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Abstract

Frequency locking of edge localized modes (ELMs)hi vertical plasma movements
induced by magnetic perturbations first demonstr&teT CV was successfully repeated
in ASDEX Upgrade. However, the ELMs are triggeredASDEX Upgrade when the
plasma is moving down towards the X-point with asequent decrease of the plasma
current density in the edge region, contrary to phevious observation on TCV in
which ELMs were triggered when the edge currerihgseased by an upward plasma
movement. This opposite behaviour observed in tagmatic triggering of ELMs has
been investigated by using a free-boundary tokasiraklator, DINA-CH. The passive
stabilization loops (PSLs) located inside the vawcuuessel of ASDEX Upgrade
produce similar external linking flux changes togb generated by the G-coil sets in
TCV for opposite vertical plasma movements. Therfdoth plasmas experience
similar local flux surface expansions near the ugpeoil set and PSL when the ELMs
are triggered. In ASDEX Upgrade, however, the lizeal expansion of the plasma flux
surfaces near the upper PSL is observed with thieatjshrinkage of the plasma column
accompanied by the downward plasma movement.

1. Introduction

The high confinement mode (H-mode) observed in ntakgmak plasmas is characterized by a
pedestal region in which the plasma density andp&sature profiles have strong radial
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gradients. While in the standard/baseline scengressure gradients in the core are limited by
micro-turbulent effects leading to profile stiffiseshe pedestal pressure gradient is increased by
a spontaneous formation of edge transport barriexsulting in the localization of large
bootstrap currents in the edge region. Howeversegheontinuous increases of the pressure
gradient and the bootstrap current make the plasiga susceptible to MHD instabilities. The
onset of unstable MHD modes breaks the edge trangporiers and causes the plasma to
release its stored energy and particles rapidlya ifew milliseconds. This fast repetitive
regulation of the plasma energy and particle b&arme known as edge localized modes (ELMSs)
and various types of ELMs has beeéantified in many tokamaks [1].

The ELMs although degrading the plasma confinement, haweesbeneficial influences
which allow a quasi-stationary tokamak operatioangerous disruptive behaviour, such as an
uncontrollable rise of plasma density or an accatiuh of impurities in the plasma interior, is
avoided with repetitive ELMs. This aspect made ITEdhsider an ELMy H-mode as its
baseline operation. However, type-l ELMs anticipatieiring the main heating phase of ITER
will produce unacceptably large heat loads on tasma facing components, if the present
scaling laws arextrapolated to ITER.

Although alternatives tthe large type-1 ELMs, such as grassy type-ll EL&l mixed
type-l and type-Il ELMs, are being studied, thdlf Bave very narrow operational windows [2-
3]. Substantial progress has been made in the studyntrolling the ELM frequency which is
found to be inversely proportional to the heat Ipad ELM. Pellet injection into the pedestal
region in ASDEX Upgrade [4], ergodization of magadield in DIII-D [5] and magnetic
triggering of ELMs in TCV [6] were successful in thfying and controlling the ELM
frequency. In particular, the magnetic triggering ELMs is relatively easy to apply in a
vertically elongated plasma, without the need gf arditional systems.

In the TCV experiments, a pre-programmed voltagéupeation was injected on the G-coil
sets located inside the vacuum vessel for the ecibntrol of the vertical instability [6]. The
induced vertical plasma movements locked the EL&dudency to the magnetic perturbation by
delaying and/or triggeringLMs. Similar experiments repeated in ASDEX Upgragidorcing
the plasma to move vertically following an imposeterence waveform [7]. Both experiments
were successful in triggering ELMs and controllitlge ELM frequency. Howeveran
unexpected and so far unexplainggposite behaviour was identified. In ASDEX, ELM® a
triggered when the plasma is moving down towards Xhpoint with a decrease of plasma
current density in the edge region, contrary to Ti&/ experiments in which ELMs were
triggered when the plasma movedwiph an increase of edge current denssiyice the divertor
current has the same sign as the plasma curreliging their separation causes an increase of
the flux linking to the plasma, and vice versa. sThinking flux is compensated by an
inductively driven current at the plasma surfacacWwhhas an opposite sign to the plasma
current. Moving towards the X-point therefore alwagreates a negative induction by Lenz’s
law. In this paper, the sign of the plasma curisrassumed to be positive for both tokamak
plasmas.

