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Abstract

It is often observed that large sawteeth triggerrboclassical tearing mode (NTM) well below the
usual threshold for this instability. At the sanied, fast particles in the plasma core stabilize
sawteeth and provide these large crashes. The pagsents results of first experiments in ASDEX
Upgrade for destabilization of fast particle stakdl sawteeth with electron cyclotron current drive
(ECCD). It is shown that moderate ECCD from a sngyrotron is able to destabilize the fast
particle stabilized sawteeth. A reduction in sawhoperiod by about 40% was achieved in first
experiments. These results show that ECCD can éé as a tool for control of sawteeth also in

presence of fast particles.

Introduction
In magnetically confined fusion plasmas, a variefy magnetohydrodynamic (MHD)

instabilities can occur, driven by gradients oféftiao pressure or current density. The sawtooth
oscillation is one of the fundamental instabilitisdokamaks. It is associated with abrupt chariges
central plasma confinement due to growth of an Ya¢ln1) mode, where m and n are poloidal and
toroidal mode numbers [1]. Whilst the plasma usuallrvives the drops in core temperature and
density due to this instability, the triggering ofher, more dangerous instabilities is the main
concern. It is often observed that large sawtedglyer the neoclassical tearing mode (NTM) well
below the threshold for this instability [2]. Exalapof NTM triggered by big sawtooth crash in
ASDEX Upgrade is shown in figure 1. It is also simotlvat changes of the ion cyclotron resonance

heating (ICRH) power change the sawtooth periodIf8future reactors like ITER, the fusion born
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a-particles will stabilize the (1,1) mode and leadlarger sawteeth which are more probable to
trigger NTMs (see discussion about NTM triggerindlef[4]). Thus, avoidance of large sawteeth is
of prime importance for a robust scenario in ITHRe second possible problem for ITER could
come from redistribution of the fast particles dgrithe crash. Such redistribution is observed with
collective Thomson scattering (CTS) diagnostic EXTOR [5].

< 10° #23297 #25781

(a) ot (o)

I__{SXR}

w
Tsawtooth [s]

- N
T T
[=}

o
)

SXR

25 31 315 32 325 33

1 1.5 2 335 34 345 35

time [s]

time [s]

2f| | —— oddN 0]

N
T

i
&)

Magnetic
w

Power ICRH [MW]
N
»

N
T

-
o

1 1.5 2 2.5 31 315 32 325 33 335 34 345 35
time [s] time [s]

Figure 1. (Color online) Triggering of NTM by large sawtooth crash is shown for ASDEX
Upgrade discharge 23297: (a) central Soft X-ray channel; (b) magnetic signals. Changes of the
sawtooth period (c) with changes of applied ICRH power (d) are shown. The average sawtooth
period isreduced with reduction of ICRH heating.

The main aim of this work is reproducing an ITERyant situation. The fastparticles are
imitated with central ICRH heating and Neutral Belnection (NBI) in ASDEX Upgrade. This
heating produces a population of very energetis ionthe plasma core which stabilizes the (1,1)
mode and increases the sawteeth period [6]. Theptasicle distribution is peaked in the plasma
centre (inside g=1 surface) for central ICRH healextharges in ASDEX Upgrade [7]. The fast
particles with energies higher than 1MeV were alsserved by fast particle detector in ICRH heated
discharges.

The destabilization of the sawteeth is achievedobgl changes of the current profile with
electron cyclotron current drive (ECCD). This ishimved by changing the ECRH mirror angle.
(Previous experiments in ASDEX Upgrade used vaniatif toroidal magnetic field to change ECCD



deposition position, which is not possible in ITER9].) In this paper we report the first results

which were recently achieved on ASDEX Upgrade.

