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Introduction  The knowledge of the intrinsic error fiel,; and
its origin is of importance for tokamak operation. This non-
axisymmetric perturbation can induce, particularly at low electro ; A
density,ne, locked modes, which can prevent a proper current rarjt S
up. In highBy discharges, the locking of (2/1)-NTM to the intrinsi
field possibly leading to a disruption is a critical issue. OBgg
has been determined, it can be compensated by corresponding coi
The plasma response to deliberately applied error figfds and its
independent detection is used to estimate the intrinsic Bald
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Figure 1:Sketch of the newly in-
Experimental setup and analysis ASDEX Upgrade is equippedstalled set of H0° saddle coils

with a set of 2x 8 saddle coils above and below the midplaigeasuring the BFS on the high
on the low field side (LFS) [1,2]. They can generate a ffa|d side. The coils consist only
dial field perturbationBf*" (BF*" := [BF*"| > 0 for fields point- of 1 winding.
ing away from the plasma centre, i.e. in the positivéirection)
with different mode spectra, i.e. different dominant poloidal and
toroidal (W = 1,2,4) mode numbers and 8 different toroidal orientations (in steps 6f=4%5/4).

An additional set of 4 coils §ATe SATs SATw
 AUGDEQH30040.1,123.259805 mine2/1, o 2, p.=0.96898, b, <541 <! SATH measuring the radial fiel®"™S generated by
: -7 1A 7] the plasma on the high field side (HFS) has been in-
stalled in 2011. They span 9Qoroidally each and
are separated by 9(figure 1). A linear combina-
tion of the measured fields of two coils lying 180
apart @Bf"/dt = dB/dt — dB"/dt, and dBS/dt =
dB'/dt — dB?/dt), selects onlyn = 1 and 3 modes. As
the field is integrated over 9Qoroidally, the measure-
ment is not sensitive for higher n-numbers. Integration
~i4 (At = 10ms) provides twan = 1 filtered By measure-
“dis ments BSY = [dBPY/dt-dt andBMS = [dBS/dt-dt).
The phase independent amplitude of mp- 1 mode
Figure 2: Field line mapping, i.e. phase ofis calculated viaB"FS = /Be"? + B'¥/2, the phase
a locked (2/1)-mode, between the 4 detegt the maximalBHFS on the HFS is calculated via
tion coils on the HFS (solid black point afgFs — atar(B"S/B®%) taking into account the signs
6 ~ 1) and the 2x 8 perturbation coils above g, 5 @range of[-m,1. The local phase of th&;
and below the midplane in @— 8 system maximum can be mapped via the magnetic equilib-
(6 =0 at LFS from the magnetic axis). Thejym for a given safety factoq to an arbitrary loca-
B-coils BI1...BI8, and Bul...Bu8 are indicategign in the @— B-plane (p represents the toroidal an-
in red (blue) for positive (negative) coil curgle, § the poloidal angle as indicated in figure 5).
rents and positive (negativefB'. Reference Determination of the intrinsic n= 1 error field The

= 5.89= 337.5° marks the toroidal position ~ " - . =
¢ . . ) > foroidalp recipe for determining the intrinsic error fieky is to
for which the field line tracing in figure 5 has o -
measure the excitation of a magnetic island on the dom-
been performed. . . .
inant resonant surface by a deliberately applied external
perturbation field8P®". The discharges have been opti-
mized in terms of position anggs, to bring this surface as close to the perturbation coils as possible

(low gos ~ 3.2, I = 0.8MA B; = —1.6T). They were performed with Ohmic heating only, in order to
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avoid any additional momentum input.

An external field,BP®", with a toroidal mode number of
n=1 and a helicity producing dominantly an= 2 compo- : f———— T G
nent (coil selection in figure 2) is applied. The strength @
this perturbation is increased with time and represented bygt; e ——— ==
coil currentlg (BP*" ~ Ig). Initially the plasma responds lin- i:f s s o™ ]

sured on the HFSRHFS ~ BP*" ~ Ig). When the total external —
non-axisymmetric fiel@ex = Bint + BP*" overcomes a certain ~
threshold, the plasma can no longer shield the field. It can thus )
penetrate into the plasma where an island is formed. The flei@ure 3: Typical plasma response on
BHFS grows non-linearly, i.e.B"FS becomes independent of" Increasing external error fieldf8
BPe" A further increase leads to a second more rapid growffith = 1 and dominantly = 2 har-
which ultimately leads to a disruption (figure 3). monics. The time traces show the mag-