This paper focuses on understanding this opposte\iour observed in the magnetic
triggering of ELMs and the possible physics reasoelsind it. The geometries of TCV and
ASDEX Upgrade used in the DINA-CH are shown in fgd, including the separatrices of the
plasmas studied in these simulations. Free-bounidatyires which have previously received
little attention, such as plasma shape deformatiom,investigated using the DINA-CH free-
boundary tokamak simulator [8]. Analysis of the Kdmallooning modes (toroidal mode
numbersn up to 60) possibly involved in ELM destabilizatigprovided by the KINX ideal
MHD stability code [9].
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In section 2 of this paper, the magnetic triggeraigELMs is simulated for TCV and
ASDEX Upgrade. These simulations are compared Gtige 3, to examine possible causes of
the observed opposite behaviour. Driving radialspla movements as another possible
techniqgue of magnetic ELM triggering is studiedsiaction 4. A discussion is presented in
section 5.

2. Simulating the magnetic triggering of ELM s
2.1. Scope of the ssimulations

Our major concern in this paper is to look for gille mechanisms behind the opposite
behaviour observed in the magnetic triggering oMELin two tokamaks. This paper does not
model the ELMs themselves. The approach takenignpgéper is simply to look for changes
provoked by the magnetic perturbations which mighisonably be considered as candidates for
influencing the ELM triggering conditions.

ELMs are not simulated in detail for two principasons. First, the cyclic ELM process is
not yet completely understood. The onset condit@nELMs and the transport processes of
heat and particles across the pedestal regionhstde major uncertainties. Second, temporal
variations of the pedestal current and pressurlggaluring the ELM cycle can non-linearly
interact with injected magnetic perturbations. Tihizeases the complexity in the system being
modelled and makes it very difficult to distinguiste influences contributed by the magnetic
perturbations.

Including realistic pedestal profiles in the simidas was found not to beritical for
investigating the dynamic plasma response, if tlodad plasma parameters, such as the total
plasma current, internal inductance and poloidasmpla beta, are prescribed to be close to the
values measured in the experiments. For convenigheeplasma density and temperature
profiles are assumed to beonotonicfrom the plasma core to the separatix. The absehee
detailed description of the pedestal region andréselting underestimated pressure gradient
and bootstrap current in the edge region does igpiifisantly change the free-boundary
features of the plasma responsglsis was verified by a free-boundary simulation eldy a
different code with differently designed pedestabfies, which led to similar qualitative
plasma responses [10].

2.2. Magnetic triggering of ELMsin TCV

TCV discharge #20333 originally reported in detaifeference [6] is chosen to investigate the
magnetic triggering of ELMs in TCVThis discharge, in which the plasma is in a sikmglé
lower configuration (SNL) with a magnetic centreiftgd upward from the mid-plane
(Zmag~02m), shows successful ELM frequency locking to thetival plasma movement
induced by magnetic perturbations. In the simutatad this dischargemonotonic plasma
density and temperature profiles representing #ipid-mode core plasmas in TCV are
prescribed as shown in figure 2. Transport of leat particles is not modelled. The free-
boundary plasma evolution is self-consistently gialied with the currents in the poloidal field
coils and surrounding conductisgstems using the DINA-Ckbkamak simulator.

