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Abstract

The first stage of a significant enhancement of the ASDEX Upgraderiexent with in-
vessel coils for non-axisymmetric magnetic perturbations is now operatkirst experi-
ments have shown that ELM mitigation can be achieved using various peiturliald
configurations with toroidal mode numbens= 1,2,4. The main access criteria is the
plasma edge pedestal density to exceed a threshold, which takes thevaluestf about
60% of the Greenwald density for resongmt= 1 perturbations. In H-mode plasmas, mode
locking or error field-induced magnetic islands are generally not obdeBue to the low
local shear of the plasma magnetic field in the vicinity of the perturbation coilsndro
the outboard midplane, the magnetic perturbation is resonant simultaneousévenal
rational surfaces. It is hypothesised that the existence of image tumernthese surfaces
ensures good shielding of the error field in the confined plasma.
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1 Introduction

The ASDEX Upgrade (AUG) experiment is currently being erdemhwith a set
of in-vessel saddle coils and supporting tools for MHD cohft]. The first stage
of this project, a set of 16 off-midplane coils capable ofqucing a small non-
axisymmetric perturbation field (radial fieB} ~ 10~3By), has been implemented
as described in Refs. [2] and [3]. For the 2011 experimentalpeagn, a first sub-
set of eight coils (four above and four below the midplane)ehlaeen available.
The full set of eight coils above and eight coils below the pfade has become
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operational for the 2012 campaign. So far, experiments baea conducted with
DC currents provided by pre-existing grid-commutatedigtgr bridge converters
(two independent four quadrant circuits). A complementaodular and econom-
ical AC-capable power supply is in preparation [4].

In view of ITER needs, physics experiments so far have maartyeted ELM mit-
igation [5,6], effects on High-confinement mode (H-modehs&port barrier [7,8],
3D effects on equilibrium and divertor magnetic configuatj9,10], H-mode ac-
cess threshold [11], scrape-off layer properties [12],fastiparticle transport [13].
In this paper, we concentrate on the effects of perturbdiedd configuration on
ELM mitigation.

2 ELM mitigation phenomenology

A regime for ELM mitigation byn = 2 magnetic perturbations has been found
soon after commissioning the first eight saddle coils [5]thépplication of DC
currents, it is possible to change type-I ELMs into a benigmif of ELMs with
high repetition rate and energy loss typically reduced bgaor of 10 or more.
The inner divertor remains completely detached at all tiamekthe inner target heat
flux essentially vanishes. The outer divertor peak heat 8uneduced by typically

a factor of 4 or larger, and splitting of strike lines due te tion-axisymmetry of
the perturbation can be seen by infrared thermography dhtigets [10].

The transition to small ELMs is induced by raising the edgesitg above a thresh-
old, which from data obtained so far can be described as asf@dkrensity of 65%
of the Greenwald densitys\y [14]. At the threshold, small ELMs occur in between,
and gradually replace, large ELMs. In this regime, thereoigradual evolution of
ELM losses, as e.g. observed in JET [15]. ELM mitigation isypatible with cryo-
genic pellet injection [16] to fuel the plasma core up 6% ngw, while —unlike in
plasmas without magnetic perturbation— no large ELMs &ygéred by the pellets.

Subsequently, we discuss the effects of magnetic pertarbéield configuration
on ELM mitigation, in extension of a previous conferencegrdf7].

3 Magnetic perturbation field structure

The non-axisymmetric, doubly periodic magnetic pertudrafield can be de-
scribed in terms of toroidahj and poloidal (n) mode numbers, i.e. the magnetic
spectrum. The saddle coils produce a radial field of oBjer 10 3B; at the plasma
surface close to the coils positions, which drops off ratheckly with increasing
distance to the coils. The eight coils of each toroidal roev@wsitioned at regular
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Fig. 1. Normal field on the unfolded nomingi= —2 surface (colour contours), overplotted
with field lines at different rational surfaces.

toroidal angle intervals, so the toroidal mode number spatts dominated by the
fundamental mode of the coil current pattenn+= +1, +2 or +4 with harmonics
| x n (I odd ordinal number) and aliasing components: (@etc).

Magnetic surfaces are resonant with the perturbation fiettie safety factor of
that surfaceg = m/n, or in other words, if field lines close into themselves after
m toroidal andn poloidal passes around the torus. By convention, for thedstan
AUG field and plasma current directions used h&e<0, I, > 0),q< 0, so ares-
onance occurs fan/n < 0. The mode numbeng n) spectrum is point-symmetric,
and here we choose to describe it in the- O half-space, so that a resonance can
occur forn < 0.

