Comparative investigation of ELM control based on toroidal modelling
of plasma response to RMP fields

Yuegiang Lid-%32, A, Kirk®, Li Li*?, Y. In%, R. Nazikia¥, Youwen Suf, W. Suttro, B.
Lyons’, D. Ryart%!, Shuo Wang, Xu Yang'!, Lina Zhot?!, and the EUROfusion MST1
team?

1 CCFE, Culham Science Centre, Abingdon, OX14 3DB, UK

2 Southwestern Institute of Physics, PO Box 432, Chengdu 61 @Hiha

3 Department of Earth and Space Science, Chalmers Universifgahnology, SE-412 96
Gothenburg, Sweden

4 Donghua University, Shanghai, China

5 National Fusion Research Institute, KSTAR Research Centefl489Korea

6 Princeton Plasma Physics Laboratory, Princeton UniwerBi© Box 451, Princeton, NJ
08543-0451, USA

7 Institute of Plasma Physics, Chinese Academy of ScienceB®Q1126, Hefei 230031,
China

8 Max Planck Institute for Plasma Physics, Garching, Germany

9 General Atomics, PO Box 85608, San Diego, CA 92186-5608, USA

10 Department of Physics, University of York, Heslington, KoyYO10 5DD, UK

11 Dalian University of Technology, Dalian 116024, China

12 See http://www.euro-fusionscipub.org/mst1

aE-mail: yuegiang.liu@ukaea.uk
bE-mail: lili8068@dhu.edu.cn

Abstract. Extensive modelling efforts of the plasma response to the resonant magestichation
(RMP) fields, utilized for controlling the edge localized mode (ELM), help taiidg the edge-peeling
response as a key factor, which correlates to the observed ELM mitigatsavénal tokamak devices
including MAST, ASDEX Upgrade, EAST and HL-2A. The recently obseredge safety factor win-
dow for ELM mitigation in HL-2A experiments is explained in terms of the edgdipgeesponse.
The computed plasma response, based on toroidal single fluid resisthagptaodel with different
assumption of toroidal flows, is found generally larger in ELM supprssses as compared to that
of the ELM mitigated cases, in ASDEX Upgrade and DIII-D. The plasmaigigajin particular the
plasma triangularity, contributes to the enhanced plasma response. Bhapiegsdoes not appear to
be the sole factor - other factors such as the (higher) pedestal pressi/or current can also lead to
increased edge-peeling response.

1 Introduction

Resonant magnetic perturbation (RMP), or sometimes simfdyresl to as magnetic pertur-
bation (MP), has been experimentally established as anegifficray of controlling the large
(type-I) edge localized mode (ELM) in H-mode tokamak plasma fact, full suppression of
type-1 ELM, under ITER relevant (low) collisionality cortiins, has been reported on several
present-day devices including DIII-D [1], KSTAR [2], EASB][and ASDEX Upgrade [4].



Even in devices where ELM suppression has so far not beepwathithe ELM bursting fre-
guency is significantly increased with reduced amplitudebpest. This is referred to as ELM
mitigation, which is still of significant benefit in terms @ducing the peak heat flux load on
the plasma facing components. ELM mitigation (but not sappion) has been achieved in
JET [5], MAST [6], and very recently in HL-2A.

Extensive modelling efforts have been devoted to undedssanal to interpret ELM control
experiments. Most of the modelling work has been carriedfoutndividual devices, for
example MAST [7], DIII-D [8, 9], ASDEX Upgrade [10, 11, 12, LEAST [14], as well as
for ITER [7, 15, 16, 17]. These activities were also reportececent review articles [18, 19].

In this work, we report some of the recent multi-machine, pamative modelling results on
the ELM control experiments utilizing the RMP fields. More sifieally, we focus on the
toroidal computation of the plasma response to RMP fields. plaema response, either in
terms of the perturbed magnetic field or the plasma displacgroften allows direct compar-
ison with experimental measurements and consequenthtitatare validation of the compu-
tational models [20, 21]. In turn, the plasma response cavige, at the macroscopic level,
guidance for optimization of the coil configuration in orderachieve the best ELM control
in experiments. No less importantly, the plasma responsgatations also help to under-
stand the RMP field penetration physics, and the associatédipand momentum transport
[22, 23]. Finally, the computed plasma response field canalbgable input data for further
studies, such as the (enhanced) energetic particle lossdas @D RMP fields, and the result-
ing divertor-wall heat loads [24].

Previous study has revealed that there are essentiallyypes tof plasma response to the
applied RMP fields. One is the the so called core-kink respaase the other is the edge-
peeling response [7]. The difference is that the plasmalatisment is strongly localised

near the plasma edge - in the pedestal region - with the edegkng type of response, and
is often associated with a dominant single poloidal harcem terms of the radial plasma
displacement. The core-kink response, on the contraryalmsch more global structure in

terms of the internal plasma displacement. The correspgrubloidal spectrum of the radial

displacement is also more rich.

It has been the computational observation that the core4idaponse normally results in a
large plasma surface displacement near the outboard rmrepdimilar to the ballooning mode
structure, though in this case with rather low toroidal madenbers 1 is typically equal to
1,2,3). On the other hand, the edge-peeling response is af®ciated with a large plasma
displacement near the X-point. For a resistive plasma resgdhe amplitude of the resonant
radial magnetic field components near the plasma edge isalad to be a good measure for
the edge-peeling type of plasma response.

