fied in terms of the heat flux reduction at the highest diver-
tor heat flux locations, rather than other heat flux quantities
such as time-averaged ones (e.g. [14, 15, 29]) since a local
‘hot spot’ determines the integrity of the in-vessel compon-
ents. As shown in the top row of figure 3, it is commonly
observed that the magnitude and toroidal phase of the near-
separatrix peak (gpeak, sep) are different from those of the off-
separatrix peak (gpeak, off-sep)> SO that the examination of ‘hot
spots’ in both near-separatrix and secondary lobes should be
performed independently without selecting the same toroidal
angle for both. Thus, the loci of such heat flux peaks in the
near- and off-separatrix with RMP only, as circled in the top
row of figure 3, have been used as reference to quantify the
thermal loading variations under radiative control. For that
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Figure 5. Time-evolutions of the photodiode signal of D, in (a1) and ion saturation currents (jsa:) near the OSP in (a2), and the radial
profiles of js in each stage of the discharges in (b1)—(b5). Note that the discharge #26332 (blue) remained partially detached with 3-row
RMP-driven, ELM-crash-suppression, as evidenced by the probe measurements in (b2)—(b5).

reason, the circles in the middle and bottom rows in figure 3
are not necessarily corresponding to the loci of the local peaks
in angle. It is to be noted that any localized peak of the heat
flux at the divertor with radiative gas control never reaches a
higher value than without it in the top row of figure 3 (i.e. this is
clear from the very small or negligible ‘hot spots’ in the middle
and bottom rows of figure 3). Figure 4 shows a summary of
such heat flux reductions achieved in the KSTAR experiments,
when the gas control of N, and N, + D, is applied on top of
RMPs. Specifically, each heat flux reduction at the near- and
off-separatrix is defined as (gpeax, i j/qpeak, ;) with reference to
the peak heat flux without gas control (i.e. gpeax, ), Where i
is the location of either ‘separatrix’ or ‘off-separatrix’, and j
refers to the gas control of ‘N, seeding or ‘N, + D, injec-
tion respectively, as marked by the circles in figure 3. It is to
be noted that a larger heat flux reduction occurs at the off-
separatrix locations, which suggests a much more effective
reduction of the thermal loading than in near-separatrix. In
addition, the largest reduction of the heat fluxes under gas con-
trol has been achieved through increased divertor radiation, as
shown in the combination of N, seeding and diffusive D, fuel-
ing, and the choice of RMP configuration (3-rows, rather than
2-rows) and strengths (i.e. coil current amplitudes).

3.2. Compatibility of RMP-driven, ELM-crash-suppression
with partial detachment near the outer strike point

Figure 5 shows the time-evolutions of the photodiode signal
of D, and the time-average of 3 divertor Langmuir probes
near the OSP, as well as the corresponding j, profiles of these
discharges in various conditions for comparison. Due to the
use of N, + diffusive D,, detached divertor conditions are
achieved for 26332 (blue) at 9 s when RMPs are not active
showing very low jg, near the separatrix. These low jg, con-
ditions are also found for the later times (i.e. time periods
of IV and V in figure 5), in which both radiative gas con-
trol and 3-row RMP-driven, ELM-crash-suppression periods
are maintained. For all the other combinations of 2-row and 3-
rows with/without Ny, the ion flux increases substantially near
the separatrix consistent with attached (or re-attached) condi-
tions of the divertor. One of the noticeable observations is an
easier access to RMP-driven, ELM-crash-suppression with Nj
and diffusive D, gas injection for 2-row RMP, though the j,
was not clearly detached yet, as shown in the blue traces of
figure 5(al) and (a2).

Together with the decrease of divertor heat fluxes under gas
control, the power radiated by the plasma increases. The region
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Figure 6. Measurements of plasma radiated power (Pr,q) on calibrated foil bolometer and corresponding ion saturation currents on divertor
Langmuir probes. Without RMP in the upper row, all the ion saturation currents in the OSP in (1d) remain low (nearly detached) similar to
that in la(red), 1b(green) and 1c(blue) respectively, irrespective of Pr,q increase. In comparison, with RMP in the lower row, when Pyaq
increases, the attached conditions (red and green in (2d), corresponding to (2a) and (2b)) become partially detached (blue in (24d),
corresponding to (2¢)), whose ion saturation currents are comparable to what was measured without RMP in 1d. It is to be noted that the
increased radiation level, leading to the measured heat flux reduction on the divertor, remains confined to the divertor region as required in

ITER high fusion performance operation.

with increased radiation remains in the divertor volume itself,
as shown in figure 6. This is an important difference compared
to similar studies including the prior observations in KSTAR
[16, 18, 19], in which a significant proportion of the additional
radiation created by impurities comes from the confined core
plasma [18].

The KSTAR findings are of particular importance for the
integration of ELM-crash-suppressed plasmas in view of high
confinement plasmas and acceptable heat fluxes to the diver-
tor for the following reasons: (a) the increased levels of radi-
ation to reduce the divertor heat fluxes should not affect
plasma confinement and thus fusion power production level in
ITER; (b) a significant reduction of off-separatrix heat fluxes
(roughly more than a factor of 4) remained the main out-
standing issue regarding radiative divertor operation in RMP-
driven, ELM-crash-suppressed H-mode in ITER since the off-
separatrix heat flux levels could not be substantially reduced
until now [16, 21, 22]; and (c) the use of ITER-like 3-row
RMP configuration allows access to a larger level of heat flux
reduction than that of 2 rows thus allowing a higher flex-
ibility to meet the multiple requirements regarding plasma
confinement, and transient and stationary heat flux control
required to demonstrate fusion power production in ITER.
We note that such flexible capability of 3-row RMP coil sys-
tem has already been found essential to optimize a number of
other integration issues in ITER scenarios with ELM-crash-
suppressed conditions, such as for the reduction of fast particle
losses [30].