Sawteeth destabilization experiments

The reported experiments employ the higly H-mode parameters of ASDEX Upgrade

=IMA, n,=8110°m>°, B

toroidal

tokamak =2.5T, gy =4.7. The heating scheme includes

plasma

high ICRH power( Peg,, =4.3— 4.AMW) and one NBI sourdéd, =2.5MW). Toroidal magnetic
field and plasma current are constant during thpeemental phase. The 140GHz ECRH system is
used to heat the pIasn(ePECRH =O.8MW) in the core. This allows gaining two different tpa

simultaneously:
* Influence of the ECRH heating on the ECCD expertaeresults is strongly diminished
since core electron heating remains relatively taoiduring the scan.
» The impurity accumulation is reduced which providesble discharge conditions [10].
The temperature profiles are almost identical vaitid without applied ECCD [11]. Thus, effect of
pure heating from ECCD gyrotron is negligible.
Central ICRH heating produces a population of fass in the plasma core which stabilize
the (1,1) mode and increase the sawtooth period.dBstabilization of the sawteeth is achieved by
local changes of the current profile with electoyalotron current drive (ECCD). The radial position

of the ECCD is swept poloidally during the disclegrgorresponding to a sweep of the resonant
location from inside to outside of the q=1 surf#é@cw’ gyrotron =1.0MW) . Changes of the sawtooth

period depending on time and on the depositiontiposare shown for the co-current drive case in
figure 2. The experiment shows that co-current EG¥ide the gq=1 surface destabilizes sawteeth
and reduces the sawtooth period by about 40%. Qoesdly, the outside deposition stabilizes
sawteeth. The deposition positions and depositiafilps for different time points are shown in
figures 3(a,b). The width of the deposition proifiderelatively broad in comparison with previous
experiments [8]. On the one hand, this is unfavialerfor sawtooth control but on the other hand, a
similar situation is expected in ITER. This broabdsition profile is a result of the off-axis injien
geometry and has pure geometrical origin. The rdgge of the present system is an almost self-
similar deposition profile (see figure 3b). Inflwenof the applied ECCD on equilibrium profiles was
modelled with transport code ASTRA [12]. The reshibw small changes of safety factor profile
with strong changes of shear in the vicinity of gsdrface (see figure 3c). The total electron

cyclotron driven current varies from 1.9kA to 2.5k#ich is about 1% of the total current inside



g=1 radius. Our results confirm recent findingsnirdoreSupra that moderate ECCD is able to
destabilize fast particle stabilized sawteeth [13].
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Figure 2. (Color online) Heating power s during the experiments are shown in the upper figure
2(a). The central ECRH heating is always on. Co-current ECCD is applied from 3 second.
Changes of the sawteeth period depending on time (2b) and maximum of ECCD deposition
position (2c) are shown for co-current drive case. The current drive position changes from
inside of the g=1 surface to the outside as shown in second figure. The sawtooth inversion
radiusismarked.
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Figure 3. (Color online) Dischar ge 25856: (a) changes of the co-current ECCD locations during

the scan from insideto the outside of q=1 surface; (b) co-ECCD deposition profilesfor different
times; (c) changes of safety factor profile and shear profile.

Stability analysis of co-current drive experiments

Simulations of shot 25856 have been compared tdPtireelli linear crash trigger criterion from
[14,15]. This analysis results from linear modellithus it cannot be used to correctly describe the
sawtooth period but does provide, however, an atitio of the stability of the plasma to the intérna
kink which is thought to be responsible at leasttfee onset of the sawtooth crash (see review in
Ref.[16]). By using the Hagis Monte-Carlo drift-kitic code the contribution of the energetic ions to
the potential energy of the internal kink mode bamumerically assessed to evaluate the efficacy of
varying the magnetic shear to control sawtoothha presence of fast ion stabilizing effects.
Consequently, the closer the tadslV is to the threshold predicted for onset of theteath crash, the
lower the sawtooth period is likely to be. The &nenodelling is performed using the Mishka-1
linear MHD stability code [17] to evaluate the fluddive for the kink mode and the Hagis wave-
particle interaction code [18] to evaluate the g®aim the potential energy of the kink mode due to

the presence of fast ions.