From the practical point of view, perhaps the most usefulltas the correlation between
the computed edge-peeling response and the observed ELigatiuh by the RMP fields
in experiments. Such a correlation has previously beenraatan the modelling of several
tokamak devices [7, 8, 25, 4, 13], and will be further confidnby the new results presented
in this work. The role of the edge-peeling response in ELMpsagsion is less exploited in
previous work, and is therefore one of the focusing pointhis study.

The next Section briefly introduces the computational mdtat we use in this study to obtain



the plasma response in toroidal geometry. Section 3 preseatmulti-machine modelling
results for the ELM mitigation experiments, followed by tB&M suppression modelling
reported in Section 4. Section 5 summarizes the computdtresults and Section 6 draws
conclusion.

2 Computational plasma response model

The majority of the results reported in this study are oladiby the MARS-F code [26], which
solves linearized, single fluid MHD equations in toroidabgeetry. The detailed formulation
for solving the RMP problem was described in Ref. [27], withiiddal comments on certain
specific points being also discussed in a recent work [11].

For the completeness of information, below we list the eiquatthat are solved by MARS-F

i(Qrvp+NQ)E = v+ (- 0Q)RG, 1)
ip(Qrvp+NQ)V = —Op+jxB+JIxb—p[2QZ x v+ (v-OQ)RY)

— K| [kyVeni| v+ (€ - D) Vo], (2)

i(Qrvp+NQ)b = Ox (vxB)+(b-0Q)Rep—Ox (nj), (3)

i(Qrmp+NnQ)p = —v-OP-TPO-v, 4)

j = 0Oxb, (5)

whereRis the plasma major radiu@pxhe unit vector along the geometric toroidal angte the
torus,Z the unit vector in the vertical direction in the poloidal pda Qrmp is the excitation
frequency of the RMP field, which is zero for a dc coil currentis the toroidal harmonic
number. For a linear response of axi-symmetric equilibve@need to consider only a singie
perturbation each time. The full plasma response frommiffen’s can in principle be linearly
superposed, if needed. The plasma resistivity is denotayl Byhe Spitzer resistivity model

is used in this work. The variabl€sv, b, |, p represent the plasma displacement, perturbed
velocity, magnetic field, current, and pressure, respelgtivi he equilibrium plasma density,
field, current, and pressure are denotedpb,J, P, respectively." = 5/3 is the ratio of
specific heats for ideal gas.

The last term in Eq. (2) describes the effect of parallel slowave damping, witlk being a
numerical coefficient determining the damping “strengtk’.= (n—my/q)/Ris the parallel
wave number, witim being the poloidal harmonic number amteing the safety factovp; =
/2T /M; is the thermal ion velocity, witfi;, M; being the thermal ion temperature and mass,
respectively. The parallel component of the perturbedorlas taken along the equilibrium
field line. In this work, we assume = 1.5, corresponding to a strong sound wave damping.
Influence of the sound wave damping model (strong versus ek been systematically
investigated in Ref. [11].

The RMP field is generated by the source curiegi flowing in the RMP coils
Oxb=jrmp, 0O-jrmp=0. (6)

Note that MARS-F consistently solves the combined MHD equatiin the plasma region,
the vacuum equations for the perturbed field.e. curl- and divergence free conditions fir
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outside the plasma, as well as the above coil equation (6)easdurce term. The perturbed
magnetic fieldb is thus defined as a global quantity across the plasma-vacoimegions.
In other words, thé field defined in MHD equations as well as in Eq. (6) is producgthle
currents both in the plasma (the perturbed plasma curradtjrethe RMP coils.

The two key physics terms in our model, that are directlysaié¢ to the plasma response to the
RMP fields, are the toroidal flow frequen€yand the plasma resistivity. The former leads
to the screening of the applied vacuum field (more precisey@sonant components), whilst
the latter allows certain penetration of the field. Withie finear theory, the superposition
of the resistive plasma response field and the 2D equilibfialt yields magnetic islands of
finite size, as a result of “forced reconnection”.

Within the single fluid theory, the plasma flow is naturallggented by the thermal ion flai.
However, since the major effect of the flow is the field shieddin the RMP plasma response
problem, we shall also consider another flow model, name&yetjuilibriumE x B flow, with
the rotation frequency d2g«g, in this work. In other words, in some of the study reported
below (Section 4), we shall repla€efrom the above MHD equations ye.g, and compare
the plasma response with these two different flow modelsfefift flow models certainly
correspond to different MHD physics. However, the mathérahstructure corresponding
to the field screening, which is reflected in the Ohm’s law, esyvsimilar [28]. We also
mention that, within the two-fluid theory, the electron flowthe direction perpendicular to the
magnetic field line has been shown to be crucial for the regdreld screening [29, 30, 31].
This flow model is beyond the physics capability of our préesermulation, and is thus not
considered here.

Despite the relative simplicity of the formulation, thedar single fluid model has been shown
to be quantitatively adequate in many cases, in particatahk RMP problem associated with
the ELM control, when the modelling results are comparedh wie experimental measure-
ments [20, 21].

3 Modelling ELM mitigation experiments

ELM mitigation has been achieved in several machines, tictuMAST [6, 32], ASDEX
Upgrade [33], JET [5] and recently in EAST [3] and HL-2A. Emxstve MARS-F modelling
has been performed for MAST [7], ASDEX Upgrade [10, 11, 12id &AST [14]. All the
modelling results, in comparison with the correspondingegxnental observations, so far
point to the important role played by the edge-peeling raspdor achieving the best ELM
mitigation [19]. The edge-peeling response, which was ftshtified in modelling of the
JET experiments [34], is found to be closely correlated ® phonounced plasma surface
displacement near the X-point. On the contrary, the othee tyf the plasma response - the
core-kink response - often causes large plasma displa¢er@anthe outboard mid-plane, due
to the ballooning effect. In the modelling of the MAST ELM mgition experiments, we
found that the ratio of the plasma displacement near the iXtpo that at the outboard mid-
plane serves as a good indicator for the density pump-oatreed in experiments, for both L-
mode and H-mode plasmas. In H-mode plasmas, achieving Eltlgation without causing
the mode locking or the H-to-L back transition requires filisplacement ratio exceeding



certain critical value (about 1.7 for MAST plasmas). In otisords, the best strategy for
ELM mitigation appears to be maximizing the edge-peelirgpomse and at the same time
minimizing the core-kink response.

