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Abstract

The impact of n=2 resonant magnetic perturbatiagiPlRon the pedestal and peeling-ballooning
mode (PBM) is investigated using the nonlinear 3BlMcode JOREK. It is based on the reduced
MHD equations (viscos-resistive MHD), and the expental parameters from the RMP-driven Edge
localized mode (ELM) suppression discharge in KSTARthis study, n=2 kink-peeling modeas
triggered through nonlinear coupling with RMP, ah@ pedestal is degraded by increased radial
transport due to both tearing and kink-peeling eesp. The ELM mitigation and suppression are
observed when RMP of sufficient amplitude is appliELM suppression was characterized by spatial
locking of mode structure. In the simulation, theMEsuppression is not only due to the degraded
pedestal but is also related to the mode couplatyéen the PBMs and the RMP-induced mode at the

plasma edge. The role of PBM locking in mode suggiom is suggested in terms of mode coupling.

l. Introduction

High performance (H-mode) plasma configurationns of the promising candidates for fusion plasma
operations such as ITER. H-mode plasma is charaeteby having an edge transport barrier, which is
generally understood to be formed by ExB shearatg f1-3] in the edge region. Because the edge
transport barrier globally improves plasma confieemby forming the pedestal, it is important to
utilize its advantage. However, the edge trandpamtier raises the pressure gradient of the pddasta
plasma current density, and it can lead to ingtaslso-called Edge Localized Modes (ELM). Peeling
ballooning mode (PBM) [4, 5], the MHD mode drivendurrent density (peeling) and pressure gradient
(ballooning), is considered as the dominant infitghiesulting in ELM. ELMs induce the periodic
collapse of the pedestal and form transient heatttl the plasma-facing component, which can result

in significant heat deposition to divertor target.future devices such as ITER and DEMO, divertor



heat fluxes during ELMs are expected to excée@W/m? [6, 7] which could cause severe damage
on tungsten divertor tiles. Therefore, a reliabkthod to control or suppress the ELM is essential f

the high-performance steady state operations b@aséae H-mode edge.

Resonant magnetic perturbation (RMP) with extemadjnetic coils is one of the effective methods to
suppress ELMs. It was found that RMP can succdggfuitigate ELMs in JET [8], and MAST [9].
Furthermore, there are reports of full ELM suppi@ssvith RMP in DIII-D [10], KSTAR [11],
ASDEX-U [12], and EAST [13]. General understandaidRMP-driven ELM suppression is followed:
When RMP of toroidal mode number n is applied, ¢tfeedd perturbations penetrate plasma and induce
the field reconnection and magnetic island at gtenal surface of g=m/n, where m is poloidal mode
number. Because the rational surfaces are densgler the plasma edge, islands can overlap which
produces the formation of the stochastic layerinokases the radial transport. As a result, thegtal
gradientis reduced, and ELMs are suppressed astddradient does not exceed the marginal dtabili
limit. From this point of view, extensive studieavie been conducted on the field penetration and the
radial transport induced by RMP. Previous studiesZ0] revealed that perpendicular electron flow
shields the RMP and suggested the importance ofeectron flow layer at the pedestal to improve
the field penetration. Numerical studies found tRMP can drive the kink-peeling response, and it
amplifies the field penetration [21-24]. Moreoviehas been reported that RMP can increase turbelen
transport [25, 26] in the pedestal. These studiesrging to explain the RMP-driven ELM suppression
with the pedestal degradation but have certairtditioin in terms of the experimental observationnghe
coherent PBM-like mode structures still remain dgrihe ELM suppression phase. For understanding
the experimental results, several studies focusdath@ direct coupling between RMP and ELM. They
revealed that the property and stability of PBMrdeathrough 3D-field modulation from RMP [27,
28].

In this paper, the effect of RMP on the plasmaaasp and the suppression of PBM has been studied.
The RMP driven ELM suppression discharge in KSTARbdelled with the 3D nonlinear MHD code
JOREK [29]. The descriptions of the model and eixpental observation are shown in Section Il. In
section Ill, “natural” PBM simulation without RMB described. In the sections IV and V, the modgllin
results for the plasma response and the suppres§i®BM that induced by RMP are presented,
respectively. The possible mechanism of ELM sumpoes including nonlinear interaction between

RMP and PBM, is discussed in the following sectioast, the conclusion is provided in section VI.



. Configuration of the simulation
II-1. Simulation model

In this work, we used the 3D non-linear MHD code, JOREK including X-point and the SOL. The
reduced MHD model has four field equations which includes the Ohm’s law, the continuity equation,
the momentum equation, and the energy equation. The momentum equation is separated into the parallel
and the perpendicular components. Realistic toroidal flow, two-fluid diamagnetic effect, and
neoclassical viscosity are implemented in the model to include the effect of plasma flow on the

ballooning modes.

In the JOREK code, the magnetic field is represented by B = FoVp + Vi X Vo, where ¢ is the
toroidal angle, ¥ is the poloidal magnetic flux, and Fy = RoBgo. R, is the magnetic axis and By,
is the amplitude of the toroidal field at R = R;. In our reduced MHD model, F, is set to be constant

in time.
The plasma fluid velocity V is expressed as Eq. (1)

V=V, +Vg+V., (1)
where ‘7|| is the velocity parallel to the magnetic field and 17E =ExB /B? is E x B drift velocity.

