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ABSTRACT

Mixed harmonic resonant magnetic perturbations (RMPs) for integrated edge localized modes (ELMs) and divertor flux control are
demonstrated in EAST target plasmas of low input torque and normalized beta 5y ~ 1.7-1.9, which are close to the equivalent value in ITER
high Q operation. The applied RMPs are designed to combine a static harmonic of the toroidal mode number n =3 with a static or rotating
harmonic of n=2. ELM suppression is achieved without a drop of plasma energy confinement, and tungsten concentration is effectively
reduced during the application of RMPs. With mixed harmonics, the toroidal varying steady state heat and particle fluxes on the divertor
target can be modified with the rotating #» = 2 harmonic, which agrees with the numerical modeling of three-dimensional magnetic topology,
with plasma responses being taken into account. ELM suppression correlates with the times of larger n =3 response with mixed n=2 and
n =3 RMPs. The mixture of harmonics and the rotating n =2 harmonic does not require additional coil current because the variation is only
in the upper-lower coil current phase space. These results further affirm the effectiveness of integrated ELM and divertor flux control using
RMPs with mixed harmonics and improve the understanding of the role of plasma responses in ELM suppression.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0170003

I. INTRODUCTION fraction of thermal energy and particles in a few hundred microseconds to
The finding of high confinement (H-mode) plasmas' makes toka- plasma facing components (PFCs) of a device, especially divertor targets.
mak a promising device for controlled fusion power. The enhanced con- ELMy H-mode is chosen as the baseline scenario for the future fusion

finement is mainly due to the formation of the edge transport barrier that device ITER,” and the energy fluence on the divertor induced by each
has a steep pressure gradient at the pedestal region. However, the free  type-I ELM (the most serious one) is predicted” * to be about 10 MJ/m?
energy in the pedestal region may excite one kind of magnetohydrody- which far exceeds the allowed maximal limit (0.15MJ/m?) for current
namic (MHD) instabilities known as edge localized modes (ELMs).” materials and will reduce lifetime of the PFCs.”* Control of transient heat
ELMs cause repetitive crashes of the pedestal and release a significant and particle fluxes induced by type-I ELMs is an essential issue in ITER.
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Resonant magnetic perturbations (RMPs) produced by coils out-
side the plasma have been demonstrated as a promising technique for
type-I ELM control in many tokamaks. DIII-D,”'’ KSTAR,'" EAST,"
and ASDEX-Upgrade'’ have achieved fully ELM suppression, while
ELM mitigation (the control of ELMs achieving a state of higher fre-
quency and lower amplitude compared with natural ELMs) was
achieved in all above-mentioned tokamaks as well as in JET,* MAST,"”
etc. Due to the uncertainty of the sufficiency of ELM mitigation for the
transient power load reduction requirement in ITER, ELM suppression
is focused. Most of these experiments use RMP fields with a single
toroidal mode number n. Compared to those with high mode numbers,
with the same field strength, RMPs with low 7 (e.g., n=1 or 2) generate
stronger resonant harmonics, which are favored for achieving ELM
suppression but have larger impact on the core MHD stability and the
confinement.'®"” With regard to the requirement of energy and particle
confinement for ITER high Q operation, RMPs with higher mode
number, n=23 or 4, are considered for ITER ELM suppression.lg
Although the ELM induced transient heat load can be suppressed by
RMPs, the toroidal asymmetric spiral magnetic footprint due to lobe
structures'’ induced by RMPs near the X point may introduce toroidal
varying particle and heat fluxes with multiple stripes on the divertor
target.”’ To avoid heat accumulation on a fixed area, it is necessary to
spread the heat and particle fluxes on the divertor target during the
RMP application while maintaining ELM suppression. Rotating or
spectrum adjusting of RMP has been demonstrated recently as a prom-
ising method”' ** in spreading or modifying the steady state particle
and heat flux on the divertor. However, this method requires oscillation
of the full magnitude of the RMP current, which may threaten the life-
time of coils due to cyclic mechanical stress.

Joint experiments on both DIII-D and EAST have shown the
potential of using mixed harmonic RMPs in ELM and divertor power
load control,””® which were motivated by the ELM suppression in
DIII-D using a reduced number of I-coils.” Previous studies on
DIII-D demonstrated that the mixed n=2 and 3 RMPs reduced the
threshold coil current for ELM suppression”® and the rotating n =2
harmonic spread the heat and particle fluxes on divertor target while
maintaining ELM suppression.”” With this method, only the n=2
harmonic is rotated. Therefore, it requires less change of coil current
than that in the single n rotating RMP case and the sign of the current
does not change, which makes the stress on the bracket from the inter-
action between RMP and equilibrium magnetic field to be always in
the same direction, thus easing engineering limits on the coil lifetime.