The plasma responses observedhia experiment [6have been successfully reproduced.
The voltage applied to the G-coil setgs() is perturbed by a short and strong signal input
(Vpert)- The perturbed current § ) flowing in G-coil sets induces a vertical plasmavement
(Azandv, ) andresults in a variation of the plasma current in ¢dge region 4l ¢44c Which is
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an integrated plasma current outsjdg, > 095) as shown in figure 3The plasma experiences
repetitive vertical excursions of its magnetic cer(iz,,4) of a few millimetres in response to
G-caoil current fluctuations of abot kAThe magnetic axis and the plasma centroid caled|
taking the plasma current distribution into accowfiow very similar responses. In the
experiment, ELMs are triggered when the plasma mhoup at the end of magnetic
perturbations.

The increase of edge current density resulting fpmsitively induced currents due to an
upward plasma movement away from the X-point wagirally proposed as a candidate
mechanism which triggers ELMs [6]. This was furtleenphasized by experiments in a single
null upper configuration (SNU), in which ELMs weteggered with downward plasma
movements away from the X-point which again indpositive currents in the edge region.
Besides the vertical plasma motion sweeping thélaypn asymmetric vacuum field, there is
another direct source of curreAtnet change of external flux linking the plasnmesulting from
the proximity of the plasma column to one or otbkthe two G-coil sets, can drive current in
the edge regiormhese drive a surface loop voltagg,; as given in reference [6] by

d d - -
Vsun‘ = _Ew/ext) = _E<I/’ext> _<u DD‘/’ext) :VsClIJI;fect +Vsrl?r?tlonal (1)

where, /s the external poloidal flux and the brackets espnt averaging over the last closed
flux surface. However, the voltage directly driienthe external source considering no plasma
motion,VS‘ﬂ{feCt, is relatively small and has the opposite sigrthie voltage induced by the
vertical plasma motion sweeping the vacuum figldS"°"a For example, if plasma is in a
SNL configuration close to the upper G-coil sewimich current flows in the opposite direction
to the plasma current, the plasma moves down apiebaghes the X-point, as the current in the
G-coil sets is increased. This plasma movementcesliuinegative currents in the edge region,
while the net surface loop voltage drives a positourrent compensating the decrease of
external linking flux fromthe upper G-coil set to the plasma.

The perturbed edge current shoimrfigure 3 is approximately proportional to thelacity
of the vertical plasma movement, again indicathngt the current driven by the net surface loop
voltage is relatively small. An additional simutati in which a vertical displacement event
(VDE) was triggered by a pulsed magnetic pertudmtnd an immediate disabling of the
control system is shown in figure 4. The edge curexolution is clearly related to the velocity
of the vertical plasma motion in the absence détasnrface loop voltage.

2.3. Magnetic triggering of ELMs in ASDEX Upgrade

The magnetic triggering of ELMs demonstrated finsTCV was repeated in ASDEX Upgrade
[7]. Instead of injecting the short and strong pslsnto the coil systems, a reference vertical
plasma position including a sinusoidal wavefornpiie-programmed in the feedback control
system to produce the magnetic perturbations. ASDIp¥rade discharge #18343 showing the
ELM frequency locking tahe vertical plasma motion [1§ choserfor a free-boundary tokamak
simulation. The plasma density and temperatureilpsofre prescribed wittnonotonic shapes
as shown in figure 5The choice of the temperature profile is made dutive initialization of a
simulation and is constrained to have a similapsh® the data points. The assumed profiles
show some deviations from the data points, sineeitiitial temperature profile has to be
consistent with the measured plasma pressure ghrgy) and the assumed density profile.
Simulated plasma responses are shown in figureh®. pfe-programmed reference input
(zf) to the feedback control system generates curiantise active control coils (Colo and
Colu) for the control of the vertical plasma pasiti(z,,4). Eddy currents are induced in the
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vacuum vessel and passive stabilization loops (P$&®n and pslun), in response to the
controlled coil currents and plasma movements. Vidration of the plasma current in the edge
region (Al ¢qqe) is @gain a mixture of motionalf) and direct induction contributions (equation
(1)). g5 and lg5 represent the edge currents integrated outgige>0  arBbp,,, > 095,
respectively. The times the plasma is moved updamweh are indicated by green and red dashed
lines, respectively.