The electric field is expressed as E=-Vu where u is electrostatic potential. I71 =
—VP;/(peB?/m;) is the ion diamagnetic velocity which reflects the two-fluid diamagnetic effect
where P;, e, m; and p(=m; X n) are the scalar pressure, charge, mass and mass density of ion,
respectively. The density of ion and electron is assumed to be the same n =n; = n,. We alsoset T; =
T,=T/2 and P; = P, = P/2 for the simplicity where T and P are the sums of the ion and electron
temperature and scalar pressure, respectively. Then, the normalized set of equations based on these

models are given as follow
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, which is the equations also used in Ref [19]. The detailed descriptions of these variables are the
following: p = ps;/pos; and t = tSI/\/m, where SI denotes SI unit value, py =4 x 10~7 and
Po,si 1s mass density at the magnetic axis. Other variables are normalized as p = pops;, T =
UopPosi(e/m)Ts;, j = tgjsp, and u = uSIM/FO,SI where j is the plasma current density.
Normalization of the flow depends on direction where V) = V||,51x/m and Vg = V- ég =
Vo s1/ m are satisfied. Here, poloidal unit vector &g is defined as
R
g = 7o (VY x Vo). (7)

A Spitzer-like resistivity n = Uo,SI\/m (Te/Te,O)_B/Z, temperature-dependent perpendicular
viscosity v, = VJ.O,SI\W (Te/Te’O)_g/z, and constant parallel viscosity v) = v”_SIm
are used in the modeling where 7gs;, v 051 and T, , are the resistivity, perpendicular viscosity and

electron temperature at the magnetic axis, respectively. Braginskii parallel conductivity k) =

KIIO,SI\/M (Te / Te'O)S/Z and adiabatic index y = 5/3 are applied. For the perpendicular diffusion,
particle diffusion coefficient D, =D J_Slm and thermal diffusion coefficient K, =
K J.SI\/m are used to sustain the initial density and temperature profile. Their typical values at the
magnetic axis are D oy & 1m?/s and k g = 1kg/(m-s). D, and k, are vary radially. Their

radial profiles are proportional to D, « |Vp|™t and kK, o« |[VT|™! of initial profile. In addition, the

current source j,, the particle source S,, the heat source S; and the toroidal momentum

source §V are applied to reproduce the realistic equilibrium profile. All source profiles do not change

in time.

The neoclassical poloidal friction has the heuristic form [30] as

o B?
V- Ilineo = PHineo B2 (Vo = Voneo) o, ®)
where By =B 8y , Voneo = kitic(V1¥*ViT)/Bg . MHineo = Hineos/lo/Po » and ¢ =
m;/ (ZeFO\/M). The neoclassical coefficients p; ., and k; are calculated from Ref [31]. With
these models, the plasma flows evolve self-consistently towards an equilibrium and a plasma with flows
and electric field satisfying the radial force balance is obtained eventually. The radial electric field can

be written as

1 9P,

In JOREK [32], 2D cubic Bezier finite elements are used to construct the 2D grid in the poloidal cross-

section, and the toroidal direction is decomposed in Fourier series. The finite element grids are aligned

to equilibrium flux surfaces, and they contain the core, the SOL and the private region. The boundary



of the computational domain is limited by the flefaces and divertor target plates. For the baynda
condition of the computational domain, Dirichlenhdations are used for all the variables exceptlier
divertor targets. On the divertor targets, Bohmasiidoundary conditions are set, and the temperatur
and density have free outflow. Finally, the imgli€rank—Nicolson scheme is used for the time steppi

and generalized minimal residual solver (GMRE3)gplied.

[I-2. Input configuration

In this work, we use the data from KSTAR #18594 [#8charge of n=2 RMP driven ELM suppression
in the simulation. The summary of discharge is ghawFigure 1 Main parameters of the discharge
have major radiusR( = 1.8m), toroidal field B4, = 1.8T), plasma currentif = 0.66MA), q profile
(q0~1, q9s~4), global poloidal betaf,~1), and line average densitfi(~3.3 X 10'?m~3). In this
discharge, the currents in the three rows of viesdtCC with two turns in low field side [34] were
set such that the magnetic perturbation of n=2 aypgdied. Small sideband modes of n=4,6,8,.. were
also induced due to the geometry of IVCC but theyreglected in this work as their amplitudes are
much smaller than that of n=2 component. The pH#fFence between rows iA® = 180° which is

the standard n=2 field coil configuration for theNEsuppression in KSTAR. When the stationary state
was achieved (~4.9 s), RMP of coil currdpi;p = 2kA was applied from 5.0 s to 5.5 s, and then it
gradually increased with rate of0.2kA/s. ELM suppression was achieved at 12.0 s where
Irmp~3.7KkA. Then, ELMs were fully suppressed until the enthefdischarge. In the simulation, the
equilibrium att = 6.45 s, the earliest time slice where ECElI measuremed available and the
profile variation and ELM mitigation due to RMP learnot yet appeared, is selected as a referende. Wit
this equilibrium, we reproduced ELMy plasma withREK and compared the simulation results with

ECEIl measurement.