In this paper, the demonstration of using a mixed harmonic
RMPs for the integrated control of ELMs and steady state divertor
heat and particle fluxes in EAST low input torque plasmas is presented.
Static n = 3 and static or rotating n = 2 harmonics are combined. This
is an extension of the mixed harmonics scheme used in EAST and
DIII-D to low torque input plasmas close to ITER Q= 10 scenarios.
The input neutral beam injection (NBI) torque in EAST, Typ; ¢ (about
1.1 Nm), is equivalent to the NBI torque in ITER high fusion gain
Q=10 scenarios as the calculation in Ref. 16. In these experiments,
the iy ~ 1.7-1.9 are close to ITER Q = 10 scenarios with 3,y of about
1.8" and the safety factor at a 95% poloidal flux gos ~3.7 are close to
the low gg5 ~ 3 requirements in such scenarios. The target plasmas are
also similar to the full suppression of type-I ELMs using #n =4 RMPs
in the EAST experiment.”’ In DIII-D, it is still hard to achieve ELM
suppression in low torque plasmas.’”"!

pubs.aip.org/aip/pop

The rest of this paper is organized as follows: The introduction of
RMP system, experimental setup, and modeling approach are presented
in Sec. II. ELM suppression with mixed #n =2 and 3 RMPs compared
with that using single n=2 or n=3 RMPs is presented in Sec. IIL.
Dynamical divertor flux modification with rotating n=2 component
together with ELM suppression maintained by mixed n =2 and 3 RMPs
is given in Sec. IV, followed by a summary and conclusion in Sec. V.

Il. EXPERIMENTAL SETUP AND MODELING APPROACH

EAST is a fully superconducting tokamak with a major radius R
~ 1.85 m and a minor radius a ~ 0.45 m, aiming for long pulse opera-
tion.” Radio-frequency (RF) wave dominant heating makes EAST a
unique tokamak to access ELM suppression with low input torque.'*"’
ELM suppression in low input torque plasmas was then achieved in a
low torque scenario with co- & ctr-NBI and lower hybrid wave (LHW)
obtained in EAST."?

A. Experimental setup

The target plasmas in related shots are with the input NBI torque
Tnpre ~ 1.1 Nm, the normalized beta iy ~ 1.8, g95 ~ 3.7, and a sim-
ilar ion and electron temperature T; ~ T,. An upper single null mag-
netic configuration is used as shown in Fig. 1(b). The upper divertor
was upgraded with actively cooled ITER-like W/Cu mono-block
plasma facing component previously in 2014.”" Other parameters
include the toroidal magnetic field strength By = 1.5 T and the nor-
malized pedestal electron collisionality v/, gpeq = 0.5 — 0.8. The auxil-
iary heating power includes 2.5 MW neutral beam injection (NBI) and
1 MW lower hybrid current drive (LHCD). They are kept constant
during the application of RMPs.

B. Introduction of RMP coil system on EAST

In EAST, the RMP field is generated by an in-vessel coil sys-
tem,”” which has two up-down symmetric coil arrays at low field
side (LFS) as shown in Fig. 1. Each array consists of eight coils evenly
distributed along the toroidal direction (®) to generate RMP fields
with 7 up to 4, and each coil has 4 turns. The definition of the toroidal
angle ® = 0° is the middle of port-A and port-P on EAST, which is
also the toroidal angle of the center of the RMP coil U, or L,. The posi-
tive direction of @ is anticlockwise viewed from above. In each coil
array, current in the kth coil can be written as

I(k) = I, cos [n(k) — ¢, )

where ¢ (k) is the toroidal angle of kth coil’s center, and I, and ¢,, are the
amplitude and phase of the nth harmonic coils’ current, respectively.
Rotating field can be generated if ¢,, varies with time. Due to the design of
power supply system of RMP coils in EAST, a combination of n=2 and
n = 3 harmonics in one coil array (upper or lower) cannot be produced in
EAST. In this experiment, mixed n RMPs are set by employing n = 2 har-
monic of coil current in the upper array and = 3 one in the lower array.
One example of coil current distributions is shown in Fig. 1(c).

C. Modeling approach for magnetic footprint
on a divertor during the application of RMPs

Three dimensional magnetic topology at plasma edge induced by
RMPs causes non-axisymmetric heat and particle fluxes on the
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divertor target.”’ In the 3D configuration, patterns of divertor heat and
particle fluxes are strongly correlated with the field line connection
depth p,,;, at each point on the divertor target because particle and
heat parallel transport along the perturbed field lines are orders of
magnitudes higher than the cross field perpendicular ones. Here, p,in
is defined as the radial position of the inner most magnetic flux surface
that those magnetic field lines can connect with. Radial coordinate is

chosen as p =, /i, v, i€, square root of the normalized poloidal

magnetic flux with i, v = 1, the unperturbed separatrix. Profile of
Pmin ON the divertor target indicates the pattern of magnetic footprint
on the divertor target and hence links to the pattern of divertor fluxes.
Profile of p,,;, in a poloidal plane (similar to the Poincaré plot of field
line trajectory) is also a good indication for magnetic field topology.
Therefore, a field line tracing code TOP2D™ is employed for the
modeling of p,;,, profile. The edge magnetic topology and footprint on
the divertor target are used for comparison with divertor flux patterns
during the application of RMPs in related analyses in this paper. Both
vacuum and plasma response magnetic perturbations can be taken
into account in TOP2D modeling.” In this study, RMPs with plasma
response are modeled by the MARS-F code, in which a resistive single-
fluid MHD model with a full toroidal geometry is employed.” ’
Here, Spitzer resistivity and plasma toroidal rotation are used.