The controlled vertical plasma position respondth i larger phase delay with respect to
the reference waveform in the simulatior8f+2 ) than as observed ihe experiment [7{~= ).
However key components representing the dynamgnpdaresponse, such as the magnitude of
the vertical excursionz,,,4~+0.7 cinand its velocity ¢, ~+3 m/§, are reproduced similar
to the observations in the experiment. The pea&#/shn the velocity of the vertical movement
originate from a large mesh size used in deterrgitiie plasma centre. The edge currdgit),
is perturbed mainly by vertical plasma motion, destlifrom the similarity of their evolutions.
However, comparing the edge currentg; and lg5, we see that the phase difference with
respect to the plasma motion varies with the irstegn range. When the plasma is moving
down, the edge plasma current is reduced by negtimduced currents, and vice versa. In
spite of the complexity of the simulated systenis thatches well with the observations in the
experiments.

The peak to peak variation &l o44¢(~7 kA) is considerably lower than the swing (~D-
kA) shown in figure 4 of reference 7. This diffecencan be attributed to the lower edge
temperature used in the simulation (see figureThe edge current variation is significantly
reduced by the resulting lower plasma conductigityl is further reduced by a slightly lower
surface voltage induced by a smaller vertical mametmThe lower edge temperature and the
absence of pedestal-like edge profiles also redheeaverage edge current. Although the
absolute value appears to be quite far from theerx@nt, the normalized edge current
variation with respect to the average edge curnehtch defines the relative strength of the
edge current perturbation, is similar for the siatioln and the experiment.

3. Comparing thetwo cases of magnetic triggering of ELMs

The type of ELM observed in the magnetic triggeregeriments in TCV has recently been
identified as type-Ill [11], whereas type-l ELMseanbserved during non-triggering phases in
ASDEX Upgrade. This implies that the magnetic pddtions injected into TCV and ASDEX
Upgrade discharges might be triggering ELMs inadéht ways. Different ELM types imply
different plasma sensitivities to the dynamic clemngf physical quantities such as the edge
pressure gradient and plasma current density. ppesite behaviour observed in the magnetic
triggering of ELMs might then require different éapations However, this issue is beyond our
current modelling capability which does not yet giate the ELMs themselves and therefore
can not differentiate between different ELM types.

In the occurrence of natural ELMs, the pedestasquree gradient spontaneously increases
with a build-up of bootstrap current, until readhia threshold value, and then it decreases
quickly releasing the plasma particles and storeztgy. This threshold behaviour is generally
believed to be caused by destabilising MHD moddh tie increase of pressure gradient and
current density in the edge region. If the edgessuees gradient and/or the edge current density
arelis significantly perturbed externally, the edgability and therefore the ELM cycle would
clearly be modified. This can eithdelay or triggerELMs, leading to synchronization of the
ELMs to the perturbation.

3.1. Perturbed plasma current density in the edge region
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The evolution of the simulated plasma current dgrisi the edge region is shown in figures
7(a) and 8(a), respectively for TCV and ASDEX UppaA significant feature is observed in
the evolution of the plasma current density. Whea plasma current densitg reduced by
negatively induced currents at the plasma bounddrg, plasma current density at inner
magnetic flux surfaces is increased, and vice vdrsdoth plasmasthe depth of the skin
currentcalculated with a given edge temperature is coalparwith the distance between the
magnetic flux surface op,,, = 0.8nd the plasma boundary. This is the range in lwthe
edge current perturbations are observed. The mudi€usion time calculated with this scale
length is less than the period of the magneticupeation in both plasmas. Therefore, the
perturbed current penetrating the edge region #hdadial diffusion across flux surfaces
produces a complicated pattefthe edge current fluctuation.

Edge current density profilgdotted on the radial grid are given in figure )7énd 8(c) at
the moments marked in figure 7(b) and 8(b), respelgt They clearly show the inverted
perturbations. The edge currents integrated outgjge> 095 are normalized with averaged
unperturbed edge plasma currents and plotted umdi@(b) and 8(b). The min/max variation of
the normalized edge current in TCV is about 0.6n(fl0.7 to 1.2), while it is about 0.25 (from
0.9 to 1.15)n ASDEX Upgrade.