We used the equilibrium reconstruction with EFIB[EQDSK file), and initial temperature and
density profile are fitted from charge exchangecspscopy (CES) and Thomson scattering (TS)
diagnostic data considering error bars. The resylgi, n., T,, T;, and toroidal rotatiorVy, profile

are given inFigure 2 Electron density and temperature profile of ptadeggion in this discharge has
considerable uncertainty because of low spatialuéien and large error of TS measurement at the
plasma edge. For these reasong,and T, pedestal profile are adjusted to improve the frefuality

in the simulation. Profiles are changed within éneor bars in order to make an equilibrium linearly
unstable to PBM and to make mode properties camgistith ECEl measurement. For this purpose,
the changes in PBM linear stability and most domimaode n were calculated by changing the width
and height ofn, and T, pedestal at the same time as in Ref [36]. Modifsauter model [37] is

applied to calculate the edge bootstrap currethtignscan. The result is shownHigure 3 In the figure,



the orange star represents the reference pedéstalink line is marginal PBM stability limit, artde
red line corresponds to the pedestal whose domiRBM moden = 12 is agreement with results
from ECEI measurement. Linear growth rateificreases with the increasing height and theedesing
width while dominant mode n decreases whenincreases. Therefore, we increasg and T,
pedestal heights by 10%. After constructing théisequilibrium with n,, T, and V, in JOREK,
neoclassical coefficients from Ref [31] are caltedand results are shown figure 4(a) E,
satisfying Eq. (9) is found by evolving only n=0gponent fort = 20007,. The poloidal flow profiles
from the resultingE,. and the distribution ofV}, are given inFigure. 4(b) and (¢)respectively.
Through this process, a self-consistent kinetidldxjiwm with plasma flow based on experimentaladat
is reproduced. The modeling of PBM and RMP apgheain this work is based on this kinetic

equilibrium.

We used normalized parameters based on the expeahuata k) = 2 X 103, v, =2x 1077, and
v =2X 10~°. Here, for numerical reasons, 40 times largestieftly (7, = 2 X 10~7) and two times

smaller 7;c(= 3 x 1073) are used, which is the main limitation of thisdstu

[l PBM simulation without RMP effect
In order to study the ELM suppression by RMP, #égsential to obtain PBM without RMP effect in the

simulation which is consistent with the experimédtta. For this purpose, the linear PBM stabibty
the initial phase is checked. In our reference tifiee (6.45s) where the effect of RMP was minioval
has not yet appeared, the most unstable mode BMfiR the linear phase from ECEI diagnostics was
n = 12. The temperature fluctuation&l, for the n = 12 PBM inside separatrix duridg~60us (=
120t,) are presented iRigure 5 (a) In the measurement, the mode structure was pailpitbtating

in the ion-diamagnetic direction (-z direction &3) with Vg mode,exp~2-9km/s in the lab frame. To
calculate the linear behavior of PBM, a single hamio mode n=12 is launched on the kinetic
equilibrium with a small amplitude at the numericaiise level £10727). Then, the linear phase of
PBM is modeled. Its linear growth ratejg,~0.054. The resultingéT, for n=12 PBM at LFS in the
lab frame correspond tBigure 5 (b) Here, 8T, is taken near the end of the linear phase with
At~55ps (= 110t,). In the figure, the n=12 mode structure rotateth@ion-diamagnetic direction
at aboutVy mode~3.2km/s, which shows good agreement with ECElI measurerrei9km/s).

Notice that, Vg mode IS similar to Vg g(~2.8km/s) at the mode location. In our case, poloidiak B

velocity Vgg = €p - 175 at the pedestal is ion-diamagnetic direction dlarge V,, [32], and therefore

modes rotate in the clockwise direction. This samiiy of Vg 0,4 and Vg g is also consistent with the



previous studies [32, 33].

ELM is a nonlinear MHD phenomenon, and mode cogpbhould be included in the modeling.
Therefore, nonlinear simulation including multi hremics is conducted for the next step. Although
n=12 is the most unstable mode, harmonics of n=8, 8, 10, 12 and 14 are considered due to limits
in the computational resources. The results forperturbed kinetic energWii, = [ p|V, ul?dV /2

of PBM in nonlinear phase are showrtigure 6 Here, n=12 is the fastest growing mode, andtérsn

the nonlinear phase first. Then, other modes inetuch=10 are driven by mode coupling in the
nonlinear phase, and they result in bursty MHD baravith mode crashes. For example, amplitude
of n=10 mode increases during n=12 mode crashn¥® mode starts to crastd0t, after the crash

of the n=12 mode. In the mode crash, nonlinear Mdixstress induces strong shear of the plasma
filaments. As a consequence, heat and particleespelled from the separatrix, resulting in PBM
crashes with large heat flux at SOL [32, 38]. FegG(b) shows the change of density and temperature
pedestal from the simulation. Both pedestals allagsed as PBM crashes occur. For example, heights
of density and temperature pedestal decreased Yya2@l 21%, respectively. The stored energy also
decreased byAWgp v sim = 7.1k] in the same time which is closed to the expertalemalue

AWgimEexp = 7(2£2)K] . Since the magnitude of the crash increases witide amplitude in the

nonlinear phase, the ELM size also increases Wifh,. Therefore, largest perturbed kinetic energy

during the nonlinear phasé/y;, mq» IS Used to estimate the size of PBMs or ELMs @nlditer sections.

From these results, we have produced PBMs in tieatiand nonlinear phase which is relevant to the
experimental conditions. Unfortunately, further garison between simulation and experiment is
difficult in this study because of the limits inetimeasurement and the simulation. The comparison

between PBM simulation and experimental data in KIS Ts left as future work.