For the purpose of avoiding confusion with terminology, wietly explain here the meaning
of the edge-peeling response, which has been discusseckirakef previous studies. This is
one type of kink response, which causes the plasma disptademainly near the edge, and is
thus sometimes also referred to as the “edge-kink” respiorigeratures. The structure of the
perturbation is similar to that of the peeling mode insiahiith the latter being (normally the
low-n) part of the spectrum of the peeling-ballooing mode whidhésinitial MHD instability
associated with type-1 ELMs. The difference is that the ipgeimode normally refers to
an unstable eigenmode, whilst the edge-peeling respofes te part of the stable plasma
response to the RMP fields. The toroidal spectrum of the ppdlalooning mode eventually
depends on the plasma equilibrium, whilst the edge-peetsgonse always has the same
toroidal spectrum as that of the applied vacuum RMP field.

In ASDEX Upgrade plasmas using time= 2 RMP coil configurations, the plasma flow is
often partially damped during the ELM mitigated phase, bithewut directly causing mode
locking. Extensive modelling efforts, performed for diaopes with the conventional plasma
shape (low upper triangularity), again reveal the imparéaof the edge-peeling response. In
particular, the fluid model predicted optimal coil phasititat maximizes the edge-peeling
response, agrees well with the best achievable ELM mitigaitn experiments [33]. This
is confirmed by MARS-F [10, 11, 12], NEMEC [4] as well as JOREK][&8mputations. In
particular, systematic scans with varying edge safetpfdt®, 37] as well as plasma pressure
[37] yield simple analytic fitting formulas for the optimabit phasing, with varying plasma
conditions.

ELM mitigation has also been achieved in EAST with the- 2 RMP fields. The computa-
tional study, reported in Ref. [14], again reveals the imgatrtole played by the edge-peeling
response. More specifically, both coil phasing+®#0° and —90° were considered in experi-
ments. Thet-90° phase, though introducing much larger resonant field coeysrcompared
to the —9(° phase, has very weak effect on the ELM behavior. F8£° coil phasing is
computationally shown to cause large edge-peeling regpansl experimentally strong ELM
mitigation.

In the following, we shall report the MARS-F modelling resuibr the recent ELM mitigation
experiments in HL-2A. HL-2A is a medium-sized tokamak witle imajor radius oRy=1.65
m and the typical plasma minor radius of about 37 cm. 2ZELM control coil system has
recently been installed. There are two rows of coils (upperlawer, respectively) as shown
in Fig. 1, with each consisting of 2 coils along the toroidadie @, spanning about 11%4n o,
and being separated from each other by°liap.

This coil system generates multiple toroidal RMP field congds. By supplying the coll
currents flowing in the opposite direction in each row, asxpegiments, field components
with odd n numbers are created. In HL-2A discharge 29676, which we usais work for
the modelling purpose, the supplied coil current is 4.5 kiAn. analytic estimate shows that
the corresponding coil currents for toroidal componaents1,3,5,7 are 284 A, 280 A, 373
A, 262 A, respectively. The amplitude of the first few tordidamponents of the coil currents
is comparable, as expected.
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Figure 1: The location and size of the ELM control coils in BB; shown (a) on the poloidal

plane together with the plasma boundary shape for discl2®@é6 at 820ms, and (b) ina 3D
view in blue and red.

However, when the generated RMP fields reach the plasma,gben@nt) field components
with highern become significantly weaker, due to the fact that the highemdm (mis the
poloidal number) components decay faster in the vacuum.r@dting resonant radial field
amplitude, at the corresponding rational surface closkd@tasma boundary, is compared in
Fig. 2. Here, the amplitude of the radial field component,gachm andn, is defined as a
dimensionless quantity

1
R3Bo
whereBy is the vacuum toroidal magnetic field strength at the majdiuseRy (Bp=1.37 Tesla
in HL-2A discharge 29676y the perturbed magnetic field due to RMPthe equilibrium
poloidal flux function, andeq the equilibrium field. The toroidal harmonic is calculatesing
the geometric toroidal angkg, whilst the poloidal harmonic is calculated using a PER&-li
definition for the poloidal anglg, which yields a Jacobian being proportional to the square of

major radiusR?. These choices of toroidal and poloidal angles result iraigit-field-line
flux coordinate system.

b- Oy
Beq- L@

1 _
bres -

(7)

’
mn

Figure 2 compareb} for n = 1,3,5,7 toroidal components. For eaohcomparison is also
made between the applied vacuum RMP field (dashed lines) anoth perturbed field in-
cluding the plasma response (solid lines). Moreover, inenral modelling, for each, we
perform full scans of the coil current phasing angle between the upper and lower rows,
from -18® to +18C. In experiments, with only two coils per row, the only possithoice for
the coil phasing is either even parif@= 0) or odd parity A= £18C). In all ELM control
experiments carried out so far in HL-2A, only odd parity cgafation has been considered.

