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I ntroduction

Neoclassical Tearing Modes (NTMs) degrade plasma confineare can interact with the
wall causing the plasma rotation to stop and the mode to lwhigh usually leads to a disrup-
tion. A key feature of NTMs is that they are classically sédinlit neoclassically meta-stable, i.e.
they need some trigger mechanism to create a seed islamvdHit]) can be provided by a saw-
tooth crash [2, 3]. NTMs are a critical performance limitingtability in the baseline scenario
in ITER and an improved understanding of the coupling betwssevteeth and tearing modes
could indicate ways to avoid them and facilitate operatibhigher plasma pressures. Recent
TCV experiments give new insight into the coupling betweantseth and NTMs.

Electron cyclotron heating system used to vary sawtooth and tearing mode stability

Two techniques have been used to control the sawtooth pénitiae first one, the deposition
location of ECRH/ECCD is moved with respect to the q = 1 fluxface by simultaneously
decreasing the toroidal magnetic field and the plasma duimesrder to keep the value ot,q
constant during the discharge. The sawtooth period ineseadien the deposition location is
moved from the plasma centre towards the g = 1 surface. Irettensl technique, the sawtooth
period is paced through a real-time system using feedbaukati@f the ECRH/ECCD applied
in the vicinity of the g = 1 surface radius [4]. Preemptive BCRas also been applied in the
vicinity of the q = 3/2 surface in order to study its effect dre tNTM seeding process and on
modifications of the tearing mode stability [5].

Fast seeding of 3/2and 2/1 NTMs

The NTM seeding process has been found to occur withinul6f the sawtooth crash. This
time is too short to be resolved by temporal Fourier techesgand, therefore, instantaneous
toroidal mode decomposition using toroidal arrays of mégreensors is applied instead. The
mode decomposition is carried out using integrated magsénals [6], since the mode am-
plitude changes on the same time scale as its phase (growimwne toroidal revolution)
immediately following the crash. Moreover, TCV is equippeith Low Field Side (LFS) and
High Field Side (HFS) toroidal arrays of magnetic sensorglwiare used to distinguish be-
tween even and odd poloidal mode numbers m by comparing #meglof the component with
a toroidal mode number n at the low and high field side.

Figure 1(a) shows an n = 2 mode, which has been generated byt@osia crash and Figure
1(b) shows that the HFS and LFS are in phase just before thestwcrash, indicating an even
m number. After the time of the crash the perturbation qyitkdcomes out of phase indicating
an odd m number. The magnetic measurements therefore lstreungpest that an m/n = 3/2
mode is generated in a few tens of microseconds by the sdwtoadh.
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Figure 1:(a) Amplitude of n =1 and n = 2 magnetic components generayelsawtooth crash
and (b) its phase measured at the LFS and HFS. (c) Evolutigheom/n = 3/2 island width
in its phase-space. The colors correspond to perturbatgererated by sawteeth of different
duration.

Measurements of the line-integrated soft X-ray emissioelieeen used to identify the pres-
ence of a magnetic island. Once the island is sufficientlydathe flattening of profiles across
the island leads to an oscillation of the emissivity at thelemfsequency with a phase inversion
at the resonant surfagg. Such a phase inversion starts to be visible at the HFS and¢d$¢s
nant surfaces as early as 808 after the sawtooth crash. Following the phase of the 3/2emod
back in time from saturation to a few microseconds after #vetsoth crash, no transition in its
behaviour is observed, strongly indicating that the 3/2 engeinerated by the sawtooth crash is
already an island in tens of microseconds after the sawtwa#h time. Assuming that the mea-
sured 3/2 perturbation is generated by an island as soomsadatected, one can determine the
phase-space diagram of its width w, Figure 1(c), whichithtes that the magnetic perturbation
evolves according to the modified Rutherford equation oegihg the evidence of a fast seed
island generation. Figure 1(c) also shows that sawteetbngfdr duration generate larger seed
islands. Interestingly, they also affect the classicalitgamode index’ s/, leading, counter-
intuitively, to a more stable plasma immediately after treesh. The observation of fast seeding
is consistent with numerical simulations [7, 8] and suggeagston-linear seeding process.

Comparing the phase difference between the n = 1 compon¢mé ehagnetic perturbations
atthe LFS and HFS, itis found that, as for the n = 2 component)/a = 2/1 mode can also be
seen within tens of microseconds after the sawtooth crdshrdsonant surface of the 2/1 NTM
is closer to the plasma boundary than the resonant surfate &2 NTM. The interaction of
the 2/1 NTM with induced eddy currents in the vacuum vesstiaesefore larger and leads to
a reduction of the plasma rotation, which in turn leads to enleeking and disruptions. The
same interaction exists for the 3/2 NTM, but it is not strongugh to significantly reduce the
plasma rotation. In these series of experiments every 2/ M@ to a disruption.