V. Effects of RMP on the plasma equilibrium
IV-1. Kink-tearing plasma response under RMP

We examined the response of plasma equilibrium @gorfponent) under RMP application. RMP in the
JOREK simulation is treated by a similar approaglnaRef [19]. The vacuum RMP field for a given
configuration is calculated with the ERGOS [34]eldomputed boundary and vacuum flux for the n=2,
Irmp = 4kA, and odd RMP configuration in our modeling is préed inFigure 7 This field is applied

as the boundary conditions on the computationalailorfor the iy perturbation. Here, the vacuum
approximation is used because the boundary of tmepatational domain is far away from the
separatrix. The perturbed boundary condition isigadly established with during00z,. In this way,

the penetration of the magnetic perturbation inésma is produced in the self-consistent process.



Because, plasma response after RMP application is investigated in this section, only n=0 (equilibrium)
and n=2 (RMP) harmonics are included in the modeling. The simulation shows nonlinear plasma
response including change of both n=0 and n=2 components When RMP is established, the plasma
perturbations are observed. The perturbed poloidal flux (Figure 8(a)), density (Figure 8(b)) and
temperature (Figure 8(c)) are presented. As RMP penetrates the plasma, n=2 perturbations with m=9~14
occur in the edge region. The larger perturbations of temperature and density are observed at the X-
point. In order to identify this response, the linear displacement §);;, is calculated from Ref [23], and
this mode has an edge localized structure as shown in Figure 9 with kink-peeling mode (KPM) [22-24,
39] characteristics. Notice that, the n=2 mode is linearly stable in our case, and we can say that RMP
nonlinearly drives the n=2 KPM. This result is consistent with the previous studies where peeling-like
mode was observed in the response under RMP [40-42]. Interestingly, perturbed radial E X B flow is
generated at the edge region due to KPM. It results in n=0 conductive flux [« in the radial direction.
The distribution of Igyg driven by KPM can be found in Figure 8(d). Large [gyxg layer exists at
Yy = 0.98~1.0 and is widely distributed over all poloidal angle. It has largest value at the X-point
which agrees with the mode structure of KPM. This widely distributed Igyp increases radial transport

in the pedestal. The formation of convection flux is also consistent to similar numerical study [44, 44].

In addition to the KPM-like plasma response, the magnetic island can be formed due to RMP field
penetration. However, the plasma shielding current that suppresses the field penetration can occur, and
it reduces the island size. This shielding effect is the result of the plasma flow and the low resistivity of
core plasma [14-20]. RMP cannot penetrate the plasma when plasma has zero resistivity or infinite
rotation [45, 46]. The calculated field penetration is given in Figure 10. Fourier decomposed perturbed
poloidal flux (Figure 10(a)), and plasma current (Figure 10(b)) is plotted on the poloidal mode number
versus Yy space. The field penetration is almost blocked on the rational surface (red line) due to the
formation of shielding current at each resonant surface. Therefore, only small islands remain in the core
region. On the other hand, significant field penetration is observed in the edge region. Since plasma
resistivity is relatively large in this region, the perturbed current cannot entirely shield the external field
[17]. Also, zero-perpendicular electron flow V, , = 0 layer exists near the rational surface at Yy =
0.95 which corresponds to the pedestal top in our case. Due to V, , = 0 layer, the external field can
fully penetrate in this region [15, 18-20] and generate large magnetic islands. Furthermore, the magnetic
perturbation is amplified by the poloidal coupling with kink component, and KPM enhances the field
reconnection at the plasma boundary [24, 47]. Therefore, the large island can remain in the pedestal
region and the stochastic layer occurs with islands overlap. This result can be confirmed in the Poincare

plot (see Figure 11). Here, Oge, is defined as

Z—-7

10
R — Rimag (10)



where R, and Zy,,, is the location of magnetic axis in (R, Z) cooat#s. In the plot, large island
structures at the resonant surfaces (q= 7/2 an)cdh8& the pedestal top are found while island aize
the inner region (g=6/2) is much smaller. Secondsland structure at q=11/4 is also generated. For

0.95 < Yy < 1.0, the stochastic layer exists. This layer can iaseethe radial transport.

In summary, KPM and the magnetic islands occurgasma response under external field perturbation.
These plasma responses generate the convecticstadstic layer in the pedestal region which can

lead to increased radial transport.

IV-2.  Mean profile variation with RMP

Increased radial transport due to kink-tearing sasp to RMP can lead to degradation of the mean
(n=0) pedestal gradient and stabilization of edgdlMmodes. To investigate the variation of mean
profile under RMP, plasma responses (e Iryp < 4kA are calculatedFigure 12(a)shows the
degradation of mean pedestal profiles of density tamperature. As the amplitude of the RMP field
increases, the gradient of botly and T pedestal decreases. For examMe, and VT at the center

of the pedestal/(y, = 0.98) decrease by 58% and 39%, respectivelyipgs = 4kA is applied. Here,
the yellow colored area and the green colored regioresponds to the stochastic layer and theitotat

of convection [g«g) layer at the midplane of LFS, respectively. Therall degradation ok, and T
pedestal appears in the stochastic layer becatise fcreased radial transport. In the convedtger,

on the other hand, the changerip pedestal is significant, but that @f pedestal is small. It shows
that I'gxg Which is driven by KPM has more significant effect particle transport. In our case, 80%
of total radial particle flux at the center of thedestal is due tdg.g. Experimental findings show that
the density pump-out under RMP is highly correlatgith X-point deformation [22, 48]. Since KPM
makes large displacement at the X-point, it may plaimportant role in the density pump-out, which
is consistent with the tendency of experimentatlifigs [21, 39].Figure 12(b)shows more clear
correlation between pedestal degradation and radiadport. It shows, the radial heat and partiabe

at Y, = 0.98 of the LFS midplane start to increase witly;p while the gradients of botlh, and T
pedestals decrease. Therefore, we conclude thaineab pedestal profile is degraded by the plasma

response induced by RMP.