Comparing the resonant vacuum field components betweed, 3,5, 7, we find the ratio of
the peak values (among all coil phasihg) is about 169:64:8:1, indicating that the largest role
in ELM control is still played by then = 1 field component in HL-2A, despite a very small
coverage of the toroidal angle by the RMP coils. The 3 field component, being 3 times
smaller than the@ = 1 component, may also plays some role.

Inclusion of the plasma response changes the poloidalrspect the RMP field. As a con-
sequence, the dependencebff on the coil phasing\ also changes. In particular, the peak
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Figure 2: The computed amplitude of the last resonant réididlcomponent, for the vacuum
RMP field (dashed lines) and the total response field incluthegplasma response (solid
lines), for the (an=1, (b)n=3, (c)n=>5, and (d)n = 7 field components in HL-2A, with
artificial variation of the coil phasingg between the upper and lower rows. The experimental
coil phasing corresponds fp = 18C.

amplitude ofbl, is reached at different coil phasing, between the vacuurd éietl the total
response field. Defining the coil phasing that maximizggas the “optimal” coil phasing,
we find 6@ shift in the optimal phasing between the total response éiettlthe vacuum field,
for the dominann = 1 component. This 60phase shift is close to what has been found for
ASDEX Upgrade plasmas [10, 11, 12] as well.

More interestingly, thél,value from then = 1 plasma response peaks\gi= 18, i.e. with
the odd parity coil configuration, indicating that the expemtal choice of the coil configu-
ration is already optimal. The other possible choice of thie @onfiguration in experiments
- the even parity - should yield the least effect on ELMs, aditm to the modelling results
shown here.

As has been shown in the previous MARS-F modeling for MAST BA$DEX Upgrade
[10, 11, 12] and EAST [14], ELM mitigation is closely corrédd to the edge-peeling re-
sponse, which often manifests itself as pronounced plassmadement near the X-point
[19]. We examine here these aspects for the HL-2A case, eghlts summarized in Figs. 3
and 4, where we again scan the coil phagiwgg Figure 3 compares the amplitude of the core-



kink component (dashed lines) versus the edge-peeling aoemt (solid lines) of the plasma
response, for the = 1,3,5,7 RMP fields, respectively. The amplitude of the core-kink re-
sponse is defined as the maximum value of all poloidal Folmaemonics of the computed
plasma radial displacemef&t,,(Wp)| = |€ - 0S|y, in the range of the normalized equilibrium
poloidal flux 0< Yp = s < 0.5 (i.e. in the plasma core region). The amplitude of the edge-
peeling response is defined as the maximum amplitude of the s@antity in the range of
0.8 < Yp <1 (i.e. in the plasma edge regions). Although these defirst@re not unique,
previous modelling experience shows that this choice vegltesents the core-kink and the
edge-peeling components of the plasma response.

Two key observations can be made from Fig. 3. First, the phasmial displacement quickly
decreases with the toroidal mode number. In particularfferedge-peeling amplitude, the
peak values (along) follow a ratio of 196:33:2:1, fon=1,3,5,7. This is generally con-
sistent with the resonant radial field amplitude ratio shawfig. 2, again confirming the
dominant role played by the= 1 RMP field component for the ELM control in HL-2A. The
second observation is that, for the= 1 harmonic, the edge-peeling amplitude reaches the
maximum value af\@ ~ 18(° - another indication that the odd parity coil configuratien i
close to the optimum for the ELM control in HL-2A. It is alsa@mesting to note that the core-
kink amplitude also reaches maximum with the odd parity coiifiguration, for this HL-2A
plasma.

Closely related to the edge-peeling (core-kink) resporssthe plasma surface displacement
near the X-point (the outboard mid-plane). This is indeedficmed by the computed coil
phasing scan results as shown in Fig. 4. Héres |- Os|/|Og| is the amplitude of the
normal displacement of the plasma surface. The correlasigrarticularly evident for the
dominant toroidal componenits= 1 and 3. Less correlation is observed ffioe 5 and 7. But
the amplitude of the plasma displacement is very smalhter5 and 7. The good correlation
between the edge-peeling response and the plasma disjglaceear the X-point, fon= 1, 3,
also means that the odd parity coil configuration causesattyest X-point displacement in
these HL-2A plasmas.

The amplitude of the plasma normal displacement is alsdgalan the poloidal plane in
Fig. 5, and compared between the= 1 and then = 3 toroidal components, assuming the
odd parity coil configuration. Besides the obvious diffeeentthe overall magnitude of the
displacement, the pattern is somewhat different. In paergcthen = 1 normal displacement
strongly peaks near the X-point, whilst the= 3 displacement is pronounced both near the
X-point and in the low field side region of the torus. The coneldl effect is still largely the X-
point displacement peaking with the odd parity coils, whebbuld be in favour of maximizing
the control effects on the ELMs in experiments.

