1 EX/P5-11

Control of the Sawtooth I nstability by Electron Cyclotron Heating and
Current Driveln the TCV and ASDEX Upgrade Tokamaks.

T.P. Goodman 1)A. Muck 2), CAngioni 1), M.A. Henderson 1), O. Sauter 1),Ryter 2), E.
Westerhof 3), H. Zohm 2) and tASDEX Upgradeleam 2)

1) Centre de Recherches eryfiue des Plasma&ssociation EURAOM - Confédération

Suisse, Ecole Polytechnique Fédérale de Lausanne, CRPP - EPFL, CH-1015 Lausanne, Swit-
zerland

2) Max-Planck-Institut flr Plasmaps$ik, IPP-EURAOM Ass., 85748 Garching, German

3) FOM-Instituur wor Plasmafysica “RijnhuizenAss. EURAOM-FOM, TEC, PO Box

1207, 3430 BE Nieuvgein, NL

e-mail contact of main author: timgtgoodman@epith

Abstract: Recently there has been increased intereswvoiding the destabilization of NTMs by controlling the
sawvtooth instability which frequently puides a lage enough seed island to trigger thenghoof the NTM. Elec-

tron gsclotron heating (ECH) and currentwl#i(ECCD) are prime candidates for such control as the all important
deposition location can be adjusted usirtemal control parameters alonew&aoth control studies ka been
carried out on th&okamak a CongurationVariable (TCV) andASDEX Upgrade tokamak3.he experiments

and subsequentwtooth period modeling help to determine the optimum locations fatostéh period control

and understand the mechanism by which this control is attained.

1. Introduction

The stabilization, or at least reduction to an insigaift amplitude, of NTMs at the =2 and
g=3/2 suréces has been demonstrated in the past [1,2,3]. It has beem afperimentally
that ion-g/clotron absorption can alter thengaoth period. By adjusting the deposition loca-
tion so as to shorten thevgaoth period, the plasma beta can be increased to higheds le
than in the presence of longenseeth, before triggering an NTM [4].

Early experiments shoed that electronyclotron resonance absorption (ECH) near the g=1
surface can drastically alter thevgaoth period [e.g. 5]. Furthermor&CV has shawn that

with absorption near the q=1 sack, electronyclotron current die (ECCD) diving current

in the same direction as the plasma current (co-ECCD) lengthensvtbetseperiod wer that

of pure ECH. Dwing current counter to the direction to the plasma current (coEQED)
decreases the period. Control of the deposition location can be carried out by adjusting the
magnetic ®ld strength, to mee the resonance rekati to the g=1 suaice itself as in the case

of ICRH. However, the greatest potential aatvage of ECHwer ICRH is that the absorption
location can be easily adjusted by changintemal parameters (launcher mirrors) only
thereby becoming relant to ITER operation.

In this paper satooth stabilizatiord destabilization refers to a lengthenirghortening of the
savtooth period; although, thewtooth crash can also beegtively eliminated by reducing
the period and/or amplitudevtards zeroWe shov the (de)stabilization of the w#ooth insta-
bility by ECH and by co- and countdeCCD onTCV, using real-time antenna steering; and
on theASDEX Upgrade tokamak, by adjusting the magnetic fstrengthThe relatve merits

of co- and counteECCD are discussed and the optimum location for stabilizationwansiwy
modeling to be outside of the q=1 sgé for co-ECCD and ECH and inside this acef for
strong counteECCD. This is consistent with thevailable eperimental gidence. Prelimi-
nary results of §CV experiment looking for a theoretically predicted optimum location for
destabilization are also presented.
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2. ASDEX Upgrade: Complete stabilization by
ECCD in NBI heated plasmas[6]

In ASDEX Upgrade, stabilization has been acad

in single null, H-mode, NBI heated (ca. 5-5.3 MW),
0.8 MA plasmas using relately low additional EC
power (ca. 0.8-0.9 MW)The magnetic éld is swept
at a rate of ~0.I/s and mwees the deposition loca-
tion tovards the LFS in tim&wo gyrotrons are used
with toroidal injection angles +/-15° for counter/co-
ECCD, or with opposite signs for ECHhis ensures
equvalent absorption locations and widths for the
three caseslhe results are summarized in Figures
la-c, each shaing combinations of shots with toroi-
dal field sweeps for ECH, co- and countexCCD.
The savtooth period (red) is plotteceysus the depo-

04l ) | sition location of the EC peer in normalized radius
0.3 counter-ECCD - (calculated by th@ORBEAM code);ppo < O indi-
0.2¢ N i

L] 2& e e | CAtES high &ld side (HFS) depositiofihe savtooth
‘ T ‘ periods from NBI-only heated shots are whoin
'0'%C'OR"EI 02 0 02 04 gmq points (blue), for referenc&@he step in the
eposition in rho_pol . . . .
savtooth period near thewersion radius is due to a
FIG. 1. Sawtooth period as a function change in the NBI sources [6}.sample deposition
the deposition location for ECRH, co profile is shevn on each plot; scaled with thewsa
and counter - CDMertical gray dashec tooth period axis. It is chosen to match thetsath
lines ae the HFS imersion rdius, period peak height for ECH. It has beenwhon
plasma center and LFSversion Rdius Tcy that when the setooth period is linear in ECH
(left to right). The locations of complel 0 qensity the width of the peak in wéooth

stabilization at fked feld ae shown for : :
c0-CD (-0.42) and counteED (-0.07) period can be used as an approximate measure of the
' 7 beam width [7, 8].