To verify the modeling of RMP, the experimentaladand simulation are compared. Because of the

limitation in the diagnostics, only; and Vy, from CES measurement are mainly considered. The
results are presentedfiigure 13 Inverse gradient lengths of the temperatiif¢ (Figure 13(a) and
the toroidal rotationL;(}, (Figure 13(b) at ¥, = 0.98 are plotted for different RMP coil currents. In

CES measurement (blue circle), bdity}| and |Ly4| decrease with the external field strenglbiy; |



and |Ll‘,}¢,| decrease approximately by 30% and 38%, respegtiasliyyp increases from2kA to

4KA. In the simulation (orange triangled; shows similar behavior with the experiment. Itigar
from -32 to -22 for the same changelig,p. We note the simulation result does not includesfiect

of harmonics with high n (>10) and micro-instal@t on the RMP-driven transport. The assumption
of T; =T, is also used. Therefore, only qualitative agredrhbetween experiment and simulation can
be confirmed. For the toroidal rotation, the dipetecy between the measurement and the simulation is
found. The change im;(}, with Ixmp is small and does not follow the experimental drarhere the

Ve pedestal is degraded with increasihgyp. Disagreement is also found in the line averageitie

f, and the stored energWypup. In the experimenti, decreased by x 10¥m~3 from 3.55 x
10°m~3 and Wyyp is reduced by 8% afyp increases fron2kA to 4kA. However,71, and

Wyuyp decrease by onlys x 107m~3 and 1% in the simulation, respectively.

The discrepancy between experimental and the noedgdsults can be related to several limitations
of the simulation model. First, this study usessimeplified perpendicular diffusion profile and soe
models as already mentioned in Section II-2. Bezdhe model cannot take into account the exact
change of the core plasma transport, degradatitimegblasma confinement with RMP can be smaller.
Also, the profile stiffness has not been fully eefled in the simulation which is the crucial chéegstic

of the core transport. For the better result, aateudiffusion coefficient and the source profiladgon

the experimental data should be considered. Sedabededge transport induced by RMP is also
underestimated. Previous numerical studies revehktdradial transport at the pedestal region could
be increased because of the destabilized micrahiisies [25, 26, 49] and edge localized ballognin
modes [27, 28]. Neoclassical transport [50, 51] meagnetic flutter [52, 53] can be also inducedhwsy t
perturbed magnetic field structure. Besides, wedyabe Braginskii model in the stochastic layerjeth
can underestimate the radial heat flux [54]. Beedhsse effects are not included in this work hibat
and particle flux may be undervalued. As a reshk, pedestal degradation in the modeling can be
smaller than that of the experimental measurenastly, the fixed boundary model is used to calieula
the RMP field penetration. This condition does altiw the modification of the magnetic perturbation
at the boundary. Therefore, it may reduce the f@iglification inside the plasma and modificatidn o
LCFS, which lessen the change of pedestal prdfilhe future work, these limitations in the traosp
and fixed boundary model will be resolved with JBRETARWALL [55], which allows the variation

of the perturbed field at the boundary.



V. Effects of RMP on PBMs
V-1. Suppression of PBM under RMP

In this section, PBMs witm < 14 are included in the simulation to study the eflecRMP induced
plasma response on PBMs. Note tlhat 14 modes are also linearly unstable, and the 12 mode

is most unstable mode. Since the growth rata ef 10 is similar to that ofn = 12 and low n modes
are dominant in the nonlinear phase, it is decideeixcluden > 14 modes to meet the limit of our
computing resource. Also, previous numerical modg|b6] revealed that the n = 2 structure induced
by RMP suppresses the growth of odd modes andemaily modes play dominant role in the nonlinear
phase when RMP is applied. Therefores= 2,4, 6,8,10,12 and 14 modes are considered in our study.

Nevertheless, the main limitation of this studyhiat only a small number of modes are considered

To study the direct effect of RMP on PBMs, we firatculate the evolution of the = 0 and 2 modes
under RMP fort~8007, with the same method described in Section IV. Thes 4, 6,8,10,12 and

14 are added with an initial amplitude imposed Hy ¢oupling with n = 2 to see how PBMs interact
with RMP. The simulation results for the case wifhp of 1kA (Figure 14(a), 2kA (Figure 14(b),

and 4kA (Figure 14(c) are presented. The orange dotted line in therdigndicates the largest
Wkinmax 1N the natural PBM simulation. Fdgyvp = 1kA, PBMs of n=8 and 10 exponentially grow

in the linear phase and show bursty behaviorsrdtmemar phase. When RMP @gyvp = 2KA is applied,
overall mode amplitude during the nonlinear phasagehses by 30%. The dominant mode also changes
to n=4-6. This is due to interactions between n¥FPRiriven mode and PBMs. It is consistent with the
report that the modified field structure inducedRIMP changes the dominant mode number to lower
n [28]. However, there is still considerable modest in the nonlinear phase, and filaments areliexpe
similarly as in the natural PBM case, but with deraamplitudes. Therefore, PBMs are mitigated in
this case. In comparison, PBMs are suppressed lyjils = 4kA. Most unstable mode changes to n=4
and shows only several tiny mode crashes. Themadles are saturated and remain at the same level
without any bursty behavior. Their saturated vakiesimilar to initial amplitude imposed by the
coupling with n = 2. Note that ELMs are suppredgédtie experiment withigyp~3.7KA, which agrees

fairly well with our modeling results.