The large perturbatiom edge current observed in TCV plasma is mainlg tb its faster
vertical plasma movement@0 n)/sin ASDEX Upgrade, although the speed of theivait
plasma movement{3 myjds relatively low, it produces a large perturbatidue to its higher
edge temperature. However, triggered ELMs in th®BX experiments are observed when the
edge current is reduced by negatively induced otsré\lthough there is a controversy over the
destabilising effect of the edge current gradiectease, the edge current reduction generally
has a strong stabilising effedtherefore, a simple explanation based on the dighecinduced
edge current perturbatiois inadequate to explain both the magnetic triggeonf ELMs in
ASDEX Upgrade and the observed opposite ELM behavietween two plasmas. In ASDEX
Upgrade, we should therefore explore the possibiiat ELMs might be being triggered by
another perturbed physical quantity.

3.2. Perturbed local plasma pressure gradient in the edge region

The response of plasma to the magnetic perturbativionly induces a plasma motion but also
produces a deformation of the plasma shape. Ther legsults in the perturbation of local
plasma pressure gradient in the edge region asrshovigure 9. Assuming a non-variant
pressure difference between two neighbouring magflak surfaces, the variation of the local
pressure gradient is calculated from the flux siefeeparation along the poloidal angle. This is
given by

Aldp/ar|,) X%
dp/dr|9 X |e

(2)

where, x, and x are the distances between two neighbouring magrietx surfaces at the
beginning and at the end of an upward or downwartdcal movement.

The variations are less than 10% of the unpertudbestaged value. In both TCV and
ASDEX Upgrade, an increase of local pressure gnadge produced by a downward plasma
movement. In a SNL configuration, both plasmas siménking when they are moving down
closer to the X-point, and vice versa. Therefoldoaigh the increase of local pressure gradient
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is destabilising the edge stability in ASDEX Upggad can not be an answer for the observed
opposite ELM behaviour between two plasmas. Ini@adgr, the upward movement associated
with the magnetic triggering of ELMs in TCV redudé® local pressure gradient in the edge
region.

3.3. Flux surface deformation and its pattern in the edge region

An interesting feature is observed in the deforamabf the plasma shape in ASDEX Upgrade.
The plasma experiences a localized expansion gfdiufaces near the upper PSL during its
downward movement. In TCV, a similar flux surfacga&nsion near the upper G-coil set is
produced with an upward movement. These are comparégure 10. The PSLs located inside
the vacuum vessel of ASDEX Upgrade plays a simde to that of the G-coil sets in TCV due
to their proximity to the plasma boundary. Positadgly currents are induced in the upper PSL,
as a result of the downward plasma movement arattdinduction by currents in active and
passive conducting structures. They create a lmdhiexpansion of flux surfaces near the upper
PSL compared with the overall shrinkage of plasnwduran. Both plasma movements
generating a localized expansion of flux surfacgsyard in TCV and downward in ASDEX
Upgrade, trigger ELMs in the experiments. The ofipgdasma movement, downward in TCV
and upward in ASDEX Upgrade, creates localizednglage of flux surfaces as shown in figure
11. In these figures, the deformation of the plafimasurfaces is calculated by using a moving
frame in which the origin is fixed to the magnetentre of plasma. The arrows, magnified 20
times for visibility, represent the deformationtbe last closed flux surface. The increase and
decrease of the external linking fluxes are shawred and blue, respectively.