The poloidal truncation of the coils results in a braaespectrum, however the
existence of two toroidal rows allows to vary the resonantl fe@mponent. This
is important, since the nature of expected physics effatthe plasma differs for
resonant and non-resonant perturbation fields.

The magnetic plasma configuration has a profound effect®odburrence of res-
onances. As an example, we consider the diverted plasmiaadigge AUG #27339
(lower single null) with toroidal field3; = —2.5 T, plasma curren, = 1.2 MA,
and edge safety factops = —3.4. Eight saddle coils are operated with a coil cur-
rentl =960 A (with five windings of each coil, corresponding t@® &A xturns)
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Fig. 2. Poloidal mode number spectrir(m) [T] for n = —2 magnetic perturbation, cal-
culated for theg = —2 (top) andg = —4 (bottom) surfaces.

to produce am = +2 error field with “even” up/down parity, i.e. same direction
of the radial field in upper and lower coil rings. Fig. 1 shoas,colour contours,
the normal component of the vacuum perturbation field, ¢aled on theg = —2
flux surface, as reconstructed from the unperturbed (iisymmetric) magnetohy-
drodynamic force equilibrium, plotted vs. toroidg) @nd poloidal ) geometrical
angles of the axisymmetric torus. Outboard midplane i8 at0, plasma top at

0 = 90° and bottom ab = —90°. Blue and red colours denote opposite sign (direc-
tion) of the normal field. Overplotted are field lines (at &wdniy toroidal position) at
different half-integer safety factog,= —2... —4.5. Due to vanishing axisymmet-
ric poloidal field at the magnetic limiter (active X-line @tz —100°) the magnetic
field is mainly in toroidal direction in the vicinity of the \er and upper X-lines.

A surface with rationad is spanned by mutually unconnected field lines. As can be
seenin Fig. 1, there are field lines that intersect regiomrstbér only positive (say,
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Fig. 3. Time traces of AUG pulse #27339.

blue) or only negative (red) normal perturbation field. Resareffects can occur,
for example induction of a field-aligned helical current lre toresence of plasma
flows. Conversely, if the current direction in one of the twa cows is reversed
(“odd” parity), resonant effects are minimised.

At the outboard midplane, in between the two rows of saddils,dbe local mag-

netic shear is small, and the resonance condition is eitle¢romnot met simulta-
neously for suitable rational surfaces. In other words,glodal shear originates
to a large extent from the regions at the plasma bottom and.tpiversion and

elongation produced by the plasma shaping currents. ltésasting to note that
the H-mode edge bootstrap current density, however impblteally for edge

stability, does not significantly influence the resonanaedd@mn on internal flux

surfaces because the total edge bootstrap current is srddir (of 10%) compared
to the total plasma and shaping currents.

In a modal representation, the effects of a non-circulasmba(and broad spectrum
of the external perturbation) can be described as coupktgden poloidal spec-
tral components [18]. However, the main effects can mordyelds visualised by



considering a “local” mode spectrum, separately for eatbnal flux surface in
the plasma (half-integey for n = —2 in our example). In a straight field line angle
system(@*, 8%), conveniently the one witlp* = @, the poloidal spectrum can be ob-
tained by a Fourier transform Bt direction for anyn component of choice. Since
the transformatio®*(0) depends on the metrics of the flux surface, this “local”
spectrum is different for each resonant surface. Fig. 2 shbe/poloidal spectrum
for our example at thg = —2 andq= —4 surfaces. Resonant componemnts(q n)
are highlighted in red colour; they are at or near a maximurbaih surfaces (and
all resonant surfaces in between), and their amplitude thefrder of 104B;,
one order below the peak field in front of the coils. Reversahefup/down par-
ity from “even” to “odd” shifts the spectral minima into thegonance and hence
allows to produce virtually entirely non-resonant peratibns everywhere. The
non-resonant field components are similarly strong in bates.

Many resonant surfaces exist, in particular in the high shegion near the sepa-
ratrix due to the poloidal field null at the X-line. This can é&eected to become
important for the screening of the perturbation field by icetli helical image cur-
rents in the plasma [19]. The calculation of these screetumgents is not straight-
forward and involves considering forced reconnection ardymetic islands that
interact non-linearly with the surrounding rotating plasf20]. However, it can

be expected that calculations for circular limiter plasrwash only one resonant
surface) systematically underestimate the field shieldiferts.