The effect of RMP on the heat flux at the divedaring ELMs is also investigateBigure 15shows
the modeling of instantaneous ELMy peak heat fix,, on the lower-outer divertor plate during the
mode crashes. In this comparison, the backgroundifl removed. When RMP diyyp = 2KA is
applied, Q,,.x decreases by 28% from that of natural PBM case.lg@p > 2KkA, Qnax Starts to
change drastically and eventually decreases by 80%yup = 4kA where PBMs are suppressed.
BecauseQ,,,x for Ixmp = 4KA is less than 25 % of the background heat fluis itegligible in this

context. Therefore, we can say that suppressid®Bdiis results in significant reduction in heat flux,



and this trend agrees with the experiments [57, 58]

The background heat flux increases by 50% fromréFerence atixpp = 4 KA. It is mainly due to the
increased radial transport from the core to SOLclvhs consistent to experimental trends [58-60].
Although it is not shown here, the striation pattef divertor heat flux is not apparent in our case
tangle structures [19] are not large enough tocatfee heat flux, which is induced by RMP. Detailed
analysis on the effect of tangle structures in dareheat flux of KSTAR will be included in the fue
study. Notice that, there is lack of diagnosticg] the KSTAR divertor configuration is not consieler
accurately in the modeling. As a consequence, di@mparison of simulation with measurement of

divertor heat flux is difficult, and it should bé&sa included in the future work.

In the experiments, the ELMy heat flux during tHeMEmitigation usually smaller [61] than that of
natural ELM which is consistent with above resultlwever, the simulation result shows the
possibility of increased ELMy heat flux during timtigation phase. It is related to the fact thaedior

heat flux depends on not only amplitude of modsltitzut also toroidal mode n of most unstable PBM.
For example, peak ELMy divertor heat flux tendsnicrease as the dominant mode n becomes lower
[62]. Since amplitude and mode n of PBMs decreamal&neously in the ELM mitigation case, non-
monotonic tendency of ELMy heat flux may be foundtie mitigation case. Also, the stochastic field
and tangle structure caused by RMP increase tlegtdivheat flux. However, they cannot be properly
considered in this modeling because accurate sanddiffusion profiles are not included. Further

studies will be required for the improved modelofglivertor heat flux.

V-2. Effect of mode coupling on the ELM suppressio

The crash of PBMs is significantly reduced when RdfiBufficient strength is applied. Suppression of
PBM with the perturbed field can be related to diegraded mean pedestal which is the source of the
instability. It can be also the result of increaseztie coupling of PBMs (n>2) and RMP induced plasma
response (n=2) which has been found in the prexstudies [56, 63]. To find the main factor of mode
suppression, PBM stability is investigated with delpd mean density and temperature profile while
mode coupling of PBMs and RMP is excluded. Thiddee as the simulation with a pressure gradient
and current density modified to the same levelnatheé ELM suppression caskp = 4kA), but
without applying RMPs. As shown Figure 16(a)the linear growth rate of PBM decreases more than
60% for all mode n as compared to the case witipediestal degradation. However, PBM s still
nonlinearly unstable, and significant mode crastuo despite small growth rates. Higure 16(b)
mode saturation is possible only when mode coughnigcluded. It shows that mode coupling has
dominant effect on the ELM suppression of our aagber than reduced destabilizing source with

pedestal degradation.



Evidence of strong mode coupling between PBMs (r&2) RMP (n=2) during the mode suppression
can be found irFigure 14(c) In the early phase, n=4 mode rapidly grows amgthesW,;, = 2 X
1078, Then, n=2 mode induced by RMP starts to increas@jt is followed by a decrease of n=4 mode.
After that, n=2 mode decreases while n=6 modesstargrow, and similar patterns are repeated. There
can be an energy exchanges between PBMs and n=&. rHede, n=2 mode helps PBMs to share
energies among themselves by extracting the erwrthe rapidly growing mode and by spreading it
to others. Because the energies of PBMs are edésilybuted to harmonics, a single mode cannot grow
too large to crash. Therefore, RMP acts to incrdasecouplings between different mode numbers of
PBMs and results in states with saturated or sggpre modes. In this point of view, our result is
consistent with the previous study that bursty modeh disappears when mode couplings between

PBMs are numerically reinforced [64].