Figure 2 shows one example of modeled edge magnetic topology
and footprint on the divertor induced by mixed n=2 and 3 RMPs in
the EAST discharge 79013 at 5 s using the TOP2D code. L is a mea-
sure of distance along the divertor plate to the main strike point where
magnetic separatrix intersects with the divertor. A positive value of L is
defined in an upward direction along the divertor. Profiles of p,,;, in a
poloidal plane at ® = 80° and on the upper outer divertor are shown
in the colored contour plots in Fig. 2. Perturbed magnetic topology
near the X point shows a clear lobe structure.”*’ The pattern of the

min

1.05

~.
main strike point 1.04
=0 (cm)

1.03

1/4 toroidal part
of UO divertor plate

-pmin

N
@ = 80°
cross-section 1

Div probe (port-0)

0 60 120 180 240 300
P (deg)

FIG. 2. lllustration of 3D magnetic topology and footprint pattern on the upper outer
divertor under RMPs setting at 5s in the EAST pulse 79013 modeled by the
TOP2D code. (a) 2D view of the magnetic footprint pattern on the upper outer diver-
tor plate (a quarter of the toroidal divertor plate) and the Poincaré plot of the edge
magnetic field structure at a poloidal cross-section at ® = 80°. (b) Projected 2D
view of the magnetic footprint on the full upper outer divertor plate. Contour line of
Pmin = 1 (blue dashed line) and p,,,;, = 1.02 (blue dotted-dashed line), positions
of divertor Langmuir probes at post-D (magenta dots) and port-O (magenta dia-
monds), toroidal positions of a divertor tungsten (W) spectroscopy system (black
line), and IR thermography (white dashed line) are marked.
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magnetic footprint on the upper outer divertor shows a periodic
change along the toroidal direction. The periodicity depends on the
toroidal mode number of RMPs, and n =2 component dominates the
pattern on the upper outer divertor and detailed discussion will be pre-
sented in Sec. IV B. This suggests the formation of toroidally localized
steady state heat flux during RMP-ELM control.

For the convenience of making comparison between the field line
penetration depth, 1 — p,,;, is used to quantify the radial distance from
Pmin to the location of the unperturbed last closed flux surface or separa-
trix (p = 1). Asaresult, 1 — p,,;, > 0 means that the field line can reach
deep inside the plasma region relative to the unperturbed separatrix,
while 1 — p,;, < 0 means that the field line only travels in the so-called
scrape-off layer outside the unperturbed separatrix. Therefore, the loca-
tion of the divertor is expected to endure higher heat and particle flux
with a deeper field line penetration depth, i.e., larger value of 1 — p,, ;...

D. Main diagnostics for divertor flux measurement

Various diagnostics for particle and heat fluxes on the divertor at
different toroidal positions are employed in this study. Recycling signal,
D,, is generally used to indicate ELMs from filterscope diagnostic."’
Divertor particle flux is measured using the saturated ion flux I'; by the
divertor Langmuir probe arrays with a spatial resolution of 1.5 - 2cm
and a temporal resolution of 0.02ms.”*" Two arrays of upper outer
divertor probes located at port-D (toroidal angle ® = 80°) and port-O
(® = 327°) are used for measuring the saturated ion flux I'; to indicate
non-axisymmetric particle flux on the divertor. Infrared (IR) thermogra-
phy system is used to measure the temperature of the divertor target plate
at @ = 887, and the heat flux profiles are calculated based on it A
tungsten (W) spectroscopy system measuring an emission intensity of W
I line at 400.9 nm on the upper outer divertor (at ® ~ 250°) with a spa-
tial resolution of about 1.3c¢m and a temporal resolution of 5ms for
investigating the W source sputtering was built on EAST." It can also be
used as a measure of divertor particle and heat fluxes. The locations of
these diagnostics are marked in Fig. 2(b). In addition, five arrays of mag-
netic probes and saddle loops covering full toroidal positions are
employed for the measurement of magnetic perturbation induced by
plasma responses.”” Positions of the two magnetic probe arrays used in
this paper are shown in the poloidal plane in Fig. 1(b).

I1l. ELM SUPPRESSION BY MIXED n =2 AND 3 RMPS
IN EAST

Limited by the maximal coil current, the use of mixed # RMPs will
also reduce the possible amplitude of each n harmonic compared to sin-
gle n RMPs cases, in which all of the RMP coils” currents can be used for
that harmonic. Therefore, we have to demonstrate ELM suppression
with mixed harmonic RMPs with a similar level of coil current for single
n RMPs that achieved ELM suppression. In this section, ELM suppres-
sion without a drop of energy confinement is successfully demonstrated
by using mixed #=2 and 3 RMPs in EAST. The control effects are
compared with the single n harmonic cases. It will be shown that the
n =3 harmonic plays the key role in accessing ELM suppression.