An experimental hint is given by the example pulse, #2738@r§ auxiliary heat-
ing, Neutral Beam InjectioRyg) = 12.5 MW, lon Cyclotron Radio Frequency heat-
ing Pcrr = 3 MW, and Electron Cyclotron Resonance Heatiggry = 1.6 MW,
does not only allow access to high-confinement mode but alsss gise to a
plasma beta-driven neo-classical tearing mode (NTM). Bighows time traces
of saddle coil current, plasma density and toroidal plasotetion frequency, mea-
sured by charge exchange recombination spectroscopy (CER)eating beam
at a normalised flux radius qf, = 0.8 as well as a spectrogram of a magnetic
probe showing the NTM island rotation. The= 3, n = 2 tearing mode appears at
t = 3.7 s, accompanied by slowing down of the plasma rotation,enthié saddle
coils are operated at constant current. The saddle coguis ramped down from

t =4.4— 45 s, but the removal of the magnetic perturbation appareittgs not
influence the MHD mode activity nor the plasma fluid rotatigeed. Assuming
vacuum perturbation field and a helical currentl £ 10 kA associated with the
NTM at theq = 3/2 surface, the resonahi By, torque exceeds the neutral beam
torque input by two orders of magnitude. Yet no discernilllange of island or
plasma rotation due to the change of saddle coil currentes.sEhis is typical of
AUG H-mode pulses where effects of the error field on plasretion are mostly
very weak [6].
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Fig. 4. Normal field org = —4 surface for a coil current perturbation aimed to approximate
ann = 1 perturbation.

4 ELM mitigation with |n| = 1 magnetic perturbations

Magnetic perturbations witim| = 1 can be approximated even with only one power
supply circuit. Fig. 4 shows the normal field on the unfoldpgd —4 surface in
straight field line coordinates, again with a field line fonguarison. The toroidal
phase anglé&g of upper vs. lower coil ring is adjusted (in 4Bcrements) to max-
imise the resonant component for pulse #27¥i-£ —45°) and to minimise it for
pulse #279434¢ = 135°). The resultingm spectra are shown in Fig. 5. Thus, the
resonant field componenn(= 4,n = —1) on theq = —4 surface, is varied by more
than a factor of 5.
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Fig. 5. Poloidal mode numbem] spectra of then = —1 toroidal mode of the perturbation
shown in Fig. 4.

Fig. 6 shows time traces of these discharges and a contreriexgnt (#27942)
with saddle coils off. Apart from the saddle coil configuoati the plasma param-
eters are identical: Fuelling by feed forward gas pBff= —2.45 T, |, = 0.8 MA,
low triangularity shape, and edge safety faciey = —5.1. These plasmas can be
directly compared with a similar configuration reported irf.R€] for n = 2 per-
turbations. During a phase with DC saddle coils currént Q00 A) applied, the
gas rate is ramped up linearly to probe the ELM mitigatioeshiold. The appear-
ance of type-1 ELMs is unambiguously detected as large spikéhe outer diver-
tor currents, measured with a shunt resistor of one outesrtdiv plate sections.
For both optimum resonant and non-resonant perturbatypesIitELMs disappear
completely at a certain time during the gas scan. The plagmsity (shown in Fig.
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Fig. 6. Time traces of AUG pulses #2794 (= 1 resonant perturbation), #27943 (non-res-
onant) and #27942 (control pulse with saddle coils off).

6 is the line-averaged density from a peripheral DCN interfezter chord) differs:
With non-resonant field, it is about 10% above that with reswriield and that of
the reference discharge. The onset of ELM mitigation ocatiem edge density of



6.2x 109 m—3 ~ 60%ngy for the resonant case andl% 1012 m—3 ~ 69%ngw
for the non-resonant case. In the control case with saddlle afb, type-1 ELMs
persist even at higher pedestal densit@,710° m—23 ~ 71%ngw, ultimately at
reduced repetition frequency.

5 ELM mitigation with |n| =4 magnetic perturbations

Eight coils in toroidal direction allow to produce pertutioas with |n| = 4 funda-
mental and essentially no toroidal subharmonics. Sinaeneeg components have
high poloidal mode number and therefore decay on shortlrad#ées, it is inter-
esting to see if ELMs can be mitigated.