V-3. Locking of PBM with RMP

We found that there is a large change in the maif the mode when ELM suppression is achieved in
the modelingFigure 17(apresents the poloidal rotation of the most unstatbde (n>2) for different
RMP coil current.Vg 04 IS the poloidal rotation at the midplane of LF8dat is derived from the
simulation (in Lab frame) during the nonlinear phak the natural PBM case, mode shows very
oscillatory behavior as the result of nonlineaerattion. The oscillation oVy ,,4. decreased overall
for Ixmp = 2KA. For Igyp = 4KA case, modes are initially rotating, but they siaglow down until
they stop rotating at~13007,. They remain nearly static. Unlik& 04, the poloidalE x B
rotation Vg g continues to increase. Although it is not showreh&y ;  at the center of pedestgly =
0.98) changes from—3km/s to -10km/s (ion-diamagnetic direction) akyp increases totkA. It
shows that RMP brakes PBMs and this is a promifeatire that distinguishes ELM suppression from
mitigation. The sudden braking of edge localizeddeafter a transition from ELM mitigation to
suppression was also observed in the experimebisf and numerical study [56]. These modeling
and experimental results may indicate that the EdilMpression regime consists of static saturated
PBMs while they are of rotating in natural or miigd ELMs. Unfortunately, the mechanism of the
mode braking is unclear. Previous numerical stufié}try to explain the mode braking with RMP
induced electromagnetic torque [14]. The reductibperpendicular electron flow is also observed in
our modeling which is consistent with these studidewever, there is no direct evidence and
guantitative explanations for mode braking with RMBuced torque yet. Further study on the PBM

locking will be needed.

To understand the role of mode braking in the Eludsession, we investigate the effectl@fi,oge

on the mode coupling. In our modeling, a singlentanic is described as



£0(R,Z,$) = £(R, Z) cosng + 6,(R, 2)]. ()

In Eq. (11), &,(R,Z) and cosine term catch the poloidal and toroidal variation of mode, respectively.
The mode coupling is affected by their relative spatial position, and it is related to the relative phase
difference AS(= &, — 6,,7). In the previous section, we concluded the suppression of PBM may be the
result of energy exchange of n=2 RMP induced mode and PBMs (n>2). Steady energy transfer between
modes is vital in this respect. However, if A§ keeps changing, energy transfer will be suppressed. For
example, when we consider the momentum equation, nonlinear terms in 0d;u, depends on
cos[8,1 — 8,2] Where n =n,; —n,. Since 0 Wy, for mode n is proportional to u,d;u,, it is also
affected by Ad(= 6,1 — 8,2). In addition, the time scale of A§ is ~1007, comparable to that of
mode fluctuations. Therefore, A§ should remain constant to maintain consistent energy exchange
between modes. It is equivalent to keeping the spatial overlapping of mode structures. Because the RMP
induced n=2 mode is static in space, and Ad only depends on Vg oqe 0f PBMs. Tokeep AS constant,
very small Vg moge 1s needed, and mode locking can be advantageous to ELM suppression. In Figure
17(b), the phase difference (Ad) between n=2 (RMP) and the largest harmonic of PBMs at the midplane
of LFS is presented. During the nonlinear phase, it clearly shows how Vg p,4e affect A§. When
Igmp = 1KA or 2KA. AS shows considerable variation because of the oscillatory Vg ode as already
shown in Figure 17(a). For Ixyp = 4KA (ELM suppression case), however, A§ remains almost
constant (~ — 0.8) with locking of PBMs. Therefore, it can be suggested that PBM locking by RMP

may increase the coupling of RMP and PBMs, resulting in mode suppression.

In the nonlinear phase, Vg mo4e can be expressed as

Vo,mode = Vo g + VonL (12)

where Vp ny, 1s the poloidal mode rotation that is generated by nonlinear interactions including RMP.
Note that when Vjy g increases, more Igyp Will be needed to drive Vy yj, to make Vj poqe vanish.
In other words, locking the PBMs with RMP becomes more difficult with larger Vjg. For our
suggestion to be valid, large Vj g will be disadvantageous to ELM suppression. To test this hypothesis,
the effect of RMP on PBMs with increased Vg is investigated. In this simulation, the n=0 component
of Vg at the center of the pedestal is increased from —3km/s to —15km/s while other conditions
are fixed. The modified radial profile of Vyg at the edge region is shown in Figure 18(a). The
maximum Wyip max 0f PBMs in the nonlinear phase with corresponding Igyvp is presented in Figure
18(b). For the case of modified Vg, mode amplitude remains almost unchanged for the natural and

mitigated PBM cases. At Igyp = 4KA, the suppression of mode is not achieved and locking of PBM



does not occur either. While the pressure gradarthe center of pedestal decreases by 35%, it
decreases by 28% in the case with modifigg; profile. WhenVy i is modified, V, . = 0 layer is
pushed outward frompy = 0.95 to 0.97, and the radial width of a stochastic tageeduced. Thus,
the degradation of the pedestal is relatively sn@llr results showed that mode coupling plays eemor
critical role in ELM suppression than the decreiasine pedestal gradient. Therefore, this resulf ma
show that locking of PBMW 4. — 0) is the main factor for the ELM suppression. Ferthore,
small Vy g(= 0) in the pedestal region will be advantageous im$eof PBM locking, and it might be

related to the importance dfy g =~ 0 in ELM suppression in experiments [67].

Wiin Of N=2 plasma response for applied RMP increasts modified |V9,E|. It is possibly due to
increased radial shear & g which can destabilize the n=2 KPM. As it gets elds the stability limit,
RMP can induce larger plasma response. Similargahenon was found in the numerical study on QH-
mode [68, 69], where KPM (or EHO) was destabilibgdarge ExB shearing rate. Therefoig,r can

also affect the ELM suppression in terms of thepla response induced by RMP.