A. Demonstration of ELM suppression by mixed n =2
and n =3 RMPs in EAST

A promising example that ELM suppression achieved by RMPs
with mixed static #=2 and »n =3 harmonics, in EAST shot 79016, is
shown in Fig. 3. Mixed n RMPs is set by employing # = 2 harmonic of

pubs.aip.org/aip/pop
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FIG. 3. ELM suppression using mixed n=2 and 3 RMPs in EAST pulse 79016.
Temporal evolution of (a) n=2 (blue dashed solid) and 3 (red dotted line) RMP cail
current, (b) saturated ion flux on the divertor indicating ELM crashes, (c) averaged
plasma density (blue solid line) and the normalized plasma beta (red dashed line),
and (d) tungsten (unresolved transition array (W-UTA) in 45-65 A) emission inten-
sity at the chord crossing plasma core, which is normalized to the density.

coil current in the upper array and #= 3 one in the lower array. The
amplitudes of coil currents for both # =2 and 3 harmonics are 2.5kA
and phases for =2 and 3 are —2/57 and 0, respectively. Currents of
RMP coils in shot 79 016 have been shown in Fig. 1(c), and phase infor-
mation is also stated in legends. The two phases of n=2 and n = 3 har-
monic were experimentally determined within the phase range achieved
ELM suppression in the similar target plasma, shot 79 013, which will be
discussed in detail in Sec. I'V. It is shown that ELM suppression is kept
during RMP application from about 4.5 to 5.6 s with some remaining
occasional events, as shown by I'; induced by ELMs. D, signal is not
available in this shot. After 5.6 s, the ELM suppression is lost due to a
minor increase in upper triangularity A, which will be discussed later
in III C. A strong density pump-out effect (=36% density drop) is
observed during the RMP application, while Sy increases slightly during
ELM suppression as shown in Fig. 3(c). Additionally, ELM suppression
is achieved when density pump-out is close to saturation state and den-
sity is about 3 x10”m™%. This means the energy confinement is
improved during ELM suppression, which is different from previous
observations of strong energy confinement degradation with the n=1
or 2 RMPs applications'” but is similar to that in the n=4 RMPs
cases.'® The tungsten concentration from the EUV system™"” is also
significantly reduced after the application of RMPs as shown in
Fig. 3(d), which is similar to our previous observations with single »n
RMPs.'® This demonstrates as well a robust effect on the avoidance of
tungsten accumulation in the plasma core using RMPs.

B. Compared to ELM suppression using single n =2
and n =3 RMPs in EAST

Figure 4 shows ELM control in another two shots 80845 with
single n=2 RMPs and 80646 with single n =3 RMPs, respectively.
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FIG. 4. ELMs control using single n=2 and single n=3 RMPs in EAST pulse
80845 (a)-(c) and 80646 (d)—(f), respectively. From top to bottom are the temporal
evolution of (a and d) RMP coil current, (b) and (e) variation ratios of plasma density
(blue solid line) and normalized plasma beta (red dashed line) compared to no
RMP cases, (c) and (g) D, (green solid line) and ELM frequency (black dot) (d) and
(h) Mirnov signal from magnetic probe.

Here, single #n means that upper and lower coil arrays generate mag-
netic perturbations with the same toroidal number # and the same
amplitude of coil current. In shot 80 845, n =2 field is generated with
¢y - = 225° and phase difference between upper and lower coils,
dey;, = 180°. In shot 80 646, n = 3 field is generated with ¢, ,_; = 0°
and d¢; = 0°. The spectra are all optimized for ELM control. Fully
ELM suppression is achieved by single n =2 RMPs in shot 80 845. The
threshold coil current of n=2 RMPs for ELM suppression is about
2.5kA, above which a very robust suppression is achieved. A strong
density pump-out effect with about 50% density drop is observed, and
the energy drop is about 20%. In the n =3 RMPs case, most of ELMs
are suppressed with a coil current at around 2.9 kA, except some non-
periodic ELMs appear occasionally in EAST pulse 80646. This sug-
gests that the suppression effect is not so robust as that in the mixed n
case. In this experiment, 2.9kA already the maximum current for
n=3 due to the limit of power supply. It could be possible that the
marginal ELM suppression can be avoided with the upgrading power
supply. Compared to the n =2 RMP case, a weaker variation of plasma
confinements caused by n=3 RMP is observed, i.e., density drop is
about 29%, while the normalized plasma beta maintains the same level.
Therefore, there is no drop of energy confinement in the single n=3
RMPs case, which is similar to the n =4 RMPs case in EAST reported
before."

ELM suppression is achieved by n =2 RMP with decreased con-
finements of both density and energy. Although just partial ELM sup-
pression being achieved using n=3 RMP, no obvious [ drop is
observed. A mixture of 2.5kA n=2 and 3 harmonics, discussed in
Sec. IIT A, achieves more robust ELM suppression than the 2.9kA
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single n = 3 case, i.e., with much less and smaller remnant single ELMs
and better energy confinement than the single n =2 case.