Finally, and perhaps most interestingly, is a direct congparbetween experiments and mod-
elling for HL-2A, as shown by Fig. 6. Here, we present in Figa)6the experimentally
measured ELM frequency for a series of RMP discharges, wheredge safety factaps is
varied. The ELM frequency is normalized by that from the RMPd@scharges. In the range
of gos below 3.5, no ELM mitigation is achieved in HL-2A (with oddngs coil configura-
tion). However, clear ELM mitigation is achieved imggs window with ggs value above 3.6,
with more than doubling of the ELM frequency in certain cases

In the MARS-F modelling results shown in Fig. 6(b), we vayps by scanning the total
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plasma current, based on the plasma equilibrium from theKIdischarge 29676 at 820 ms.
We find that, roughly in the santgs window where the ELM mitigation has been observed in
experiments, the ratigyx /v of the computed plasma surface displacement near the X;poin
to that of the outboard mid-plane, is maximized. This is gatVely the same correlation
we found for the MAST plasmas [7]. On the other hand, we ndheg the correlation is not
perfect, between the ELM mitigation window obtained in expents (Fig. 6(a)) and that
from the modelling (Fig. 6(b)). In particular, the modegjipredicts a mitigation window
which is slightly shifted towards the lower range @fs. This may be partially due to the
way the plasma equilibria are scanned in MARS-F, where orgyttiial plasma current is
varied, whithout modifying other equilibrium quantitiesch as the current profile and the
plasma pressure. In experiments, these quantities mayreemyshots to shots. Nevertheless,
these MARS-F modelling results for HL-2A, though still nopresenting an exhausted study,
already confirm the role of the edge-peeling response in thé Bitigation, that we have
previously found in other devices.
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Table 1: Basic equilibrium parameters of the modelled ASDEXtdde (discharge numbers
30835 and 33133) and DIII-D (discharge number 164277) pdasm

| Shot# [ Time(ms)] Ro(m) [ Bo(T) [ [p(MA) [ Bn [ do [ dos | Qo/wa(%) |
30835 3200 1.724| 1.705| 0.773 | 2.148| 0.811| 3.760| 2.299
33133 3000 1.701| 1.756| 0.854 | 2.064| 1.129| 3.782| 4.551
164277 2500 1.670| 1.907| 1.587 | 1.665| 1.157| 3.640| 5.081

4 Modelling ELM suppression experiments

So far most of our modelling efforts have been devoted to thé Enitigation experiments.
Work has just been started to compute the plasma responEeKbsuppressed experiments.
In particular, understanding the physics difference betwiae ELM mitigation and suppres-
sion is still at the initial stage, with some of the resultsaged below for ASDEX Upgrade,
DIlI-D, and KSTAR.

Before doing so, we briefly mention the previous modellinge$ for the ELM suppression
experiments in DIII-D [25] and EAST [14]. Despite the possiprofound difference between
the mitigation and suppression physics, both studiedatiid that the edge-peeling response
is an important indicator for the the ELM suppression. Irtipatar, a systematic coil phasing
scan for the EAST plasma confirms that the best coil phasingdioieving the ELM suppres-
sion is the one that causes the strongest edge-peelingsesfist].

In the following, we report a comparative analysis of thespla response computed by
MARS-F, for both ELM mitigation and suppression dischargEsll ELM suppression has
recently been achieved in ASDEX Upgrade under low pedestiigionality conditions (with
effective electron collisionality at the pedestal ig < 0.4) [4]. This was possible, however,
only with the increased plasma shaping. More specificdliyais found that increasing the
upper triangularity helps to obtain the ELM suppressiorthinconventional, low upper trian-
gularity plasmas, only ELM mitigation was achieved, evethwhe optimal ELM control coill
configurations [33]. It is therefore important to understanom the plasma response point of
view, whether (and how) a stronger plasma shaping helpdiiewsethe ELM suppression.

For this purpose, we select three plasmas from three ELMa@log®periments - two from AS-
DEX Upgrade and one from DIII-D. These three plasmas, withdéguilibrium parameters
listed in Table 1, differ significantly in the plasma shaping particular the upper triangu-
larity as shown in Fig. 7(a). The conventional low triangitfaASDEX Upgrade plasma,
represented by discharge 30835, has upper trianguldsity: 0.05 and lower triangularity
oL = 0.43. The high triangularity ASDEX Upgrade shape, repregstbtedischarge 33133,
hasdy = 0.23 andd_. = 0.42. Finally, the DIII-D discharge 164277 has ITER similanph
(ISS), withdy = 0.34 andd. = 0.65. We note that these three equilibria have similar edge
safety factor, ofjgs ~ 3.7. The pedestal pressure is significantly higher in DIlI-Baotiiarge
164277, as shown in Fig. 7(b). The pedestal pressure in ASDpgtade discharge 33133 is
slightly higher than that of 30835.

In experiments, ELM mitigation is achieved in dischargesilsir to ASDEX Upgrade 30835,
using the n=2 RMP fields produced by 5 kAt coil currents ifi 86il phasing, which is close
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Figure 7: Comparison of (a) the plasma boundary shapes anBlLtllecontrol coils loca-
tion between the ASDEX Upgrade discharge 30835 (with ELMgatton) and 33133 (ELM
suppression), and the DIII-D discharge 164277 (ELM suppoes, and (b) the equilibrium
pressure profiles near the plasma edge (covering the pedkggtan) among three discharges.
The equilibria are reconstructed within an inter-ELM pdrauring the ELM mitigated phase

for the ASDEX Upgrade discharge 30835, and during the ELMpsegsed phase for ASDEX
Upgrade 33133 and DIII-D 164277.

to the optimal coil phasing as judged by the edge-peelingomese criterion [11, 12]. Using the
same coil configuration, however, ELM suppression is adudéw ASDEX Upgrade discharge
33133, as shown by Fig. 8 using the same coil phasing and 6.BkKe coil currents. Indeed,
both the divertor current (a) and the the divertor heat fljpn{easurements show a full ELM
suppression in the time window of 2.75-3.15 s, at a fixed duélging of 96 (d). The plasma

pedestal density decreases (density pump out) after thecatogn of the RMP fields, but

remains nearly constant during the ELM suppression phas®I1Il-D discharge 164277, a

4.5 kAt coil current, with the n=3 even parity configuratissufficient to suppress the type-I
ELM.