The onsets of the three phases of field penetration, i.e. 1§l field and the plasma current, the
land formation, the second explosive growth and the ultim&& 1 radial field measurements from
disruption, occur at characteristic valuesBf"™. For the 8 the saddliscons, the resulting Lostal am-
different orientations these characterigie" thresholds can Plitude & , the mode phasqi* and
be represented as a function of the corresponding phasd'gfcuIrents in the B-coils|
the plasma response’™S, in a polar diagram. In a per-
fectly symmetric tokamak the corresponding thresholds should be indagieofdthe orientation of
BP®", forming an unshifted perfect circle. Experimentally a shift in one directi@s found, in-
dicating the non-axisymmetric intrinsic fieBi. In addition, data from discharges with different
wall conditions, especially different densitiag, but similar@™FS show a scatter in thBP*" thresh-
olds. It has been found that the penetration thresholds depend lingatihe glasma densitye ([3]
and references therein). Usithg/ne instead oflg for the fit of all discharges to a shifted circle for
the explosive mode growth, the relative errors can be improved §dig — Ié't)z/zlé = 0.091 to
5 ((Is/ne) — (18/ne) ™)?/ 5 (Is/ne)? = 0.028 (figure 4).

The orientation of
the shifted circle with island formation: island growth: disruption:

. . -0.0065609868,-0.375916 0.63664408, 36.477018 0.32169992,18.432047
the maximal required
external perturbation
field @lf? has been
determined for the three
characteristic times, is-
land formation (-0.00656 NG { ot
= -0.376), explosive _} : oot : { : ]
mode growth (0.637 = 0 g R
36.5’) and the disruption
(0.322 = 18.4) (arrow Figure 4: Shift of the externally applied field strength for achieving mode
direction in each part of eycitation, explosive mode growth and disruption (from left to right). The
figure 4). This orienta- ghit of the circle with respect to a perfectly symmetric situation is indicated
tion has to be comparedyy an arrow pointing in the direction aff5S where the maximal " is
with the natural mode needed. The natural locking positions in the Ohmic density limit discharge
locking positions. #27791 and 3 low glocked modes withf8" = 0 are indicated by solid lines
Island phase and vac- and the discharge numbers. The orientation from the top of the torus and the
uum island For the toroidal angle@is indicated.
different BP*" orienta-
tions the measured phage™S of each (2/1) island is compared with the phase of the calculated vacuum
island generated bgP" (figure 5). The vacuum island, witR = 0, is calculated at the toroidal po-
sition @ = 5.89 = 337.5° (marked in figure 2) by a superposition of the unperturbed plasma equitibriu
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andBP*". No shielding currents inside the plasma are allowed. The phase of thermdsland and
the observed phase of the locked island are nearly identical foBffiisorientation. For the otheBP®"
orientations slightly larger differences probably due to the unchaBgedf these two phases are ob-
served. The fact that the locked island is observed nearly at the posittbe vacuum island, can be
understood with the picture, that the resistive island is driven by the ingterfe. resistively reduced,
shielding currents.

Natural locking position of n=1 modes In the above described lowss discharge scenario occasion-

ally the density dropped so much, that already without any additi@?SF the intrinsic error field was

sufficient to generate an initially locked (2/1) mode. Surprisingly, the pbtes modeg; S is around

+90° away from thegES direction. One would expect a natural locking in the orientation opposite to
FS where the requireBP®" is minimal BP*" mainly enhanceBiy).

Alternatively, the locking position during density limit dis-
charges wittBP*" = 0, where the gas puffis increased until the #30040, 3.2‘55,‘ﬁt‘eld‘lir‘1e‘tr§ci‘ng with I3‘-c9il§

limit is reached, are of interest. The plasma becomes intrinsi-f
cally A" unstable due to the increased resistivity and a domis|
nant(m= 2/n = 1) tearing mode leads to the disruption. The |
mode reproducibly locks agl;S ~ @flF3, what is expected to
be an unfourable position for a (2/1) mode (For this orientation |
BP®" should initially compensatB;; and then generate a field | f
in the opposite direction). oz 4 X+
It has been observed that the (3/1) tearing mode can play anf; |
important role during the mode locking phase of a disruptién. i ,
[4]. From this one can infer, that during the locking phase of i} '
these discharges a (3/1) mode might become dominant. Fofig '
fixed phases of a (2/1) and a (3/1) mode on the LFS, the phase
7S on the HFS differs byx t= 180°. An alternative, but
less probable, explanation could be-arofile reversal in the ,\
vicinity of the g = 2 surface inverting the island currents. This |
would also invertg;S of any island byt = 180.