The effects of the fast ions are taken into accbymnaking approximations for both the
NBI and ICRH populations. The ICRH distribution @fion is assumed to be bi-Maxwellian in form,

as in references [19, 20]:

m )2 n(r 3 - UB,
o (2) TD(_r)(T F(r)exp(-;;z) "ET“ 1 ']'

where the particle energly = m\f'/2, the magnetic momeny = mvé/ B, || andl represent the

(1)

components parallel and perpendicular to the magfield respectively B, is the critical field

strength at the resonance andis the local density evaluated Bt= B,. The passing NBI ions can

be approximately represented by a non-symmetrtalaision which is slowing down with respect to

energy and Gaussian with respect to radius ant pitgle [21], such that

P — Y-y, A_/]oj 1 |:E_Eo}
f Cexp[ Ay jexp( Iy EW—ECW Erf, AE | 2

where Ay =0.1, A, =0.5, E, =80keV, E, =3keV, AE =3.5keV. The effect of the ECCD is

taken into account by perturbing the current prafded as input to the HELENA equilibrium code
[22] by the non-inductive driven currents predicbsdT ORBEAM. In each of the three generated
equilibria, the radius of the q = 1 surface is Heddd, as observed on the soft X-ray measurements,
and accordingly the safety factor on-axis is scalgghtly (less than 10%). These equilibria repnése
three different time points of the same dischargh different position of the ECCD deposition. The
change in the magnetic shear resulting from the E@&Qhe major determining factor influencing
the stability of the kink mode with respect to timear crash trigger thresholds.

Figure 4 shows the change in the potential enefdlye internal kink mode resulting from
the fluid drive together with that arising from thresence of ICRH and NBI fast ions, all at three
different times during discharge 25856 (as illusttlan figure 4). Att = 3.25;3.5;3.75, the peak

of the deposition of the ECCD predicted by TORBEMAMt o, =0.367, 0.398, 0.43espectively.

The contribution of the ICRH and NBI fast ions doe$ change during this time since the 1
surface is assumed not to move in accordance wibranental observation. However, since the

magnetic shear changes significantly atghel surface, the total normalized change in the

potential energy of the mode is strongly affectelgre éV(/tot = oW,/ $, where

S = 2\/(]:1(%) is shear at q=1 surface. At the earliest time, wherpeak of the ECCD is inside
g=1

dv

the measured inverison radius, the increasgresults in an enhanced destabilisation, manifest a



éV(/tot being close to the predicted Porcelli crash tniggeeshold. However, as the ECCD is scanned

outwards and moves to approximatelycpt 1 (t = 3.5s) and outsidg = 1 (t = 3.75s), the shear
decreases and so the internal kink is stabilisedualitative agreement with the increase in the

sawtooth period observed in the experiment.
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Figure 4. (Color online) The changein the potential ener gy of theinternal kink mode resulting
from thefluid drive (OW,,,,; ), the stabilizing effect of the ICRH (W, ) and (W, ) fast

ions, and the total mode energy (AW, ) all shown for threedifferent locations of the ECCD

deposition at t = 3.25, 3.5, 3.75s. Also shown for comparison isthethreshold level (Cp,o/r ,

Porcdli criteria) required for a sawtooth crash to betriggered according to the model in
reference[14]

Conclusions

Large sawteeth produced by a combination of ICRH ldBI heating in ASDEX Upgrade
are able to trigger NTMs. First experiments in ASDHpgrade show that moderate ECCD from a
single 1MW gyrotron is able to destabilize the fpatticle stabilized sawteeth. The reduction in
sawtooth period by about 40% was achieved withuroenit drive deposited inside the g=1 radius.
The stabilization influence of ICRH on sawteethsmsen by variation of ICRH power in the
experiment. First modelling results also suggestir@ng stabilization influence from ICRH produce
fast population. We diminish influence of pure ECRé&hting on our results by applying additional
central ECRH heating. Thus, the reported resufteateessentially influence of the current drive on
sawteeth.

The predicted sawtooth amplitude in ITER is abdwt ¢tritical size to trigger NTM [23].
Thus, 40% reduction of the sawtooth period couldidéicient to avoid such triggering. At the same

time, further optimization is necessary if our mstiions for ITER are wrong. We think that further



strong reduction of the sawtooth period could bkiesed by increase of the current drive and
optimization of current drive position.

It is clear that further experiments are necessargxplore the case of several gyrotrons
which will be installed on ASDEX Upgrade with idaal mirror systems. It is planned that CTS
diagnostic will provide distribution function in weexperiments which is necessary for more

accurate modelling of fast particle influence oa sawteeth.
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