C. Understanding ELM suppression mechanism

with mixed n=2 and n=3 RMPs

The corresponding RMP field strength modeled by the MARS-F
code in the three cases is compared in Fig. 5. Edge islands’ widths in
different RMP cases are shown in (a) with current threshold for single
n=2 RMP ELM suppression of about 2.5kA in shot 80845, (b)
2.9KkA single n=3 RMP in shot 80646, and (c) 2.5kA mixed n=2
and n =3 RMPs in shot 79 016. It is shown that the single # =2 RMPs
case in shot 80 845 has the strongest RMP field. It may explain the rela-

tively robust ELM suppression effect observed in this case. From nor-

malized p,=0.85 (q ~ 3, near pedestal top) to 0.6 (q =2, core), the
n=2 island widths at corresponding rational surfaces fall to 58.3%

while 41.7% for n =3 case. Thus, it is relatively a slow decay for n =2

RMP case, which may result in strong influence on global confinement
as well. The island widths have a faster decay from edge to core with
the single n =3 RMP. It means that the #n = 3 harmonic influences the
local area near the edge rather than the global plasma area.

Although both the n =2 and 3 harmonics in the mixed 7 case are
weaker than the single #n harmonic cases, more components on ratio-
nal surfaces are created, which may lower the required RMP strength
to access ELM suppression. Resonances produced by mixed n RMP
are strong in the pedestal region referring to 0.87 < normalized p, <1,
and the strength of resonances in core referring to normalized

T BT
ingle n=2
ol (a) single n ]
92
1k ™ /2 10/2]
: IR U L A
=3 (b) single n=3
S 27 12/3
i3/3
E 1 1 /Tn/z T14(/33/3*
2 o tma T I O E_SLL
ol (c) mixed n=2 and n=3 o) ]
1t ]
O "] 2 1 6, T L~ I T\ T T is
10 T
(d)
5 4

0.6 07 _ 08 0.9 1
normalized Py

FIG. 5. Comparison of edge islands’ widths between different RMP applications (a)
with current threshold for single n=2 RMP ELM suppression of about 2.5kA in
shot 80 845, (b) with 2.9 kA single n= 3 RMPs in shot 80 646, and (c) 2.5 kA mixed
n=2 and n=3 RMPs in shot 79 016. Radial profiles of pressure and safety factor
q are presented in (d).
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p: < 0.87 is weak. The two effects contribute to the ELM suppression
access (although with some remnant single ELMs) and the energy con-
finement maintenance in using mixed #» = 2 and 3 RMPs for ELM sup-
pression observed in shot 79 016.

Plasma responses measured from magnetic diagnostics show that
the larger n = 3 response is the key for transition from ELM mitigation
to suppression. Fourier components of magnetic perturbations, 6By,
due to plasma response are measured by magnetic probes at both low
field side and high field side as shown in Fig. 6. The subscript “p”
denotes the poloidal component of the perturbed magnetic plasma
response. During the transition from t=43 to 45 s, n=3 5Bp
increased at LFS by a ratio of 2, while ff; increased by a ratio of 1.05.
Linear response with increase fy is not enough to explain the signifi-
cant increase in 0B,. At t ~4.35 s, a stir-like change of density evolu-
tion can be distinguished in Figs. 6(b) and 6(c). Tungsten emission
intensity normalized with density has also shown a similar stair-like
change at t=4.3 s in Fig. 3. Evolutions of density and tungsten emis-
sion intensity are close to the saturation state before t =4.3 s and then

Time (s)

FIG. 6. Magnetic perturbation in the poloidal direction, B,, induced by plasma
response to mixed n RMPs in EAST pulse 79 016. Temporal evolution of (a) satu-
rated ion flux indicating ELM behavior and RMP coil current of n=2 and n=3 har-
monics, amplitude of n=2 (blue dotted line) and n=3 (red solid line) Fourier
components of magnetic perturbation induced by plasma response measured by
low field side (LFS) magnetic probe array (b) and by high field side (HFS) magnetic
probe array (c) and density evolution is also shown in (b) and (c). Amplitude
changes of n=23 harmonic component are indicated by red arrows. (d) Temporal
evolution of upper triangularity A,,(solid black line) and the normalized plasma beta
(grayish blue dashed line).
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drop again until another saturation was achieved at t=4.5 s when
most ELMs have been suppressed. Those evolutions did not follow a
smooth change here. f increased from 1.2 to 1.7 due to the exhaust of
tungsten impurity from the start time of RMP, which may also result
in plasma response change. Magnetic responses consist of both linear
response change due to equilibrium evolutions and non-linear process.
Linear or non-linear response change from magnetic measurements
needs to be confirmed by RMP current ramp-up with a small variation
of equilibrium evolution in further experiment. Fast magnetic response
change in a 10ms time scale’’ cannot be distinguished here, which
might be due to the long time transport scale physical process. ELM
suppression is lost at ¢t ~5.6 s when n=3 component response
decreases gradually to a lower level as shown in Fig. 6, which might be
due to the unexpected slight drop of S or a minor increase in the
upper triangularity A,

There is no obvious change in the n=2 harmonic of plasma
response at the time entering or exiting ELM suppression. The
enhancement of n =3 harmonic response plays the key role in access-
ing ELM suppression in the mixed harmonics RMP experiment. It can
also explain the similarity of ELM control effects between the mixed
harmonic experiments and the single #=3 RMP experiment. n=3
harmonic response changes to accessing ELM suppression were also
observed but in a fast way in DIII-D mixed n RMP experiment; mean-
while, 7 = 2 responses were linear with the applied # =2 harmonic.”
Although no obvious change being detected in the evolution of n=2
plasma response, it may help the enhancement of n =3 harmonic via
3D effects on nearby rational surfaces or modifications to the rotation
profile, which need further verification from both experiments and
modeling.

