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Introduction

Optimization of the plasma performance with resge beta normalizecBy , is
one of the main goals of fusion research. The ergeftision power scales ¢ 3 and thus
even a small increase of this parameter leads toerzeficial effect on the fusion

performance. Unfortunately By in standard H-mode and advanced scenario discharge
limited by resistive instabilities, usually neodasl tearing modes (NTMs). These modes

are metastable and can be triggered by other MHIDte\weven at lo\ By . Sawtooth crashes
provide the strongest internal magnetic perturloatiand are able to trigger tearing modes at

the smallestBy values [1,2]. The tearing mode formation procesplies magnetic
reconnection at the resonant surface, which regesamagnetic topology. The tearing mode
can start either from noise perturbations if thedgent of the plasma current at the resonant
surface provides the drive [3], or it requires igger event. The second situation is more
common for NTMs, which require a seed island toagrim this paper, the mechanism of the
seed island formation by strong internal drive ttusawteeth is investigated in detail. This
type of tearing mode formation is considered tabe of the most dangerous for a future
fusion reactor like ITER [4] and provides the maintivation for sawtooth control.

Experimental observation of tearing mode for mation trigger ed by a sawtooth crash

In this paper, a combination of all main MHD diagtics installed in ASDEX
Upgrade is used to investigate the triggering pecdhese are: (i) two independent
electron cyclotron emission diagnostics (ECE-Imgdb] and standard ECE), (ii) magnetic
coils and (iii) soft X-ray cameras. The ECE-Imagdiagnostic measures the local electron
temperature T,, along 14 radial lines of sight with a radiasoition of 1.3 cm. The

measurements span the region around the q=2 rdseundace. Standard ECE provides
local measurements along a single line of sightctvhlirosses the q=1 and gq=2 resonant
surfaces. Both diagnostics give information aboatl temperature perturbations inside the

plasma, which depend on the temperature gradié"Te:{[H]<Te>, where ¢ is the
displacement). In the case of fT, profiles, temperature fluctuations are not visibléhus,

it is difficult to determine the perturbation antpe from ECE measurements during a
phase with strong evolution of the background temjpee profile, which is the case
directly after a sawtooth crash. Contrary to theEEd@agnostic, magnetic coils located
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outside the plasma are able to detect mode petitoinsaalso in this case and provide a good
mode amplitude indicator. The measured magnetinasig-ourier filtered at the mode
frequency, represents the total mode amplitude.

Rotation of an MHD mode with respect to the ECE sueament positions is used
here to distinguish between kink and tearing modé® idea is shown schematically in
figure la. The measurement points 1 and 2 movegatbe dashed line during mode
rotation. In this case, a perturbation caused byideal mode produces sinusoidal
temperature variations in all channels around tksomant surface, and all these
perturbations are in phase. The situation is wliffe for an island structure, where the
temperature inside the island is either flat or élasadditional maximum (hot island case).
In this case, the ECE signal is either flat withie island region or has an additional
maximum. This feature gives a direct indicationtlod island separatrix position and the
character of the mode (kink or tearing). This mdtbbthe island identification avoids any
further assumptions and allows identifying kinkfteg conversion directly. The temporal
evolution of experimental ECE signals is shown iguffe 1b for discharge 27257. The
island structure is clearly visible in all ECE-Inagy channels from 7 to 2 at the end of the
time window (t=2.782s). The saturated island widtkhus about 6.4 cm. Backward tracing
in time allows to identify the point in time at whi this feature appears for the first time in
each of the channels (indicated by the dashed)liddsECE signals are in phase before
t=2.777s, which is a clear signature of an ideakkinode. It should be noted that the
amplitude of this ideal (2,1) mode is large immealiaafter the sawtooth crash (t=2.775),
as can be seen from magnetic measurements irottugrbtime trace of figure 1b.