The responses of plasma shape parameters to theetitagerturbations are shown in figure
12. The red dashed lines indicate the times ELM<gréggeredn the experiments [6-7]. In both
plasmasthe plasma elongation is slightly delayed witkpect to the vertical plasma movement
and the size of the elongation perturbations is tkan 1%. The plasma triangularities respond
promptly and exhibit a few percent variation. Thegebal parameters do not reveal any
additional clue for the opposite behaviour obseriedhe magnetic triggering of ELMSs.
However, a stability study on the ASDEX Upgradespias, including the separatrices, showed
that the increase of the plasma squareness iothédld side (LFS) and upper half plane of the
poloidal cross section has a tendency to destalitie plasma edge [10]. This tendency matches
well with the localized expansion of flux surfacesar the upper PSL during the downward
plasma movement in ASDEX Upgrade.

Although the localized expansion of flux surfacéserved both in the simulation of TCV
and ASDEX Upgrade plasmas provides a new clueridertstanding the magnetic triggering of
ELMs, the shape deformation in TCV plasmas is net glearly understood. DINA-
CH/SPIDER simulations dedicated to the study ofeedtability of TCV plasma during the
magnetic triggering of ELMs [12] show that the plessquareness in the LSF and upper half
plane of the poloidal cross section decreasestla tiuring the upward plasma movement
resulting in a small stabilising effect.

4. M agnetic perturbation with radial plasma movementsin ASDEX Upgrade

The effect of the plasma shape deformation is inyat®d further by minimising fluctuations in
the edge plasma currents. Instead of inducing ticaéplasma motion, radial motion is induced
to produce a different type of magnetic perturbaién the simulation of ASDEX Upgrade
discharge #18343. To avoid saturation of the inmoltages to the active coils, the amplitude of
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the reference waveform modulation is reduced td&lé of that used to control the vertical
plasma position.

The plasma shape is easily deformed by a radiahpgamovement due to the eddy currents
induced in the PSLs and vacuum vessel as showigunef 13. The deformation of the plasma
shape shows a weak change in squareness in theah&Supper half plane. The plasma
elongation is the dominant parameter linked toplaema shape deformation.

The deformation of the plasma boundary during galtand radial plasma movements is
compared in figure 14. The deformation patternshwiite radial movement (poloidal mode
number,m= 2 are simpler than those with the vertical moven{ent 3) and the area of the
plasma column is changed less, compared to theofasgtical plasma movement. In particular,
the strongly localized expansion of flux surfacamie upper PSL against the shrinkage of the
plasma column is observed only with the downwawkipla movement, as indicated by blue
circles.

The experiments reported in ASDEX Upgrade showetd the plasma shape deformation
produced by radial plasma movement does not triggevls [13] and this observation is
supported by a stability analysis with the KINX edgd 4]. The detailed analysis of the plasma
boundary curvature perturbation shows similar ckarfgr vertical and radial movement in the
LFS and upper half plane. However, there is a iiffee affecting the edge stability in ASDEX
Upgrade. The plasma boundary curvature in LFS aneil half plane is increased only when
the plasma column size is reduced by the downwash@m movement.

5. Discussion

The experimental evidence for ELM triggering frol@M and ASDEX Upgrade is clear, and
subsequently confirmed on JET [15]. The originaplaration by TCV was an inductive
increase in the edge current due to the plasma mewveaway from the divertor current. The
observations on ASDEX Upgrade and JET confirmed tthe original prediction that the effect
would become clearer on larger plasmas with higligre temperatures was correct. However,
the change in sign of the edge current density ghamdicated that the simplicity of the original
TCV explanation is probably inadequate. In thisgrawe have explored the physics of this
phenomenon with two advanced codes, namely a fyraadary evolution code, DINA-CH, and
a free boundary stability code including the sepiaraKINX. The qualitative observations
obtained with current modelling capability are suanized in table 1.

The preceding discussions on the various effeatsstigated have not clearly defined a
unique mechanism for destabilising the ELMs. Wiiile edge current increase by an upward
vertical movement is the strongest candidate in T@VASDEX Upgrade the onset of ELMs
seems to depend not only on the equilibrium quast$uch as the edge pressure and current
gradients, but also on free-boundary motion andrdedtion. Localized expansion of the flux
surfaces near the upper PSL in ASDEX Upgrade, compwith the overall shrinkage of the
plasma column accompanied by the downward plasmsement, shows a tendency to
destabilize the plasma edge in the KINX stabilitalgsis. The perturbation induced by a radial
plasma movement, such as a strong elongation chaegms not sufficient to trigger ELMs by
itself.