IV. DYNAMICAL MOVEMENT OF THE SPLITTING
PATTERNS OF DIVERTOR FLUX USING MIXED n RMPS
INCLUDING ROTATING n =2 HARMONICS

The achievement of ELM suppression using fixed RMP field with
mixed harmonics allows further investigation about the effect on diver-
tor power load with rotating harmonics. In this experiment, the
dynamical movement of the splitting lobes, which can avoid localized
heat load accumulation on the divertor target, is achieved with rotating
only n =2 harmonic and ELM suppression can be maintained in part
of the phase range. Partial amplitude of the current work in an alter-
nating mode rather than whole amplitude can ease mechanical stress.

A. Demonstration of divertor flux modification using
mixed static n = 3 and rotating n =2 RMPs

Figure 7 shows an example of dynamical ELM and divertor flux
control using mixed n RMPs with a rotating #» =2 harmonic current
in the upper coils and a static # = 3 harmonic current in the lower coils
from 4 to 65 in the EAST pulse 79 013. The amplitude of both n =2
and #n = 3 harmonics is 2.5 kA, and the n =2 harmonic is rotated for
two periods, which results in a one period rotation of the whole foot-
print pattern on a divertor target induced by n =2 component. During
the rotation, ELMs are mostly suppressed from 4.9 s to 5.5 s as shown
by the shaded area in Fig. 7(a), about 60% of one rotating cycle. The
other ELM mitigation periods and occasionally appeared single ELMs
during ELM suppression indicate that the total RMP field strength is
still marginal for accessing a robust ELM suppression state. ELM sup-
pression achieved in part of the phase range might be due to other
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EAST # 79013

4 4.5 5 5.5 6
Time (s)

FIG. 7. Dynamical movement of the splitting patterns of divertor fluxes using mixed
n RMPs with a rotating 2.5kA n=2 harmonic current in the upper coils and a
2.5KkA static n=3 harmonic current in the lower coils in EAST pulse 79013.
Temporal evolution of (a) the phase of n=2 harmonic coil current (black dotted
line), the phase of n =3 harmonic coil current (black dashed line) and the saturated
ion flux I'; on divertor (green solid line), and distributions of divertor fluxes along a
vertical line on the divertor plate including the saturated ion flux measured by diver-
tor probe arrays at (b) port-O (toroidal angle of 327°) and (c) at port-D (toroidal
angle of 80°), (d) divertor heat flux based on IR thermography, and (e) W | line
emission (400.9 nm) intensity. Contour lines for modeled p,,=1 and 1.02 (white
dashed lines) are superimposed on the divertor fluxes.

asymmetric factors, such as intrinsic error field and auxiliary heating,
which needs further investigation.

Figure 7(b) and 7(c) shows the temporal evolution of the particle
fluxes on the upper divertor during the application of RMPs. They are
measured by two divertor probe arrays located on the upper outer
divertor target at ¢p = 80° (port-D) and ¢ = 327° (port-O). The spiral
splitting patterns can be distinguished, which vary periodically and
keep in pace with the phase of n =2 harmonic. The phase shift of the
patterns of two arrays can be identified as expected, as the toroidal
asymmetric characteristic of the strike line splitting pattern induced by
the RMP field. During ELM suppression from 4.9 to 5.5 s, there is an
effective poloidal shift of the steady state particle flux to the secondary
lobes on the divertor target with the rotating n =2 harmonic. It dem-
onstrates the possibility of a dynamic control of divertor particle load

ARTICLE pubs.aip.org/aip/pop

while maintaining ELM suppression with just one harmonic rotation
in the mixed harmonics RMP field.

A similar effect on heat flux to the divertor is shown in Fig. 7(d).
Profile of W I line emission (at 400.9nm) on a divertor also shows a
similar splitting of strike point during the application of RMPs in
Fig. 7(e). Variation of the W I line emission intensity is localized at the
near separatrix region. This suggests only the near separatrix on the
divertor may be connected to hot plasma, which can give rise to W
source sputtering. Effect of ELM burst on heat load and W source
sputtering cannot be clearly identified because of the temporal resolu-
tion in these two diagnostics in this shot.

The patterns of the particle fluxes measured in both of these
arrays and the heat flux measured by IR thermography match with the
footprint pattern of p,,;,, (white dashed lines) modeled by the TOP2D
code as shown in Figs. 7(b)-7(e). Detailed comparison of profiles will
be given in Subsection IV B.