Figure 1. Identification of theisland size from local ECE-
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during 10°s. In figure 2b the transition from ideal to tearimgpde takes even longer. These

time scales are much longer than the sawtooth ciiash (about10™s or less). It is
interesting that the mode amplitude of the ideatiendirectly after the crash differs almost a
factor of two in these two cases and is largertlier fast conversion case. The crash time
itself, measured from fast ECE signals, is appraxety the same in both cases.
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The plasma rotation profiles are almost
identical in these two cases, which excludes aflyence of the rotation profile on the
mode conversion time in these two cases. The satned for kinetic profiles. The saturated
island Width'W(z,gsat =6.4[cm] is also the same for both cases, which is amantlindication

of similar plasma conditions. Thus, the differemte¢he time scale of the mode conversion
and in the delay of the tearing mode is probablyneated to the different drives (different
amplitudes of the ideal modes) after the sawtoottslc The resistive diffusion time

required for an 6¢cm island formation 7r = L/ =0.23 \here the characteristic length

is the saturated island sizL=6CM  and 7=200°QN js the plasma resistivity at the
rational surface. This time is much longer than dbhserved mode conversion times and
shows the inapplicability of the single fluid recattion picture as expected for
collisionless fusion plasmas. This is also confanby comparison of characteristic lengths.
Experimental plasma parameters at the (2,1) ressuaface show the ion-sound Larmor

P, =¢./Q, =8.2[A0°m

radius, exceeds the width of the Sweet-Parker layer,

8y = L/\/S=12010°m Nonlinear two-fluid modelling of the NTM formatiois discussed
below.)

It is important to note that previous observatitnasn other tokamaks, for example
from JET [6] or TCV[7], report large island widthreictly after the crash based on analysis
of magnetic or SXR measurements. These measurem@eontshow large amplitude of the
mode directly after sawtooth in our castA_(in figure 2), but they are not able to
distinguish between kink and tearing modes.

A very important question is the origin of the ilesde at the q=2 resonant surface
after the sawtooth crash and its presence long tagecrash. Spectral analysis of the signals
from the standard ECE diagnostic show temperatuertugpations from (2,1)
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simultaneously inside the gq=1 surface and at th2 igsonant surface, which indicate the
strong coupling between the surfaces. The detgoiedursor is a (3,3) mode for the case in
figure 2b. In this case, the (1,1) frequency isdff&he precursor frequency (18 kHz) and is
above the (2,1) mode frequency after the crashkdZ. The second case in figure 2a has
an n=2 precursor with 9kHz, which is approximatelyce the frequency of the following
(2,1) mode (4kHz). Although the precursors in bo#ises are not strictly the usual (1,1)
mode, one can assume that the crash can leavelaalgd.,1) island as post-cursor. Thus, a
possible explanation is a strong resistive (1,13tqoarsor, which drives the toroidally
coupled ideal (2,1) mode and keeps its amplitucee rafatively large value for a long time
after the sawtooth crash. Analysis of the plasnatian velocity supports the resistive (1,1)
post-cursor idea, because the (2,1) mode rotagterfthan the plasma at the q=2 surface
(2.6kHz-2.9kHz). The presence of sawtooth postarsris typical for ASDEX Upgrade [8].

A cylindrical, two fluids, non-linear MHD code issed to simulate the mode
triggering [9]. Simulations use the experimentagpha parameters measured by a set of
different diagnostics in ASDEX Upgrade. The trigggrprocess is simulated by a variation
of the helical flux with (2,1) helicity at the glaa surface. The latter is different from the
experimental situation where the perturbation seui at the g=1 surface, but this
formulation of the problem simplifies the analysisd excludes the need to model the
sawtooth crash dynamic, which is a challenging tagltself. The perturbed flux is set to

grow exponentially up to a saturated value on ay\&hort time sca(tsan =500°),
comparable to the sawtooth crash time. After timef the amplitude of the external (2,1)
perturbation remains constant, which simulatespifesence of the perturbation after the
0.18 ‘ ‘ * crash in the experiment. Results of
simulations for different amplitudes of the
external perturbations are shown in figure 3.
The important result of the calculations is
that the conversion time is always longer
compared to the typical sawtooth crash
time.

Figure 3. Results of two fluid non-linear MHD
simulations are shown. Evolution of the isand
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