The explorations conducted in this paper have Uinder the difficulty in attributing a
complex phenomenon to a single effect, since feingle given cause, namely fast stimulation
of an equilibrium change, all potentially relevanechanisms are excited, namely changes to
the spatial pressure and current gradients, tedige current density (averaged and local), to the
boundary shape, to the plasma column size andst@asition. Since all these effects are

8
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demonstrably linked to MHD instability, there is vaorrying possibility of erroneously
attributing causality in the presence of all catetl effects. Furthermore, since such fast effects
are intimately linked to the physical constructiohthe passive and active conductors, with
possible 3-D effects not excludable, there is eaestrong possibility that similar plasmas in
different tokamaks might behave differentlynderlining the risk of extrapolatinthe results
from these three experiments to ITER. However, fadwt remains that the phenomenon of
magnetic triggering might offer a control mechanitm ELMs in ITER, with no additional
infrastructure required since internal coils hagerbadded.
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0.5 1 1.5 1 2 3
R [m] R [m]
Figure 1. Definitions of TCV (left) and ASDEX Upgrade (rightised in the DINA-CH free-
boundary tokamak simulations. The poloidal fieldsc¢blue), vacuum vessels (black), limiters
(blue), separatrixes (black dots), flux loops (gre&cles) and magnetic probes (red arrows) are
shown. The G-coil sets are located inside the wacueissel of TCV. The passive stabilization
loops (PSLs), pslon and pslun, and active contdécColo and Colu, are located inside and

outside the vacuum vessel of ASDEX Upgrade, respegt

0 0.2 04 0.6 0.8 1
ptor

Figure 2. Prescribednonotonicelectron temperature (blue solid line) and dengitgd dashed
line) profiles used in the simulation of TCV discfp@a #20333. These profiles are arbitrarily
chosen to represent a typical H-mode TCV plasma.
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Figure 3. Magnetic triggering of ELMs in TCV discharge #20383%imulated. Time traces of
the voltage and current in the G-coil sets, theicar position of the magnetic centre, the
velocity of the vertical movement and the variatiminthe edge currenwhich is integrated
outside p,,, > 0.95 are shown. ELMs are triggered in the expenimvhen the plasma moved up
with a consequent increase of edge current desty dashed). The edge current density is
correspondingly decreased with a downward plasm&ment (green dashed).
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Figure 4. A downward VDE is triggered in TCV discharge #20338wulation. Time traces of
the voltage and current of G-colil, the vertical ipos of magnetic centre, the velocity of the
vertical movement and the variation of thdge currentare shown. The feedback control
systems are disabled for the plasma to continueehical displacement; = @fter the red
dashed line).
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Figure 5. Prescribednonotonicelectron temperature (blue solid line) and dengitg dashed
line) profile used in the simulation of ASDEX Updedischarge # 18343. These profiles are
chosen based on the measured data. Blue circlesedratosses indicate the measured electron
temperature and density, respectively.
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Figure 6. Magnetic triggering of ELMs in ASDEX Upgrade discha #18343 is simulated.
Time traces of the reference and controlled vdrgficaitions, the currents in the fast vertical
position control coils (IColo and IColu), the curte in the PSLs (Ipslon and Ipslun), the
velocity of the vertical plasma movement and theat@mns of edge current densitidgs and
lg5 represent integrated currents outsjglg > 0.85 andp,,, > 0.95, respectively. ELMs are
triggered in the experiments when the plasma isingodown at maximum speed (between
dashed green and red) and the edge current dendiggreased.
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Figure 7. Evolution of the plasma current in the simulatidnT€V discharge #20333. Edge
current density (a), normalized edge current iretsgt outsideo,,, > 0.95 (b) and radial edge

current density profiles (c) at the times indicabgdhe markers in (b) are shown.