Stabilizing effect of preemptive ECRH at q = 3/2
Sawteeth triggered NTMs have traditionally been contbbig shortening the sawtooth pe-
riod (presumably by decreasing the main harmonic driva)ttmicoupling process can also be
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controlled by reducing the driven 3/2 and 2/1 mode ampligutteorder to investigate the effect
of preemptive ECRH on the driven 3/2 mode, TCV'’s real-timatoal system has been used to
keep the sawtooth period constant (about 20 ms) during lahsgharges (about 2.6) and avoid
changes in the sawtooth drive [5]. The preemptive ECRH agithe3/2 surface is switched on

before each programmed sawtooth crash time and switchedfteffa programmed duration,

which varies from 7 to 3 ms, Figure 2(a). Without preempti@RH sawteeth quickly trigger a

3/2 NTM.
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Figure 2: (a) Soft X-ray signal viewing the plasma centre. (b) Timelwian of the
ECRH/ECCD power applied at g = 1 used to keep a constant saiwvtoeriod (blue) and of
the preemptive ECRH at q = 3/2 used to change tearing modelisgafred). (c) p3/o4"3/2
measurements obtained from magnetic measurements fifmedifferent values of the ECRH
power averaged over the sawtooth cycle.

The magnetic measurements show that larger preemptiver@wweeaged over the sawtooth
cycle leads to a more negatipg/,A’ 3>, hence, a plasma more stable against the triggering of
NTMs, Figure 2(a,b). This is consistent with the obsenratiat the preemptive ECRH reduces
the size of the seed island.

NTM onset for different sawtooth periods and g, values

In order to address the parametric dependency of the mog#icgua shot to shotgscan
has been carried out. The value gfig kept constant while the sawtooth period is increased by
moving the ECRH/ECCD deposition location through the q =dius. The onset of an NTM
then yields the longest tolerable sawtooth period, whidbserved to increase with,gFigure
3(a). For the range of plasma parameters investigated aigg ¥@lues above 3, only 2/1 NTMs
are found to be triggered. The 3/2 NTMs have not been obsdove@lues of g above 3. One
possible explanation for this observation is that a 3/2 NSMiggered when the mixing radius,
which is larger at lower values af,, approaches the q = 3/2 resonant surface and the sheet
currents resulting from the crash destabilize the 3/2 NTMH®@wever, this hypothesis would
require a different triggering mechanism for 2/1 NTMs.

Since the n = 1 component of the magnetic perturbation is #ue driver for the triggering
of NTMs by sawtooth crashes, a characterization of its aomiidB,—1 for different ¢ values



39" EPS Conference & 16" Int. Congress on Plasma Physics P5.076

25 3 6
a) Critical ST period b) " q,~ 2.5 C)
N ~2.8 a ® No NTM (ECH @ q=3/2)
250 S« . ¢ '.// , ‘q“ . 5 = Q 3/2 NTM (Saturated)
~ ‘. ", . f W 2/1 NTM (Followed by a Disruption)
o Y,
~ 2 3 ‘ ~ 4} B glH
= K .7 = '?%
= s fin a,~36 | & mm o
T Y AICA-Egl e =5 S -
o Y | = m =
=2 ¢ . RN 2 u .
YN c e N — -
1 A3 tgee T 0 o g 2 - 5]
el "L ]
p T q,~44 uE
0.5 1 .

gl U 9
25 3 35 4 4.5 0 5 10 15 20 25 5 3 35 4 4.5
q, Tor /‘rR (%) q,

Figure 3:(a) MHD following sawteeth of various normalized sawtooghipds, 7st/ TR at var-
ious values of g Dependence of the n = 1 magnetic perturbation generatedhéysawtooth
crash on (b)tst/Tr and (c) . The light green squares account for a correction of the mode
amplitude based on a multipole decay of the magnetic peatiob from the g = 1 radius.

has been carried out. The relation betwé&_1 and the sawtooth period depends strongly on
the value of g, Figure 3(b). The value adB,,—1, measured with the LFS probes, for a given
sawtooth period, decreases with increasigg The reduction of the perturbation amplitude
with g is stronger than its increase with the sawtooth period feath a decreasing critical
magnetic perturbation for larger values @f gigure 3(c). Since neither shear nor the distance
between rational surfaces have been found to change wjtthg decreasing of the critical
measured magnetic perturbation with increasipgaould be associated with a smaller q = 1
radius decreasing the driver for the seeding. The behawiodB,,_» is very similar to that
shown in Figure 3(b) fodB,—1 and both components only differ in their amplitudes.

Summary
Fast seeding of NTMs by sawtooth crashes have been obserd&M These observations
suggest a non-linear mechanism. The preemptive ECRH atZhsu8face seems to affect the
seeding via a reduction d&f 3, leading to a smaller seed island. Plasmas with higher vaiies
ga tolerate longer sawteeth, which is partially due to a desged the sawtooth instability drive.
This work was supported in part by the Swiss National Sci€ooadation.
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