Heating and especially co-ECCD are stabilizi T o EC ]
when absorbed neapy, = -0.42; well outside of 4. +ECH i
the sawtooth inversion radius of ppo = - 0.25. This é’ i, - counterECCD 1
peak in period is consistent with changing the §04 ”Zafgf* +

growth rate of the shear a the g=1 surface (see 203 ™ e 5 e 1
below). The addition of co-ECCD further inside g 0 @ioo W;& %1 - 1
this peak, but still outside the inversion radius, 2 e 5 R

(IPpol 1~0.25 - 0.35) decreases the sawtooth period 0.1 0 g o M 1
relative to that measured with ECH (i.e. co-ECCD L, | | |

1 | 1 | 1 1 1
: e : : 0.6 04 -02 2 4
is destabilizing) while counter-ECCD increases 06 OECR dgposiﬁonoin rhoopol 0

the period. With counter-ECCD heating near FIG. 2. Sawtooth amplitude as a functior

Ppol = -0.42 produces sdooth periods Shorte&eposition adius for the same swept greetic
than those found using ECH in accord with resgl& shots pesented in gure 1.

onTCV. There is a broad stabilizationgien with

nearcentral deposition, as slva in Figure 1c, consistent with aflening of the central g-pro-
file. The g=1 suiice should stilb@st, hovever, as a m=1, n=1 mode is present. Complete sta-
bilization was achieed with deposition ap,, =-0.07. No direct measure of the current

profile (MSE) was a&ailable for these shots.
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In Figure 2, the sawtooth amplitudes from the shots of Figure 1 are shown. For ppg < -0.42,

both the period and amplitude decrease in the order: ECH, counter-ECCD and co-ECCD. In
other regions there are various sawtooth shapes similar to [9]. Note that there is a clear asym-
metry between LFS and HFS deposition in both the sawtooth period and amplitude. This may
be due to the generation of alarger trapped electron fraction when heating on the LFS.

3. TCV: Optimum absor ption location for saw-
tooth stabilization

[aa]

In sweep rperiments which use onlyternal con-
trol parameters (i.e. no magnetieléi sweep) and
which cover the lagest possible range qdgep it is
difficult to combine seeral independent beams at
precisely the sam@ge; especially when aiming
from abwe and bele the plasma midplanelhe
resonance should pass through the plasma center
and thus the transvse dimension of the beam is
nearly perpendicular to theull surbices adi,, ~
+90°. If the resonance is roughly tangent to th fl
surface at the deposition location, (Bgy ~ 0° or

180°) pgep is relatively insensitve to aiming angles
and beam width.

Loy

Saw[ ms ]

[

[

061 i 0 v i While plasmas sweptevtically through an ECH
%D.ﬁﬁ-; T | beam heae been used to impre the accurgcof the
Q?Dﬂi [ ' LIUQE equilibrium reconstruction code [10] and
dql-' ol s therefore the ability to wverlap multiple beams;
gask gl I Lo d” N some systematic discrepancies between magnetic
fF U708 0T T T2 43 and tomographic measurements [11] remain to be
tme [s] elucidated and absolute measurementswel®%

FIG. 3. Sawtooth simulations durii ©f minor radius are not possible. \gtheless,
swept ECH deposition acately epo- SWeeps still prade precise, reproducibleglative
duces theTCV eperimental sawtoot MeasurementsThe sensitiity of the savtooth
period (a) and the g-pfile evolution (b). Period to paver density is used to align launchers, in
The horizontal scale ofdfire (a) core- situ, to within ~+10% of the beam width (i.e. 1%
sponds to 15% of the plasmadius.The minor radius) atTCV [7]. Fortunately savtooth
maximum in the sawtooth period (D/E) period modelling can pwide testable predictions
found with the deposition well outside ' pased on relate measurements.
inversion radius and the g=1 surface

Sawvtooth eperiments are analyzed using the PRE-
TOR-ST [8 and Ref.s therein] transport code,dimhiko a satooth period model fst proposed
to predict the satooth period in an ITER Wwning plasma. Man stabilizing terms can be
taken into account, and in this form, the model has been successful in correctly simulating the
sawvtooth period ariation duringa) experiments with swept ECH beamsin TCV [12], b) NBI
heated plasmas in JET [13] — witsf-particle stabilization of séeeth — ana) ICRH/ICCD
heated JET dischges with ngligible fast-particle stabilization [8]. Moreer, the code can
separate the infence of current dre from that of the accompgng heating [8]. In actual
experiments, both arevahys present simultaneously
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Figure 3 shows that the calculated deposition location for optimum sawtooth stabilizationisin
good agreement with the experimental results using ~1.3MW of swept ECH in a plasma of

|, ~ 350kA, K ~ 1.7, 5~ 0.45 and gy~ 3+10"m™. The optimum is clearly outside theperi-

mentally measured wersion radius (from x-ray tomograghand the gq=1 suate (calculated
self-consistently by PREJR-ST).As the EC absorption mes outside of the g=1 sarde, the
g=1 radius decreases as also seen with the LIUQE equilibrium reconstruction code.