r T 1.2
— (b)
2
300 o 11
©
£
g 1
(]
250 -3
_ -° 0.9
E
3 P 3.04 ) 3.06 3.08
= 200 Time [s]
t
- (
300
E
150
§ 250
° —e— t=3.050 \
ﬁg 200! —— t=3.053
100 —— t=3.058
‘ - —=— t =3.062
3.03 3.04 3.05 3.06 3.07 3.08 0.9 0.95 1
Time [s] Pior

Figure 8. Evolution of the plasma current in the simulatiohASDEX Upgrade discharge
#18343. Edge current density (a), normalized edge=nt integrated outsidg,,, > 0.95 (b) and

radial edge current density profiles (c¢) at thessnndicated by the markers in (b) are shown.

14



Comparing magnetic triggering of ELMs S HKim al

— t =0.5535 (moves down)
- -- t=0.5540 (moves up)

A (dp/dr) [%]

4 outboard top .inboard ‘bottom
0 90 180 270 360
Poloidal angle [degree]
4 - ‘
— t=3.0537 (moves down)
3r --- t=3.0633 (moves up)

A (dp/dr) [%]

outboard top inboard bottom

0 90 180 270 360
Poloidal angle [degree]

Figure 9. Local pressure gradient change in the edge regiealculated as a function of the
poloidal angle. Downward (solid blue) and upward(dashed) movements in TCV discharge

#20333 (top) and ASDEX upgrade discharge #18348dim) are compared.
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Figure 10. Flux surface deformations and vacuum flux changesshown for upward plasma
movement in TCV discharge #20333 (left) and dowmlvatasma movement in ASDEX
Upgrade discharge #18343 (right). ELMs are trigdeire the experiments for these plasma

movements. The arrows are amplified by a factoioR@isibility.
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Figure 11. Flux surface deformations and vacuum flux changes shown for downward
plasma movement in TCV discharge #20333 (left) apdiard plasma movement in ASDEX
Upgrade discharge #18343 (right). ELMs arg observedn the experiments for these plasma
movements. The arrows are amplified by a factoio2@isibility.
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Figure 12. Vertical plasma movement and the response of tlasnm@m elongation and

triangularity to the magnetic perturbation are sholer TCV discharge #20333 (left) and
ASDEX Upgrade discharge #18343 (right). The timeME are triggered in the experiment are
indicated by red dashed lines.
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Figure 13. Flux surface deformations and vacuum flux changeshown for inward (left) and
outward (right) radial plasma movements in ASDEXgtiule. The arrows are amplified by a
factor 20 for visibility.
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Figure 14. Plasma boundary deformations for vertical moven{iem) and for radial movement
(bottom) in ASDEX Upgrade. Localized expansion lué flux surfaces near the upper PSL is
indicated (blue circles).
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Table 1. The observations in the experiments and simulatidmsagnetic triggering of ELMs

are summarized.

Observations TCV ASDEX Upgrade Comments
Plasma Upward Downward Inward
movement
Type of Type Il Type | Type |
natural ELMs
Triggered Observed Observed Not observed
ELMs
Edge Cl.ment Increaset Decreased -
ensity
Edae current Decreased Increased
ge ¢ (locally (locally - Mixed contributions
gradient :
increased) decreased)
Edge pressure . cased Increasked -
gradient
Plasma area Expanded Shrurtken -
Locally Locally
def?)?r?g?ion expanded in  expanded in Elongated
upper LFS upper LFS
Squareness Squareness decrease in
q Decreased Increased - TCV is not yet clearly
(upper LFS) explained
Locally Locally
(uCurg/;aIt_llj:rgj increased or  increased or Similar patterns
PP decreased decreased
Curvature Systematic differences
(lower LFS} Increased| Decreased in the stability margin

behaviour

& Observations from the KINX analysis [10, 14]
® possible candidates for triggering ELMs.
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