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Abstract. The ASDEX Upgrade tokamak is currently being enhanced wigetaof in-
vessel saddle coils for non-axisymmetric perturbationsira at mitigation or suppression of
Edge Localised Modes (ELMs). Results obtained during ths¢ éixperimental campaign are
reported. Withn = 2 magnetic perturbations, it is observed that type-| ELMsloa replaced
by benign small ELM activity with strongly reduced energgddrom the confined plasma
and power load to the divertor. No density reduction due tMEhitigation (density “pump-
out”) is observed. ELM mitigation has, so far, been obseimgasmas with different shape,
heating powers between a factor of 8 above the H-mode threshold, different heating mixes
and, therefore, different momentum input. The ELM mitigatregime can be accessed with
resonant and non-resonant perturbation field configusti®he main threshold requirement
appears to be a critical minimum plasma edge density whigemi#s on plasma current. So
far it is not possible to distinguish whether this is an edgléisionality threshold or a critical
fraction of the Greenwald density limit.

PACS numbers: 28.52.-s, 52.55.Fa, 52.55.Rk

1. Introduction

Edge Localised Modes (ELMs) cause repetitive large eneuafjyunsts from the main plasma
which, extrapolated to ITER [1], likely lead to unacceptaktst wall life time limitations
due to fast wall materials erosion [2]. High priority resgars directed towards mitigating
ELM losses or even suppressing ELMs which seems possible fange of techniques.
The application of non-axisymmetric intentional errordehas earlier been found to affect
ELMs in COMPASS-D [3]. The successful demonstration of catelELM suppression
in DIII-D at low [4] and ELM mitigation at high [5] edge collisnality has prompted the
development of a magnetic perturbation coil arrangemetdatsie for ITER. Experiments at
JET, NSTX and MAST have followed with different perturbatifield configurations and
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Figure 1. Arrangement of in-vessel saddle coils. Left: Toroidal fosi of coils and caoil
current configurations; Right: Poloidal section with plasshapes LT and EOC.

different outcomes on ELM mitigation. The diversity of exipeental results and the lack
of a consistent extrapolation base for ITER so far have ratgiv the extension of ASDEX
Upgrade with a set of ITER-like in-vessel saddle coils [6]eTinst stage of this enhancement
has quickly been found to be suitable for type-1 ELM mitigat{7]. Experimental effort has
since been directed to documenting the ELM mitigated regioeroadening of the parameter
range of existence, and to quantifying the access criteria.

2. Discharge behaviour with ELM mitigation

The first operating set of in-vessel saddle coils (dubbed di&9 in ASDEX Upgrade
consists of two rows of coils above (Bu-coils) and below méaya (Bl-coils). Each row
consists of four coils at different toroidal positions. Tdwls have one winding with five turns
each. Fig. 1 shows the toroidal (left) and poloidal (rigtdg)l positions. In this studyn = 2
perturbations are investigated, with same or oppositeippte upper and lower coils, dubbed
even or odd parity, respectively. For odd parity, both nqopealent toroidal orientations,”0
and 90, are probed. Coil current signs (positive sign denotes autwaected radial field
in each coil) and short-hand notation for the various coméigons are indicated in the left
part of Fig. 1. As seen from the right part of the figure, thdscare close to the plasma
boundary. Two main plasma shapes are used: a) low trianguléds = 0.11 (LT) and an
“edge-optimised” configuration (EOC) wiidy, = 0.13 and plasma boundary conforming to
the outer protection limiter shape.
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Figure 2. Time traces of H-mode discharge 26078 (LT, Odd-0) with ELMigaition as in-
vessel saddle coils (B-coils) are switched on.

Time traces of a typical discharge with ELM mitigation, sB6078 (LT, Odd-0), toroidal
field B, = —2.5 T, plasma currenty = 0.8 MA, edge safety factoggs = 5.6, are shown in
Fig. 2. A type-l ELMy discharge is set up withyg = 7.5 MW neutral beam heating,
Pecry < 1.6 MW central electron cyclotron resonance heating (ECRH) agheluderium gas
puff rate of[p = 9 x 10°Y/s. Ann = 2 perturbation (odd parity) is applied twice by ramping
up the B-coil current tdg_coii = 900 A, corresponding to.8 kAxturns. In the first B-coll
pulse { = 2— 3 s), the frequency of type-I ELMs decreases gradually dinéy disappear.
In the second pulsé & 4 — 5.5 s), type-I ELMs vanish almost immediately after switching
on the B-coils. In both cases, they re-appear when the calswaitched off. Apart from
the presence of the perturbation field, a necessary condaioELM mitigation appears to
be that a minimum edge density is exceeded, which can beitjedrds a line density of
5x 10'° m~2 in the edge interferometer channel, corresponding to adimeaged density of
Ne=6.5x10¥m=3,