B. Modeling of magnetic footprint on the divertor
target and comparison with observed divertor fluxes
splitting

Modeling of magnetic topology and footprint on the divertor tar-
get under mixed n =2 and n =3 based on equilibrium and RMP set-
tings are carried out for shot 79 013 as shown in Fig. 2, which is based
on experimental equilibrium and RMP settings. The #n =2 harmonic
plays a dominant role in determining the shape of the magnetic foot-
print on the upper outer divertor, which can be identified from the fea-
ture of two periods in the footprint pattern on the whole toroidal
divertor shown in Fig. 2(b). It is because the upper coil array generat-
ing the n=2 field is closer to the upper outer divertor target and the
n=2 harmonic is stronger than the n=3 harmonic as shown in
Fig. 5. A detailed comparison of the modeling results with the observa-
tions will be discussed in the following.

Particle flux and heat flux profiles at two different time slices,
t=5.0 and 54 s, are both compared with the modeled field line pene-
tration depth 1 — p,,;,, as shown in Figs. 8 and 9, respectively. Each
modeling is made according to the real coil configurations of the two
time slices, i.e., with the phase of # =2 harmonic ¢,_, equals 0° and
215°, respectively. The toroidal angle of p,,;, profile is chosen accord-
ing to the toroidal angle of each diagnostic. The particle flux (averaged
over 0.5ms) is measured by the divertor probe array at port-D
[marked on Fig. 2(b)]. Due to limited spatial resolution of the divertor
probes, the two modeling peaks (L~ —1 and L ~ —4cm) of the
1 — P profile at t =5.0 s cannot be distinguished from particle flux,
which looks like a broadened main peak at L € [—6,0] cm rather than
two flux peaks. However, the difference of two particle flux profiles
(t=5and t=54s) at L &~ —4 cm is evident due to different depths of
magnetic field lines. As a result, the contribution to the second peak at
t=50 s from modeling the field line penetration depth changes
induced by the RMPs can be deduced. The positions of the secondary
peaks, L ~ —4cm at t=5.0 s and L ~ —8cm at t=5.4 s, are obvi-
ously different between the two time slices. The shift of the secondary
peak positions of the two time slices is consistent with the shift of far
SOL peaksin 1 — p,,;, profiles. It means there is an effective dynamical
movement of the particle flux especially for additional flux peaks by
the rotation of # =2 harmonic with fixed n =3 harmonic. With such
toroidal and poloidal variations of the splitting lobes on the divertor
target, local particle flux accumulation could be alleviated.
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FIG. 8. Comparison of profiles of (a) steady state particle flux averaged over 25
time slices measured by divertor probe arrays at port-D along with raw data of 25
time slices and (b) the modeled penetration depth of magnetic field lines 1 — p,,,;,
along a vertical line on the upper outer divertor at two time slices {~ 5.0
(¢pp—p = 0°, red solid lines) and t ~ 5.4 s (¢p,_, = 215°, blue dashed lines),
respectively.

The heat flux profiles are measured by IR thermography. Each
profile is time averaged over 50 ms including five time slices around
t=5.0 or 5.4 s during ELM suppression. At t=5.0 s, the small peak
near L =—4cm is consistent with the peak on the modeled 1 — p,,;,
profile. Compared to the heat flux profile at t=5.0 s, the increases of
heat flux near L=—3 cm and L = —9 at t=15.4 s agree with the peaks
in the modeled 1 — p,,;, profile. It is also consistent with the larger
value of 1 — p,,;, at L=—3 and —9 cm of the modeled profiles. In
Fig. 9, 1~2 cm shift distinguished between peak positions of heat flux

(o]
(a) —— t=55,¢ ,=0
- - - t54s8,¢ ,= 215°

L (cm)

FIG. 9. Comparison of profiles of (a) divertor heat flux averaged over 5 time slices
along with raw data of 5 time slices and (b) the modeled penetration depth of mag-
netic field lines 1 — p,,;,, along a vertical line on the upper outer divertor at t=5
(pp_p =0°, red solid line) and t=54 s (¢p,_, = 215°, green dashed line),
respectively.
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and respective 1 — p,,.., profile might be due to different edge diffu-
sions of heat and particle flux, which will be considered to be intro-
duced in modeling in future and uncertainty of main strike point
position from equilibrium calculation These features indicate that the
rotation of the #n=2 harmonic, only being part of the whole RMP
field, can also make a dynamic magnetic footprint and thus effectively
modify the heat flux on the divertor target. Although ELM suppression
is achieved during only part of a full rotation period of the n =2 har-
monic in shot 79 013, the steady state particle and heat fluxes are effec-
tively modified on part of the divertor target with the n =2 harmonic
rotation combined with fixed 7 = 3 harmonic. Such dynamical control
can be further optimized with more robust ELM suppression, which
will be better for alleviating local particle and heat accumulation com-
pared to a static RMP field.