In this work, we shall compute and compare the plasma regpforsthe aforementioned
three equilibria, using the corresponding coil configunagi as in experiments. A key input
parameter for the plasma response computation is the plasmaWithin the single fluid
model in MARS-F, we shall test two toroidal flow models. Onehie tluid flow model (i.e.
the bulk thermal ion flow), with the toroidal angular rotatisequency oK. the other is the
E x B flow, with the angular frequency @g.g. These two rotation frequencies, for each of
the three plasmas, are compared in the plasma edge regian i@. it is evident that the fluid
and thek x B flow profiles are qualitatively different in these plasmamsparticular, thée x B
flow speed reverses sign in the pedestal top region, in aktdischarges. This may affect
the flow screening of the applied RMP fields. And this is alsortfa@n motivation for us to
consider these two different flow models in this study.

Figure 10 compares the MARS-F computed plasma responseanis td the resonant radial
field componenbl,, between three discharges with different plasma shapssynaing the
fluid flow model (a) and th& x B flow model (b), respectively. The fluid flow model does
not distinguish between the ASDEX Upgrade low triangwecdse (ELM mitigation) and the
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Figure 8: Time traces for the ELM suppressed discharge 38133DEX Upgrade, for (a)

the divertor current (the outer divertor thermoelectriorent), (b) the pedestal density, (c) the
divertor peak heat flux, and (d) the coil current phasing (8Qhis case).
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Figure 10: Comparison of the computed plasma response,nstef amplitude of the res-
onant radial field components near the plasma edge, amoeg tischarges with different
plasma shaping: the ASDEX Upgrade discharges 30835 and333i8 DIII-D discharge
164277. Computations are performed assuming (a) the fluidioatfrequency?, and (b) the
E x B rotation frequencf2e«g, in the single fluid plasma response model.

DIII-D ISS case (ELM suppression) in termsigf. On the other hand, the fluid flow model
yields a strondol.. response for the high triangularity ASDEX Upgrade discka3§133, at
the rational surfacg = m/n = 8/2 (neary, = 0.96). This is largely due to the fact that the
fluid rotation frequency nearly vanishes near this rati@uaface, as shown in Fig. 9(b). [We
note that the fluid flow also nearly vanishes in discharge 3@&3shown in Fig. 9(a), but not
near a rational surface (in fact between 7/2 and 8/2 surfates does not yield an amplified
response of the resonant field harmonic.]

Assuming theE x B flow model, Fig. 10(b) shows that tH#,. response near the plasma
edge (in the pedestal region) is generally stronger in thd BEuppressed cases (both ASDEX
Upgrade and DIII-D), than that in the ELM mitigation case (25X Upgrade 30835). It
remains, however, to clarify whether this larger responeectly comes from the difference
in the plasma shaping. This will be examined later on in theskw

The other figure of merit, that can be used to measure the plasaponse, is the plasma
surface displacement [19]. The plasma surface displacemas functions of the poloidal
angle, are plotted and compared in Fig. 11 for the two ASDEXdde equilibria with low
and high upper triangularity shaping. Since the displacgn®a dimensional quantity, it
is reasonable to perform the comparison within the samecdevhgain both the fluid flow
and theE x B flow models are considered, with results reported in Figs.(adland (b),
respectively. A general observation is that the RMP fieldsigedarger plasma displacements
in the ASDEX Upgrade plasma with stronger shaping. In paldic with theE x B flow,
the plasma displacement near the X-point is significantigdawith the high-triangularity
shaping, where the ELM suppression has been achieved imiggregs, as compared to the
low triangularity shaping, where only ELM mitigation hassipeobtained.

We have also performed plasma response computations usittgakinetic hybrid formu-
lation (the MARS-K model [35]), where the precessional deéftonance of both bulk thermal
ions and electrons are taken into account. The drift kimegponse from thermal particles is
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Figure 11: Comparison of the computed plasma surface displent amplitude along the
poloidal angle, between the ELM mitigated case (30835) hadstppressed case (33133) in
ASDEX Upgrade. Computations are performed assuming (a) diceribtation frequency?,
and (b) theE x B rotation frequency2g.g, in the single fluid plasma response model. The
outboard midplane corresponds to the poloidal angle of aboand the X-point about -100
degrees.

found to be almost identical to what have been shown in Fi@sarid 11, indicating that the
kinetic effect is weak in these modelled plasmas, in termb®plasma response.

The stronger plasma response for the ELM suppressed cagbNBDEX Upgrade and DIII-
D), as shown in Figs. 10 and 11, may be contributed from skfaatrs. One obvious candi-
date is the plasma shaping. In order to better quantify #utof, we choose one equilibrium as
the basis - in this study the one from ASDEX Upgrade 30835 @0312s - and gradually vary
the plasma shape while keeping the other radial profilesg§pre, current density, toroidal
flow) unchanged. We introduce a parametric shaping

Sa) = (1-0a)(1—20)Sz0g3s+ 40 (1 — 0)Sz3133+ 0 (20 — 1)S164277 (8)

whereSzpgzsandSz3pzzare the plasma boundary shapes from the ASDEX Upgrade digha
30835 and 33133, respectively, as shown in Fig. Rau2771S the plasma shape from DIII-D
discharge 164277 as shown in Fig 7(a), but with the plasmamradius shrunk to match
that of the ASDEX Upgrade plasmas. The new sh&jog is then introduced with a shaping
factora, such that ati = 0,0.5 and 1, the shape8pg3s S33133 and Sie4277 are recovered,
respectively. Figure 12(a) shows eleven examples of thenmashapes, corresponding to
a=0,0.1,02,...,1.

