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Abstract The effects of plasma shape on confinement and sawtooth stability are studied for
positive and negative discharge triangularity and for different elongationswith 1.5 MW centrally
deposited ECH power.

Introduction After extensive studies of Ohmic confinement as a function of plasma shape [1]
and initial studies of confinement with additional EC heating a a power leve of 0.5-1 MW [2],
extensive studies of confinement with ECH started in 1998 at the 1.5 MW power level, using the
first cluster of three gyrotrons a second harmonic, 82.7 GHz [3]. During the initid ECH
campaign in 1997, the effect of the power deposition location on confinement was studied at low
power [4]. Thelocation of the power deposition was obtained from power modulation or power
shut-off techniques, from ray tracing and quditatively from sawtooth shapes [5]. These low
power studies confirmed the good confinement properties of power deposited insde the q=1
surface, relative to outside.

Studies of energy confinement time in EC heated discharges have been started as a
function of plasma shape in TCV (Tokamak a Configuration Varidble, achieved parameters:
k=2.58, -0.7<0<0.9, |,=1IMA). The elongations and triangularities explored with additiona
heating to date are in the range 1.1<k<2.15 and -0.65<0<0.5. For these studies, an additional
power of 1.5MW ECH is injected at the second harmonic, which typicaly represents a power
ratio of P./P,~2-3 during ECH, up to ten in extreme cases. Central power deposition, well
inside the g=1 surface, isused in this campaign as a rule. Two vaues of the engineering safety
factor Qeng (Qeng=5abB/RI; = 1.7 and 3) were used (23<(0a<6; 0.2<Ip<0.7MA).
Maintaini ng Ceng constant keeps the normalised radius of q =1 approximately constant while
changing the plasma shape [6]. The eectron energy content is obtained during stationary
periods from repetitive Thomson scattering measurements (~150 Hz), averaged typically over 10
time-dices to reduce the influence of MHD fluctuations.

Confinement Analysis To obtain a smple general power law over the full data set
describing the dependence of the electron confinement time 7, on average line density n, ,, total
power P, edge elongation , edge triangularity d and plasma current |, we have applied a multi-
variable regression. The dependences on k and |, cannot be separately determined, owing to the
strong correlation between these quantities in the present data. The power law must therefore
contain afree parameter, and takes the following form:

TEe[mS] = 2 ne_avls)an Pap (6 Ip)orI KaK (1+6)06 [m_gn MW’ MA] (1)
with a,=0.46+0.2, a,=-0.7+0.1, a;=-0.35+0.3, a,=1.4(1-a)*0.4 and a, remains

undetermined. The uncertainties have been estimated assuming a 25% error on 7. Good fits are
obtained with a; intherange 0 < a, < 0.7, an example at a,=0.5 isshown in Fig. 1.
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Fig. 1. Empirical scaling law for TCV ECRH Fig. 2. Fit to ITER-98-L mode scaling law. Snce
data set, see equation (1), in the representative triangularity does not appear in ITER-98-L, it is
case 0,=0.5. explicitly indicated by the symbols: negative & appear

favourable (red sguares <0, green triangles: 0<J<0.3,
blue hexagons: &>0.3).

In spite of the unresolved confinement dependence on curreelangation this scaling
appearsfavourable, as the main motivatidar creating elongatedlischarges is indeed to
increase the plasma current with #ien of increasing the energy confinement gmekssure
limits. Furtherdata are needed at moderate elongation to separateritrdutions of plasma
current and elongation.

The general scalin@ll) displaysqualitativesimilarities with the recent scaling lavisund
using a multi-tokamak database, such as the ITER-98-L mode scalingayt@d0, a,=-0.73,
0,=0.96,0,=0.64 [7]. Clearly, ther, anda, exponentsare ingood agreement witlour scaling
within the uncertaintiedjowever,a, anda, are notboth compatible with our sliag. Plotting
our data against ITER-98-L highlights the beneficial effect of negative triangularities, particularly
at low powers, i.e. at the large confinement times, as shokig.ig [3].

The TCV confinementtime in ECRH
Confinement time versus triangularity conditions shows goodgreement with the
‘ ‘ ‘ ‘ ‘ Rebut-Lallia-Watkinscritical gradient confine-
ment scaling [3], as alreadshown earlier for
ohmic TCV conditions.
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Fig. 3. Triangularity dependence of confinement time for different total power classes with centrally EC
deposited power, normalised to n, ,=2x10°m? (density range 1.3<n,,,<3). The power range for the low
power 0.3 MW class, the largest, is £+16% wide; the higher confinement at negative triangularity reflects
therefore predominantly an effect of plasma shape.