C. Effects on transient divertor flux during ELM
mitigation

During RMP application, the transient particle flux profile
induced by the ELM crash also shows a splitting pattern and the toroi-
dal shift of the pattern seems also consistent with the prediction by
numerical modeling of the phase shift of the magnetic footprint. A
zoom in of Figs. 7(c) and 7(a) is shown in Figs. 10(a) and 10(b), which
contains several clear ELM bursts. Two profiles of the ELM induced
transient particle flux, at t =4.652 s with ¢,_, ~ 120° and t =4.247 s
with ¢,_, ~ 270°, are compared with the modeled magnetic field line
penetration depth 1 — p,,., in Figs. 10(c) and 10(d). It seems the posi-
tion of the secondary particle flux peak also agrees well with the

4.2 43 44 45 46 47
Time () |- - t=4.247s, ¢ _,~270°

+t 4.652s, ¢, _,~120°

-0.05

FIG. 10. Observation of spliting transient particle flux during ELM crashes.
Temporal evolution of (a) the particle flux profile on the divertor and (b) the particle
flux near the main strike point (L = 0cm) measured by divertor Langmuir probes at
port-D in ELM mitigation phase. Comparison of (c) ELM-induced transient particle
flux profiles at t ~ 4.247 (blue dashed lines) and t ~ 4.652 s (red solid lines) with
(d) the modeled penetration depth of magnetic field lines 1 — p,,;, at the corre-
sponding time slices.
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1 — p,.in peak predicted by modeling. It means the transient particle
flux induced by ELMs also shows a spiral pattern with a toroidal asym-
metry and the phase shift keeps pace with the rotating #» = 2 harmonic.
This observation is similar to the splitting distribution of transient heat
flux by mitigated ELMs under n =2 RMPs in JET.”” This phenome-
non might be due to locking of ELM crash phase into the applied
RMP field”™” or particle transport through the reformed low n magnetic
field line induced by the applied RMP at the SOL region. In this shot,
the analysis and observation of ELM induced transient particle flux are
quite superficial due to the limited spatial resolution of the divertor
probe array and the limited temporal resolution of the IR thermogra-
phy. It is worth making further investigation on the mechanism for the
effect of RMP field on ELM induced transient heat fluxes.

V. SUMMARY AND CONCLUSIONS

In summary, we present a new demonstration of the integrated
control of ELMs and steady state divertor fluxes using RMPs with a
mixture of static # =3 and rotating #n =2 toroidal harmonics in the
EAST tokamak. This is achieved in a target plasma close to the ITER
high fusion gain operation equivalent low input torque, high normal-
ized beta, low edge safety factor, and tungsten divertor.

The stored energy during ELM suppression achieved with a mix-
ture of 2.5kA low n harmonic (n=2) and 2.5kA high n harmonic
(n=3) RMPs is better compared to that during ELM suppression by
single low n harmonic (n=2) RMP with 25kA current. The
improved energy confinement is similar to the ELM suppression
achieved with high n (n =3 or 4) RMPs."” The mixture of 2.5 kA n=2
and 3 harmonics achieves more robust ELM suppression than the
2.9KkA single n = 3 case, i.e., with much less remnant single ELMs. The
tungsten concentration is also effectively reduced during the applica-
tion of mixed n RMPs.

The plasma response measurement on EAST reveals that larger
n=3 plasma response plays a key role to access ELM suppression
with mixed n=2 and n=3 RMPs. Density pump-out and larger fx
contribute to enhanced n = 3 plasma response. During transition from
ELM mitigation to suppression, both evolutions of density and tung-
sten emission intensity normalized with density have also shown a
stair-like drop, which might suggest a nonlinear process. The common
feature with DIII-D mixed n RMP experiments is that ELM suppres-
sion is related to a change of n=3 magnetic response and n=2
response follow linear change with the applied # = 2 RMP field.””

The effective dynamical movement of the splitting pattern of
both the transient (ELMs) particle fluxes and steady state particle/heat
fluxes is achieved using mixed harmonics RMPs with a rotating n =2
harmonic and a fixed n=3 harmonic. ELM suppression over 60%
cycle of one period rotating #n =2 RMPs is achieved. The toroidally
varying steady state divertor particle and heat fluxes can be moved by
the rotating # = 2 harmonic during ELM suppression. In addition, it is
also interesting to observe that the transient particle flux induced by
ELM crashes during RMP application in EAST is locked to the phase
of n =2 harmonic. The mixed harmonic RMPs have different realiza-
tions. Despite in EAST using upper n =2 and lower n=3 combina-
tions, there are other schemes, such as by combining low and high »n
harmonics in both lower and upper arrays and changing their ratio or
phases, the feature of the splitting magnetic footprint, such as the num-
ber of lobes and the shape of each lobe, is affected by the ratio between
the harmonics as described in Ref. 25.

pubs.aip.org/aip/pop

Similar to the results in DIII-D, there is no increase in the
required coil current in the mixed harmonic RMPs case compared to
that of the single harmonic RMPs case. The change is only in the RMP
coil phase space employing different combinations. These results fur-
ther confirm the effectiveness of mixed harmonic RMPs in suppressing
ELMs and dynamical controlling the divertor particle and heat fluxes.
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