It is not possible to obtain self-consistent toroidal euih with the variation of the plasma
shape alone. In this study, we allow the total plasma cut@nrary, but keeping the edge
safety factor the same as that of base equilibrium from ASREpgrade discharge 30825,
i.e. we keemgs = 3.760 while performing the shaping scan. The resulting plasoreent
variation, as a function of the shaping factgris shown in Fig. 12(b).

Figures 13 and 14 report the main results of the MARS-F conappl@sma response, from
the aforementioned shaping scan. There is a certain tremti@gasing the plasma response
near theq = m/n = 8/2 surface ¢p ~ 0.97 in Fig. 13(b)), but the effect is moderate. We
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Figure 12: (a) A systematic variation of the plasma boundaigpe, introduced by a scaling
parametelr and covering those of ASDEX Upgrade discharges 30885 Q) and 33133
(a = 0.5), as well as the “shrunk” version of the DIII-D discharge4287 @ = 1). The
equilibrium radial profiles for the pressure and the (swefageraged) toroidal current density
is fixed, being the same as that from ASDEX Upgrade disch&0835. With fixed toroidal
field and fixedqgs value during the shaping scan, the self-consistently coatbequilibrium
solutions result in varying total plasma current plottedah

should note that, by assuming the same amount of plasmantumrtne RMP coils, the vac-
uum resonant field amplitude generally decreases with &sang plasma shaping. Therefore
the “effective” increase of the plasma response would nger with shaping, if we were
matching the vacuum field component instead of the RMP curréhé same holds for the
plasma surface displacement (Fig. 14), which does not skgmifisant change with shaping,
by fixing the RMP coil current. Using different flow models (ttheid versus theéE x B flow
models in Figs. 14 (a) and (b), respectively) do not changetmclusion here.

The above study thus confirms that the plasma shape vareboe cannot explain the larger
plasma response computed for the ELM suppressed cases. tAdrefactors, such as the
plasma (pedestal) pressure and current density, may ayoapiole. It is known from the

previous studies that the plasma kink response increagbspwéssure [36, 37] or parallel
edge current [38].

Work has also recently been initiated for modelling the ELYpression experiments in
KSTAR. KSTAR is so far the only device that can be used to stidyELM control with
a coil system that is similar to the ITER design (i.e. three@sof in-vessel coils). Figure
15 shows a typical plasma shape in KSTAR, together with the RMIRyeometry [39]. Be-
cause there are three rows of coils located at the low fielel sidhe torus, KSTAR, as well
as ITER, has more flexibility in choosing the poloidal spectrf the applied field, by tuning
the relative coil phasing between three rows.

One example is shown in Fig. 16, where we fix the toroidal phleof the middle row
coil currents, and independently vary the coil current phfas the upper V) and lower
(®4) rows. The computations are performed assumingithe2 coil configuration, as in the
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Figure 14: The variation of the computed plasma surfacdatispnent amplitude, along the
poloidal angle, with varying plasma boundary shape as showiy. 12. The plasma response
is computed assuming (a) the fluid rotation model, and (bJEtkeB rotation model.

19



=)

0.5 1 15 25 3 35

2
R [m]

Figure 15: The ELM control coil geometry in KSTAR, plotted (&) blue) together with the
plasma boundary shape (based on discharge 11341 at 7s)SiiRKdouble-wall vacuum
vessel (n black), and the two sets (upper and lower, in regpe$ive stabilizing plates, and
(b) in a 3D view.

KSTAR discharge 11341. The modelled plasma has the on-afas/dactorgy = 1.05 and the
edge safety factaggs = 3.64. The normalized plasma pressur@is= 2.50. The computed
plasma response, quantified in terms of the magnetic isladthwear the plasma edge, the
plasma displacement near the X-point, the net electrontagioeque inside the plasma, is
shown by Figs. 16(b),(c),(d), respectively. A clear optimwfdY — dM ~ pL — oM ~ 18,

is predicted, that yields the largest plasma response agnshy Figs. 16(b) and (c). This
essentially corresponds to the odd parity configuratiowéeh the middle-row and off-middle
rows of coils. Interestingly, both figures of merit - the reant radial field amplitude (b) and
the plasma X-point displacement (c) - yield the same optinfanthe coil phasing. The
vacuum field (a) yields a different optimum. On the other hdhd optimal coil phasing, that
maximizes the plasma response, also leads to large (noardpest though) electromagnetic
torque that can potentially brake the plasma flow. Therefareeality, the best choice of the
coil phasing may have to be a compromise between maximiheglasma response on one
hand, and minimizing the flow damping from the other hand.

We mention that direct comparison of the above modellingltesvith KSTAR experiments,
as well as systematic modelling of the KSTAR ELM suppressxperiments with more rel-
evant plasma equilibria, remains to be a future work.
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Figure 16: The computed (a) vacuum island width near thenpdasdge, (b) island width
including resistive plasma response, (c) the plasma sidasplacement near the X-point, and
(d) the net electromagnetic torque inside the plasma, wiaitging the relative coil phasing
between the upper and lower rows of coils in KSTAR, with resped¢he middle row. All
three rows of coils are assumed to be intthe 2 configuration, with the coil current of 1 kAt.
Computations are based on the KSTAR equilibrium from disphdn 341 at 7s.
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Table 2: Applicability of the edge-peeling criterion to ELddntrol experiments. Symbol/”
indicates successful application so far (with referencbsrey applicable), for the scanned
parameters listed in the Table.