4. Discussion

Regarding the extrapolation to ITER from the radi-
ative divertor results in KSTAR with RMP-driven,
ELM-crash-suppression, it is important to determine whether
the radiative divertor conditions achieved in KSTAR corres-
pond to a semi-detached divertor plasma state, as required
for ITER plasmas to reach high radiative divertor condi-
tions, as well as for a more preferable condition for good
helium exhaust [31]. The imaging bolometer radiation meas-
urements in figure 6 show that the radiation (dominated by
nitrogen) extends all along the outer divertor region towards
the divertor target, while the ELM-crash-suppressed state is
sustained together with N, or D, + Nj injection; this has
been normally identified with attached divertor plasma con-
ditions near the OSP in KSTAR. On the other hand, for nor-
mal ELMy H-mode (with no RMP) plasmas with N, + D,
injection (e.g. near t = 9 s in figure 2 under similar set-
ting), a noticeable increase of the radiation away from the
divertor plasma was shown in figure 6(la)—(1d), consist-
ent with semi-detached divertor plasma conditions. Based
on the ion saturation currents (js) measured on divertor
Langmuir probe [32], such detached plasma on 26332 at
9 s (blue in (1d) of figure 6) was found to have been sus-
tained even during RMP-driven, ELM-crash-suppression
periods, as ascertained in the blue trace of figure 6(2d).
Although the OSP (vertical line) appears to have slightly
shifted under rotating RMP due to magnetic reconstruction
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Figure 7. Time-evolution of radiative power (Py,q) based on visible bremsstrahlung tomography. Shown in (b) and (c) are the time traces of
respective Pr,q, corresponding to each region color-shaded in (). In the vicinity of inner and outer strike points (red and blue respectively),

the time-variations are also shown.

uncertainties, all the three fixed Langmuir probes remain in
the vicinity of the OSP, as evidenced in the substantially
elevated signal (red in the (2d) of figure 6) during attached
condition.

To quantify the divertor thermal loading with respect to the
time-varying radiative loss, the whole tomography analysis
of visible bremsstrahlung has been done, as summarized in
figure 7. Overall, the steady injections of N, and N, 4 diffus-
ive D, have increased the total radiation power up to 70% (i.e.
0.7 MW, not shown here) and 90% (i.e. 0.9 MW) neart = 13 s
respectively, while ITER-like three-row, RMPs remain suc-
cessful in suppressing the ELM-crashes. To reach detachment
without RMPs in the OSP, approximately 60% (i.e. 0.6 MW)
radiation increase was required, as shown near t = 8.5-9.5 s
in figure 7. As a result, the application of three-row RMP
has elevated the radiative power loss due to the interaction of
more particles and impurity gas in the SOL (attributable to
RMP-induced, density pump-out and/or 3D field-driven SOL
structure change) by approximately 0.3 MW. Here, the ELM-
crash-suppression has been sustained without losing a par-
tially detached condition near the OSP in KSTAR. It is to be
noted that the power balance analysis shows a higher radiative

loss in the inner strike point than in the OSP, consistent with
experimental observations as shown in figure 6. In terms of
the applicability to ITER, we also note that, while the optim-
ization strategy of 3D fields for ELM suppression with 3-rows
for radiative divertor operation will be likely be applicable to
ITER, the specific choice of N, impurity for KSTAR is not
likely to be adopted in ITER. Rather, the optimum choice of
impurity (or impurity mix) will be determined by the specific
plasma conditions to be achieved at the divertor target both for
near-separatrix and off-separatrix locations as already pointed
out by studies in [33].

5. Conclusion

We have demonstrated for the first time in KSTAR that a
radiative divertor regime with low heat fluxes throughout the
toroidal and poloidal divertor target extents can be achieved
with RMP, while maintaining an ELM-crash-suppressed H-
mode and low level of core plasma radiation in a par-
tially detached plasma near the OSP, as required for the
integration of such scenario with high fusion gain operation
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in ITER. While several issues remain to be understood in
detail with a view to the physics-based extrapolation of
these experimental results to ITER, we have shown that a
significant reduction of off-separatrix heat fluxes in these
conditions (a factor of more than 7 in figure 4) is pos-
sible in a partially detached plasma, unlike previous find-
ings, through the simultaneous optimization of edge deu-
terium fueling, impurity seeding and the ITER-like 3D edge
magnetic field applied to achieve the ELM-crash-suppressed
state in KSTAR. The experimental results will help us val-
idate various divertor transport modeling tools in ITER,
such as EMC3-EIRENE under RMP ELM control [22, 33].
Taking into account the same physics actuators available
in ITER, a similar strategy of RMP-driven, ELM-crash-
suppression in combination of divertor thermal loading control
is expected to support the accomplishment of the associated
physics objectives required for fusion power demonstration
in ITER.
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