It is expected that the sdaooth model will
shav similar accord betweemge, and the

savtooth period for theASDEX Upgrade
results presented abm However, since the
various NBI sources produce féifent sav-
tooth periods oMSDEX Upgrade, the model
must nev simultaneously simulate thefefts
e of NBI stabilization, as well as thev@ution
O 04 08 12 16 of the shear at g=1 (s and critical shear
time [s] (S1crit) due to ECH/ECCD: the crash condition
15.18 ms for the later case being simply & S it

While fast-particle stabilization may play a
=1 role during NBI heating, the ddrent NBI

sources hee different deposition prdés and

may also dect the sateeth in the sameay

as the ECH. In addition, changes in the rota-

0 #22241 tion profie can also #&ct the satooth period
08 1 12 14 16 [14].

time[s]
FIG. 4. a) Simulation: 1.3MW ECHx&d for opti- 4, Predicted Optimum L ocation for Saw-
mum stabilization; 0.45MW of swept ECH. S tooth Destabilization.
tooth period, g=1 andpgyy, are shown. k
Experimental sawtooth period, LIUQE g=1edl The stabilizing dect of Figure 3 can be elimi-
line) and TORAY ECH power density conta! nated by the addition of ~0.5MW of ECH
0-92/_||\_/V ECH E)SZQSVSI W-%CCD))@E(EOI—: (zplt_iﬁs]ur absorbed at axed locationpgey ~ 75%pjnyer-
stabilization; 0. of swept slight - : : o
ECCD). ECH destabilizes sa\AF/)teeth, insid?e g= Sion 8 thus,.ECH might be aple to.deStébmze

the long period sateeth predicted inurning

plasmas. PREDR-ST predicts that the wtooth period will &hibit a minimum (destabiliza-
tion) at a distance inside the q=1 sue roughly equal to the Gaussian half-width of the ECH
beam [8]. In the simulation, 1.38W are deposited at the optimum location for stabilization
outside of g=1 while a fourth beam is swept from inside to outside the gateslitie sav-
tooth period is calculated as a function of the deposition radius of the swept beam (Fig. 4a).

In a preliminary gperiment to test this prediction, 0.9MW ofvper was used atxed injec-

tion angle to simplify thexerlap of the stabilizing beams. In addition, a small co-ECCD com-
ponent due to the poloidakfd is also presenthis should cause the maximum found in the
simulation (heating only) to shift slightly iraxd and the minimum slightly outwd [8]. The
additional co-ECCD will also increase thevsaoth period at the maximum relagi to pure
heating as sivan onASDEX Upgrade (Fig. 1). OMCV an additional beam ag swept, simi-

lar to the simulationThe results are presented in Fig. 4b as a function of time.art EC
power density contours are shown aong with the LIUQE g=1 radius (thick red line). The saw-
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tooth period (normalized to the maximum) is then overlaid as a function of time. Starting from
the stabilized sawtooth period (t< 0.8s), a) the central beam is destabilizing (t>0.8s), b) a small
minor peak is found (t~1.1s) anadily, c) the beam crosses the location of the other 2 beams
(t>1.4s) with afurther increase in the sawtooth period. Following the minor peak, a minimum
IS seen in the period (t~1.2s) but, the period is not shorter than that found at the start of the
sweep (the sawtooth amplitude, however, exhibits a minimum only at t~1.2s).

When the central beam is added, a strong m=1, n=1 mode is present as in saturated sawteeth
[9,15]. At the minor peak some similarities are seen with sawteeth interpreted as exhibiting
partial magnetic reconnection [15] for which a more complete, 2D model of the sawtooth
crash [16] is needed. Unfortunately, the 2D model used to match the sawtooth shape, cannot
predict the sawtooth period.

5. Conclusions

Both TCV andASDEX Upgrade she stabilization of the setooth period with paer deposi-

tion outside of the wersion radius (and g=1 faiCV) as in the satooth modelThe savtooth

model may be in accord witkSDEX Upgrade results stwing savtooth destabilization inside
inversion radius with co-ECCD and stabilization with coB€CD. Modeling ofASDEX
Upgrade results is still to be carried out and is complicated by simultaneous NBI heating
effects. PreliminaryTCV experiments to fid the predicted optimum destabilization location
inside g=1 she destabilization wer a broad range of deposition locations and 2kzh
features which are out of the range of application of theogdh model used in PREJR-ST
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