Device | Ryo[m] | Ry/a | #Rowsx n Scanned | Mitigation Suppressiorn

#Coils n parameters

MAST | 09 | 1.7 | 6+12 | 3(1,2,4,6) A®,qes V7]

ASDEX | 1.7 3.3 2x8 2(1,3,4) | Ad,qes,Bn | 4/ [10, 11,12, 4,13] /
Upgrade

DII-D | 1.65 | 2.8 | 2x6 3(1,2) | A®, 005 Y

EAST | 1.85 | 4.3 | 2x8 12,4 | A V [14] V3, 14]
JET | 29 | 31| 1x4 1,2 | Bn,Gos V [34]

KSTAR | 1.8 | 3.7 | 3x4 12 | AD

HL-2A | 1.65 | 4.4 2x2 1,3,5,.. | AD,qos v

5 Onthe role of edge-peeling plasma response

Extensive multi-machine modelling efforts on the ELM métigpn, as well as so far limited
efforts on the ELM suppression, all point to the importarie rplayed by the edge-peeling
plasma response. The applicability of the edge-peelirtgrasn to multiple devices is sum-
marized in Table 2, where the basic machine parameters aildlae coil configuration in
each machine are also listed and compared. Various panaseates - mostly the coil phasing
A® and the edge safety factgss scans - have been performed for a given device. As a pe-
culiar point, we note that MAST had 6 coils in the upper rowg 42 coils in the lower row,
which allows the RMP spectrum up to= 6, using the lower row alone.

We emphasize that such a comparative cross-machine igagsti, though valuable in iden-
tifying the key plasma response metric for ELM control, i sofficient in understanding

the ELM suppression physics. More study, probably with eckd plasma models beyond
macroscopic MHD, may be essential to identify the key phg/differences between the ELM
mitigation and suppression.

6 Conclusion and discussion

Quantitative toroidal modelling of the plasma responsenfaiti-machine ELM control ex-
periments, utilizing RMP fields, leads to a reasonable salittkusion, that the edge-peeling
plasma response plays a significant role in ELM mitigationdirect toroidal computations,
the edge-peeling response often manifests itself as aresgaant radial field component near
the plasma edge, or a strong plasma surface displacemarthee&point point in a divertor
plasma. A more close analysis reveals that the large X-gliépiacement is a sufficient but
not a necessary condition when the edge-peeling respodsaisiant - a more general condi-
tion is the weak equilibrium poloidal field along certain @dlal angle of the plasma surface
[19]. The edge-peeling response criterion is particuladgful in providing guidance for op-
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timization of the RMP coil phasing, as has been demonstratddAST, ASDEX Upgrade,
and EAST in previous work, and in the detailed modelling far=2A in this study. Extensive
modeling has also shown that the optimal coil phasing dependhe plasma conditions, in
particular on the edgg~value Qgs) as well as the plasma pressure.

To achieve better ELM mitigation, while maximizing the edgeeling response is essential,
minimizing the core-kink response may also be importanvtadaundesired side effects (such
as core flow damping or H-to-L back transition) on the plaskwa.plasma-coil configurations
where both the edge-peeling and the core-kink responseecaimultaneously large, the best
strategy seems to be maximizing the ratio of the plasma Xtgoithe outboard mid-plane
displacement. This is so far the case for MAST and HL-2A pksnin fact, this displacement
ratio serves as a good indicator of the experimentally oleseELM mitigation window in
Jos in HL-2A, as shown in this study. On the other hand, the retaietween the fluid model
predicted X-point displacement and the lobe structuresmiesl in experiments [40, 41], near
the X-point, needs further investigation.

The edge-peeling response criterion also helps to idethtébest coil phasing for ELM sup-
pression, as shown by the modeling results in EAST and DIIMDre validation work, how-
ever, is needed for further confirmation, e.g. for ASDEX Ujalr and KSTAR plasmas.

It is, however, a more subtle issue to distinguish ELM miiga and suppression from the
modelling point of view, based on the macroscopic plasmparse. Attempts made in this
study, for the ASDEX Upgrade and DIII-D plasmas, show thatglasma response is gener-
ally stronger for the ELM suppressed cases, as comparedtoftthe ELM mitigated cases.

This is partially related to the (stronger) plasma shapiBgt the other plasma conditions,
such as the (higher) pedestal pressure and/or currenttylemsiy also play a role. In real

experiments, these factors are often coupled, and perlcaps @ synergistic manner to help
achieving ELM suppression.

The macroscopic plasma response, based on linear fluid ¢eflind), ideal or resistive MHD
models, helps to capture some of the physics associatedhvatBELM control, but certainly
cannot answer all the questions. In particular, it is noaiclehether these kind of models
can fully identify the ELM suppression physics. The role afge magnetic islands near the
pedestal top [42] on the field screening need to be furthersiiyated, based on either im-
proved linear MHD models, non-linear models, or even knetiodels. The drift kinetic
effect from bulk thermal particles, however, has been fonadk in modifying the plasma re-
sponse, for the ASDEX Upgrade and DIII-D plasmas consideréiis work. Other physics
mechanisms such as turbulence, that helps to enhance testplansport during the ELM
suppression, may also need to be considered in the future.

Another important question, which has so far not been syatieally addressed in the plasma
response based modelling, is the (minimal) RMP current reqent, in order to achieve
the desired ELM control. This is a critical issue for ITER &od any other future devices
where ELM control is required. A semi-empirical approacbmbining the experimental
observations with the computed plasma response, may hefetdify such requirements.
First principle based approaches, as it appears, are stilsufficiently mature to directly
address this question, but efforts should certainly be téeMoere.
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