Figure 7 shows the most promising discharge wWith= 4 made in AUG so far.
The gas rate is adjusted to obtain a pedestal density clabe ensity threshold
found previously fofn| = 2 perturbations (65%gw). Other plasma parameters are
similar to the|n| = 1 experiment discussed in the previous section. Upper avetlo
saddle coil rows are powered separately by a four quadranecter each. This
allows, in a single pulse, to operate one coil row alone (uppéwer row), and to
flip the upper/lower phase between even and odd parity, varehon-resonant and
resonant, respectively, for this discharge. Type-I ELMs@mpletely suppressed
only for non-resonant perturbation and, to some extent) witrrent only in the
lower coil row. Properties of the ELM mitigation phases asgysimilar to the
observations withn| = 2 fields: The inner divertor power (measured by infrared
thermography on the target) essentially vanishes due napeally and spatially)
complete detachment, and the outer divertor power (aregriated heat flux) drops
to close to the previous inter-ELM level.

The pedestal density responds very little to the changebleoperturbation field
structure and remains close to the empirigél= 2 threshold value. It should be
noted that in discharges (not shown here) with lower gas [puff 1 x 10?2 D/s),
ELM mitigation was not observed and with higher gas pilift= 3 x 10?2 D/s),
only small ELMs occurred regardless of whether saddle eals operated or not.
In all cases there was little variation of the plasma densgityich shows that the
In| = 4 ELM mitigation window is rather restricted.

6 Summary and Conclusion

In summary, ELM mitigation is observed in ASDEX Upgrade bylaation of
magnetic perturbations with the newly installed set of 2 in-vessel saddle coils,
using a variety of configurations witim| = 1,2,4 and a varying phase angle of
upper and lower toroidal ring to probe the importance of masb components.

10



8 : ‘

6- NBI power

S 4 ]
2
0

0.54 " MHD stored energy ‘

- 050
= 0.46 - f
0.42: | | | |
o 2Deuterium gas puff rate
N ASDEX Upgrade #27800 €
2 of saddle coils |n| =
™ 7 L w‘a A Iwwmwwwwm tmmmw waw Wmﬂu‘wdlmm ot Vit
e 6 M«MMW\"\'\'rWﬂ’Wi"ﬂW””‘WWWl‘f” ﬂ} NWWW “WWV wm AL I L u || I’
o S FPedestal electron line- -averaged density
o 4
= 3 ‘
M\M “ MH L H d
H J m ‘ REAPP J JULALSNASR RN 0 A 1 ‘!
E)g Saddle coil / upper /even ‘ odd
< .0 current only | parity =\ _parity
05 _Pperrow (non- (resonant)
1.0 lower row | resonant)
1g Inner divertor powey |
= 6
1 L
2 Ll
g Outer divertor power
s 4
S 3
2 y
1 ‘ ‘ ‘ ‘
2 3 4 5 6
Time (s)

Fig. 7. Time traces of AUG pulse #27800|(= 4) with time intervals of resonant, non-res-
onant and single coil row perturbations (upper or lower row).

The ELM mitigation effect does not seem to rely on the resbparturbation field,
however the plasma density reacts somewhat to the field emafign. In particular
at |n| = 1, the edge density higher by about 10% for entirely nonsrasbpertur-
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bation compared to the cases with resonant and no pertointfagid. This finding
contrasts somewhat with observations of density “pump-duiing resonant per-
turbations in other experiments [15,21,22]. A clear dgnsstduction is observed
in ASDEX Upgrade H-modes with resonant perturbations attgwlasma density,
albeit not in combination with type-I ELM suppression.

Application of|n| = 1 resonant magnetic perturbations seem to reduce the thdesh
density for ELM mitigation by about 10% compared|itd= 2 and no operational
penalty such as vulnerability to locked modes seems to beueered for H-mode
plasmas. ELM mitigation has been found in plasmas with difie heating meth-
ods, different momentum input and hence, different plasotation velocities. If
penetration of the magnetic perturbation into the corerpé&asbeyond the edge
pedestal, was essential for ELM mitigation, one would ek@edependence on
plasma rotation. Geometrical considerations suggesirtiege currents on many
resonant surfaces can be an essential ingredient for fieddisiog, however a quan-
titative study of error field attenuation (and field penetra for these AUG pulses
is still missing. Experimentally, there is no indicatiorr fagnificant magnetic is-
lands produced by the external field. Even pre-existingriganodes typically do
not lock to the error field in H-mode plasmas.

As a main restriction, ELM mitigation is found only at relaly high pedestal
density,n/ngw > 60%. In AUG, this corresponds to relatively large pedestil c
lisionalities,v;" > 1.0, although this does not seem to be a collisionality boundar
[6]. Attempts to reproduce the low collisionality DIII-D B suppression scenario
[21] in AUG are being made, so far without success.
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