The minimum density requirement is illustrated in Fig. 3 thscharge 26126 (LT,
even parity). Here, the B-coils are on for the entire flat-tbpt the transition from the
type-I ELMy to the ELM-mitigated phase only occurs after epsbf the gas puff rate from
b = 8.7 x 10%Ys to 97 x 10?Y/s. All other parameters (plasma shape and position, fgeatin
power, etc.) are kept constant. The type-l ELMs become lesguént and interspersed
with small transport events that cause minor oscillatiohthe plasma density (top trace).
As type-I ELMs completely disappear above a peripheral dieasity of 5x 10'° m—2, the
density keeps rising and eventually saturates4i5.0° m—2. At the same time the neutral
density (shown in the second trace for the divertor) is notaasing. During the transition,
in between type-1 ELMs, the neutral density drops while tlesma density increases. This
behaviour can be interpreted as an increased particle eonéint in the ELM-mitigated phase
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Figure 3. Transition phase to ELM mitigation induced by a step of the fgeeling rate.

compared to the average particle confinement in the typeMyEphase. It is interesting to
note that neverthelesg is typically lower with ELM mitigation than without [8] anche
core tungsten impurity concentration is also reduced [7].

3. Access conditions for ELM mitigation

It has been seen previously [7] that the ELM-mitigated regoan be accessed equally well
with maximum resonant field (odd parity g5 = 5.4) and non-resonant (i.e. minimum
resonant) field (even parity). The resonant field componanes by a factor of B; however,
the measured coil current threshold for ELM mitigation is #ame in both cases. Meanwhile,
in several pairs of discharges odd and even parity configmsatave been used with no
apparent difference in plasma behaviour that could bebat&d to the perturbation field
configuration.

Access to ELM mitigation also seems to be independent of kaenga rotation which
has been varied in Ref. [7] by varying the mix of neutral beaorses with different toroidal
beam angle and therefore momentum input to the plasmatiresuh a toroidal velocity
range of 30- 40 km/s at the pedestal top. Stronger reduction of momemnput is achieved
by replacing a large fraction of neutral beam power with wagating. Fig. 4 shows time
traces of pulse 26895 (EOC, Odd-, = 0.8 MA, By = —2.5 T, qgs = 5.5) where until
t = 3.7 s the plasma is heated with neutral bealfyg; = 7.5 MW, injected in direction of the
plasma current, anB:cry = 1.5 MW central ECRH. Fronh = 3.7 — 5.4 s, the NBI power is
reduced tdPyg; = 2.5 MW, and complemented with ECRBgcry = 3.6 MW, as well as ion
cyclotron frequency heating (coupled povRirr = 4.2 MW, frequencyfrg = 36 MHz). The
total auxiliary heating poweP,,y, plasma density (interferometer edge channel) and MHD
stored energy are comparable in both phases. While with B-ofiland NBI-dominated
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Figure 4. Comparison of NBl-dominated heating (uriti: 3.7 s) with RF-dominated heating
in pulse 26895t(= 3.7—5.4 s)
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Figure 5. Toroidal rotation profiles measured by charge exchangenwbuwtion spectroscopy
in pulse 26895.

heating, large type-l ELMs with peak divertor loads up to 8 MWher and outer divertor)
prevail, combined heating with dominant RF power and with Bscoff (t =5—5.4 s)
is characterised by a mixture of type-l and small, typeHLM activity. In both cases
application of perturbation fields & 2.6 — 4.8 s) leads to suppression of type-l ELMs, as
seen most clearly from the reduced peak divertor power load.

Figure 5 shows profiles of the toroidal rotation velocity,asered by charge exchange
recombination spectroscopy as a function of normalisedigal flux radiusp, = [(Y —
Waxis)/ (Whoundary— Waxis)] /2 (Y: poloidal flux). The plasma core profilgs, < 0.9 are
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Table 1. Parameters of discharges with different plasma currenBaadil configurations as
type-l1 ELM mitigation is reached (see text).

Shot | shape| B-coils Ip t Needge | fow | Ti Vi
(MA) | (s) | 10 m3 (eV)
26078 LT Odd-0| 0.8 | 43 6.6 0.65| 550 | 1.24
26126 LT Odd-0 | 0.8 | 6.64 6.7 0.66| 620 | 1.0
26910 EOC | Odd-0 | 0.8 | 4.7 6.7 0.67 | 480 | 1.61
26911 EOC | Odd-90| 0.8 | 4.06 6.6 0.65| 450 | 1.79
26912| EOC | Even-0| 0.8 | 46 7.0 0.69| 550 | 1.29
26956 EOC | Odd-0 | 1.0 | 47 8.6 0.68| 530 | 1.33
26987 EOC | Odd-90| 1.0 | 4.56 7.8 0.61| 460 | 1.59
26990 EOC | Odd-90| 1.0 | 541 8.4 0.66| 550 | 1.21