\
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General distribution of locking position before disruptions
In general the locking position af = 1 modes before natu-
rally occurring disruptions, is not only governed by the intrir,n_—igure 5:Field line tracing in the vicin-
sic error field, but also by the momentum input from the &% of the q= 2 surface of an equilib-
ternal heating sources, in particular from neutral beam injeg;, perturbed by the field of the B-
tion (NBI). Looking at the overall distribution in the discharggiis BPe". A perfectly non conduct-
range #27600 - #28854 in figure 6, left, a wide spreag{j ing plasma without shielding currents
is observed. Considering only Ohmically heated disruptio@sS;csumed. The vacuum island on the
(indicated in green) a weak peaking aroupg- 2.9 = 166°
can be observed. In the total set of discharges a shifted do be seen. The calculation has been
peak in the range of.20 = 137.5° and 305 = 174.8° can be performed at the toroidal angley —
seen. In figure 6, middle, a polar plot for an increased datag _ 33750 (see figure 2). The co-
base is shown. Arounq)z 2.36 =135 and~ 3.14 = 180’ ordinate® is indicated.
a broad enhanced locking probability can be seen. The first
peak can be identified with Ohmic discharges. This position
is consistent with the natural lomy and lowqgs cases discussed in the previous section. The second,
broader peak, including the NBI heated cases, is tilted intipedirection. The majority of the AS-
DEX Upgrade discharges are performed with NBI with varying powermocthentum injected in the
-+@-direction. Therefore this second blurred peak tilted in-thgedirection is plausible.

The locking positiong}f;S as function of the NBI heating pow@g andges shows some general
trends. The measured locking pOSit'[d]'ﬂ';S increases with increasimgs. ForPyg > 7.5MW this effect
becomes significantly stronger. The increasing distance between the madecawallrya — rmode

%a: 2 surface and its O and X-points
s
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with increasinggs, reduces the braking force of the wall. The locking position can be futitber with
the external momentum input.
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Figure 6: From left to right: Histogram of the locking position for norma|, B, direction for all and
purely Ohmically heated discharges (green). Polar histograms of thaertaxking positions from an
increased data set for normal and reversgdd direction in the range #27600-#28523 (co-NBl injec-
tion) and #28415-#28990 (counter NBI-injection), respectively. Trentation of the polar histogram
is identical to the coordinates of figure 4.

Counter NBI injection discharges are performed at ASDEX Upgradesbgrting bothl, andB;, as
the NBI system injects only in one direction. In such discharges the modméphks a pronounced
peak atpl; 3 ounernm & 0.6 = 34° (figure 6, right). Due to reversed signs of the currents in the O and
X-point of the island, a 90tilted angle with respect to normhy, B, direction is indeed expected.

The otherwise seemingly symmetric change of all currents enhancesdhéeadd seen by the plasma
such, that a clear maximum in the locking distribution occurs. Since the ¢uwtnegction in the
feedthroughs for the shaping coils is also reversed for reveisl cases, it is very likely that the
much higher total error field is connected to these feedthroughs. Theeggoof the feedthroughs,
suggests that they produce a dynamic poloidal dipole moment2), BX"™¢ at one toroidal location
(n=1). This is further supported by the fact, that the currents in the shapilsggaze only detectable

—

in one saddle coil paB*, but not inBS. Bi then has the forn, = BStaticy IYNaMC | the future a

' int
field line tracing detecting the vacuum islands, takB{yf™*™"“into account, will be performed.

Combination of the results and discussion In dedicated discharges the toroidal orientation of the
intrinsic error field has been investigated (optimized Ohmicdgsy low ng) by applying a well defined
external perturbation fielBP*" and measuring the phase of the induced locked mode. Naturally locking
modes in the same type of discharge, induced by the intrinsic errorBiglat low ne, tend to lock
surprisingly +90° away from the expectation. The corresponding highdensity limit cases show

a phase flip ofrt= 180 with respect to expected direction. The phase flip could be motivated by
the additional occurrence of the (3/1) mode during the locking phasey arldcal g-profile reversal.

The statistical investigation of a large set of disruptions shows, for Ohmicaliyed discharges, mode
locking similar to the lowne reference case. NBI heated discharges show an additional tilt of tkedoc
mode phase in the direction of the input momentum. The understanding of tbksgjlpositions has to

be further developed. One plausible contribution to the intrinsic error fieltitrbig the feedthroughs of
the shaping coils at ASDEX Upgrade. Further field line tracing is plannedésiigate this assumption.
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