VI. Conclusion

With nonlinear modeling, we investigated the efigich=2 RMP on the plasma equilibrium and PBMs
in KSTAR. As RMP penetrated plasma, it induced Wie&ring response including KPM and magnetic
islands on the plasma equilibrium. The plasma de#bion and radiaE x B convection flow occurred

at the pedestal. When RMP is applied, most of #tereal field was shielded in the plasma core, but
considerable field penetration was observed aplgmma edge as finite plasma resistivity in thigae
reduced the shielding effect. Als&/, , = 0 at pedestal topyfy = 0.95) strengthened the field
penetration at the rational surface near the paldlest a consequence, the stochastic layer has been
formed in ¥, = 0.95 — 1.0. Radial heat and particle flux increased with ¢hplasma responses and
resulted in the reduced pedestal gradient. Degradaf temperature pedestal showed good qualitative
agreement between the modeling and experimentaltsesiowever, changes in the toroidal rotation
and density pedestal were underestimated in thelafion. More accurate diffusion and source model

will be needed to resolve these discrepancies.

In the modeling of PBMs with RMP showed that suéfit RMP could suppress PBMs. RMP of
Irmp = 2kA mitigated the bursty mode crashes, while the nsaggpression was achieved gyp =

4KkA. ELMs were suppressed witlyp = 3.7kA in the experiment which agrees well with modeling
result. It turned out that the mode coupling betwB&8Ms and n=2 mode induced by RMP is more

important in mode suppression than the mean (ne@egtal degradation. RMP acts to enhance the



coupling between the harmonics of PBM and prevansingle mode from overgrowing. It allows

saturation of modes rather than a mode crash.

The locking of PBM was observed during the modepsegsion. It was the major difference between
mitigation and suppression cases. Similar resutt®walso found in the experiments and the numerical
study, where the ELM suppression regime may haaticstaturated PBMs. We propose a model to
explain the positive effect of PBM locking on thede coupling and suppression. In our explanation,
small Vg moqe OF Vp at the pedestal is advantageous to ELM suppressidhey can enhance the
couplings between PBMs and RMP. It might be reldtethe experimental finding wherég g ~ 0
plays a significant role in ELM suppression. Furtiverk will aim at producing more relevant RMP
modeling to understand the mechanism of ELM sugpwaswhich will propose a reliable ELM-

suppression criterion for ITER.
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Figure 1. Time evolution of (a) plasma current I,,, RMP coil current Igyp, (b) Dy signal, line average
density 7ie, stored energy Wypp, (¢) Hog, poloidal beta B, (d) core temperature of ion Tj, electron
T,, and core toroidal plasma rotation V;,. of KSTAR discharge #18594 are presented.
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Figure 2. Radial profile of (a) safety factor q (blue line) and position of rational surface (red dot) with n=2. (b)
Radial profile electron temperature T, (red line), density n. (blue line) taken in modeling, with a comparison
to the experimental measurements of T, (red dot), density n. (green dot). (¢) Radial profile ion temperature
T; (red line), toroidal rotation velocity Vg (blue line) taken in modeling, with a comparison to the

experimental measurements of T; (red dot), density Vg, (green dot).
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line) at the center of pedestal (i = 0.98) with varying Izymp. The conductive heat flux I,,q and
convective particle flux [y, at the same location are also presented as a comparison.
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Figure 13. Experimental measurement of inverse gradient length of (a) ion temperature L;; and (b)
toroidal plasma rotation L;}p with increasing Ixyp are presented (blue dot). The red line corresponds
to the trend line. Simulation results are plotted as orange triangles in each figure.
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Figure 14. Time evolution of the toroidal harmonics of the kinetic energy n=2-10. Each figure
corresponds to the case of PBM with Ipyp equals to (a) 1kA, (b) 2kA, and (c¢) 4kA. Units are arbitrary
but the normalization is the same in all cases. Here, n=2 mode is the RMP induced modes while all

other modes are intrinsic component.
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Figure 15. Time evolution of the ELMy heat flux at the lower divertor of the LFS. It shows that heat

flux decreases with increasing Igpyp.
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Figure 16. (a) Spectrum of the linear growth rate. Red line and blue line are correspond to growth rate
of PBM for reference equilibrium and for that with degraded pedestal (RMP induced), respectively. (b)
Nonlinear evolution of Wy, of n=10 component for the natural PBM (red line), for PBM with
degraded pedestal (blue line), and for PBM with mode coupling including RMP (orange line).
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Figure 17. a) Time evolution of the poloidal mode rotation Vg 04 during the nonlinear phase. It shows
the Vgmode Of the natural PBM (n=12, green line), PBM with RMP of Igyp = 2KA (n=6, blue line)
and Igmp = 4kA (n=4, red line). (b) Time evolution of the phase difference AS between n=2 RMP

induced mode and most unstable harmonic component of PBMs for Ixyp of 1kA (n=6, green line),
2kA (n=6, blue line), and 4KA (n=4, red line).
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Figure 18. a) Radial profile of E X B poloidal rotation profile at the midplane of LFS. Profile of
reference case (blue line) and modified case (red line) are presented. Here, the orange dotted line
corresponds to position of the pedestal center, and ion-diamagnetic flow is in (-) direction. (b) Largest
kinetic energy of PBMs during its nonlinear phase for various Izyp. The blue dotted line and red stars
are corresponds to the reference and modified case, respectively.