measured at th€ VI, n =8 — 7 transition a = 529.059 nm; the edge profilep§ > 0.9)
are measured with a separate spectrometer and viewing @pticeBV, n =7 — 6 transition
(A =494467 nm). The RF-dominated phase is characterised by a flagtefithe rotation
profile. The toroidal rotation at the position of the presspedestal topp(= 0.95) decreases
from about 40 km/s (NBI-dominated heating) to 25 km/s (RF-d@ted heating). The edge
plasma rotation profile does not change significantly as thgnatic perturbation is applied.
This is a general observation made so far in all H-mode plasmiié n = 2 perturbations.
Several shots with different plasma currerts, different plasma shapes (LT or EOC)
and different B-coil configurations have been made to ingagti the density threshold for
ELM mitigation. Shot parameters are listed in Table 1. Inth#se shots, the B-coil
current is set tdg_coi = 900 A, well before the gas puff rate is ramped up to achieve
ELM mitigation. The peripheral line-averaged dendityeqge (Chord as shown in Fig. 1)
and the ion temperaturg (from charge exchange spectroscopy) are taken in the r@tiga
phase after the last preceding type-I ELMjs taken at the positiopp = 0.95, as obtained
from the axisymmetric equilibrium reconstruction. Theseasurements are selected for
robustness and availability in each of these shots, and @rentended to replace detailed
profile analysis, e.g. in [8]. The transition density depeobtkarly on the plasma current
(Needge~ 6.7 x 1019 m~3 at I, = 0.8 MA; MNeedge~ 7.8 —8.6 x 1019 m=3 atl, = 1 MA).
However, there is little variation of the fractidigy of the Greenwald density [9]. The regime
boundary might also be a collisionality requirement, asliegpin Ref. [10]. Table 1 quotes
the neoclassical ion collisionality” = vji (m/KT;)Y/2¢~%/2qR, which is evaluated assuming
g=dos, € = 0.303 andZe;f = 1. There is variation iw*, however, no systematic dependence
on |y, or coil configuration.
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Figure 6. Time traces of plasmas aiming at low density and low safatyofa Pulse 26883
(blue lines, unboronised wall), pulse 26941 (red linesstrieoronisation)

4. Search for a low density ELM mitigation regime

Initial experiments in ASDEX Upgrade have been performedciviaim to establish a low
collisionality, low safety factor ELM suppression regimehk as the one described for DIII-D
[10]. Figure 6 shows time traces of two discharges, pulsé26&ith unboronised plasma-
facing components, and pulse 26941 after fresh boronisafioth shots are &; = —1.76 T
(third harmonic central ECRH)p = 1 MA, o5 = 3.2, with EOC shape and B-coils in Even-0
(resonant) configuration. The gas puff rate is kept as smaalbasible in both pulses, however,
without wall conditioning (pulse 26883) there is only a ghgeriod entirely without gas puff
(t =3.1—3.6 s) in order to avoid density profile peaking and impuritywoalation. The
edge ion collisionality i)f = 0.27,0.14,0.36 for pulse 26883 dat= 3.0,t = 3.6 and pulse
26941t = 3.4 s, respectively. Type-l1 ELMs prevail throughout thesesps| as they do in
a reference discharge with B-coils off (26884, not shown).e Tiain visible effect of the
magnetic perturbation is the density drop in pulse 2694tl-atl.8 s after the B-coils are
switched on and the recovery of the density at4.7 s as the coils are switched off.

5. Summary and Discussion

So far, ELM mitigation withn = 2 magnetic perturbations in ASDEX Upgrade is observed
over a wide range of safety factorggs = 4.5 — 6.5, with different perturbation field
configurations, but it appears to be limited to high densigsmas,n > 0.65 ngw, V{,
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v > 1.2. Which of these parameters, if any, is critical has to bebdisteed by further
experimental parameter variation, in particular widemsocaf g5 at different plasma current.
There seems to be no upper limit on density; with pellet igeh = 1.5 x ngw has been
reached, limited only by the pellet injector capacity [11Relow the minimum density,
ELM suppression or significant mitigation has not been fosadar in ASDEX Upgrade,
despite these plasmas having dimensionless parametées iartge reported by DIII-D [10].
However, the perturbation field seems to influence partielesport, resembling the “density
pump-out” observed, e.g. in MAST [12]. An experimental ngbep will be the installation
of another eight in-vessel coils, allowing us to the usa ef4 perturbations. This upgrade is
also useful to further study = 2 fields, since the amplitude of tie= 2 component can be
increased by a factor af2 and the resonance condition can be tested at finer stegs. of
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