Within the presentavailable power range, it cannot be stated clearly whether the
confinement power degradation is mgenounced ahegativetriangularity than at positive
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triangularity in these central power deposition conditions. The additittmesfecond cluster of
1.5 MW will help to see whether the present trend is maintained.

In the same triangularity scan, tBevalues arealso higher anegativetriangularities in
both ohmic and ECH.

Confinement Transitions In theprocess oknlarging the database to decouplelthand k
dependences in the confinemeadaling, wehave started to complement the databagéh
elongated loncurrent siots. Veryhigh safety factor discharges~2, | ~80 kA, q~20) have
been successfully produced aack vertically stabilisable.With the gyrotron frequency of
82.7 GHzand themaximal nominal magnetic field of 1.43TFpwever,the EC resonance is
locatedoff-axis onthe high field side aimid normalisedradius. Atthe highestinjected EC
powers,discharges show spontaneasgillating transitions irconfinementbestrevealed by
changes irthe the centrakoft X-ray emission. Drops irthe centralsoft X-ray emission are
associated with a flattening of tiensity profile reconstructed frothe fifteen interferometer
channels, presumably triggered by changes in the g-profile with off-axis heating [8].

These transitions raighe issue ofthe role of high power localisedECH heating in
confinement experiments, which can chaspear and gradient profileslative tothe ohmic
target plasma. Thus, the use of highly localised on-axis heating in these expemaemnéesult
in a radial deposition profilgery different from its Ohmiccounterpart, particularlyor highly
shaped plasmas, e.g. for stronggative triangularities or high elongations. Inegative
triangularity discharges, the ohmic power islatively reduced [1]. The effect of
localised/distributed heating needs fact to be determined experimentally. In the case of
counter-ECCD dischargesith centraldeposition, confinement abotwice the Rebut-Lallia-
Watkins scaling has been measured.

Sawteeth Stability and Plasma Shape The effect of power on the sawtooth period and
amplitude was studied in a triangularity scan (-0<¥5, q..,~2, Pc/P,<3) and an elongation
scan (1.1r<2,q,,,~2) while keeping deposition well inside the inversiadius. In these shape
scans at catantq,,, the normalised inversioradius measured frorsoft X-ray tomography
varies by less than B0

=)
o
=}

I @
i
o
)
3
i ol
\
e
IN @
S S
o
1
N
o
N\
\
\
\i
|
R —

sawtooth period [ms]
N w

\
e
rel. sawtooth amplitude [%]

10

5

b

/

0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
P [MW] P IMW]

Fig. 4. Sawtooth period (4a) and relative crash amplitude (4b) stabilisation/destabilisation with increasing central
power deposition for different triangular plasma shapes (-0.26<9<0.46,k=1.5+0.05 0,5~2).

For 0.2, the sawtoottperiod and crastamplitude increasevith increasing heating
power,whereador d<0.2 the sawtooth period decreases with increasing hgatingr, with a
smaller relative crash amplitude, $&g. 4a, b. Therefore, for positive triangularigr0.2,
heating powershows a awtooth stabilisationeffect, associatedhowever with large crash
amplitudes; on the contrary, increasing the powendgativetriangularity discharges induces
sawtooth destabilisation and relative smatiersh amplitudes. Thisastwo advantagedirst of
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all, negativetriangularity discharges redudke amplitude of the sawtooth heatlse and can
help to reduce the amplitude of a possible seed island.

The effect of increasing the plasma elongatappearsvery similar to the effect of
increasingnegativetriangularities: when increasing the power elongationsabove k=1.5,
sawteeth are also destabilised, sawtooth periods becoming shorter and of smaller amplitude.

The stabilisation effect of positive triangularity and high elongation sete iexperiment
is in qualitative accord with the effect of triangularity and elongation on the Mercier stability of
the ideal internal kink mode or on the resistwelD stability of them=1 modeboth stabilised
by positive triangularity anckllipticity (and destabilised ahegative triangularity and high
elongation [9].

Conclusions The dependence of the electron energy confinetimatis studied byvarying
the density, power, triangularity, elongation and current. The electron energy confitiemaast
found to increase with a combination of elongation and plasma cuwerguantities which are
still strongly correlated in thegoresent study. Theeneficial effect of triangularity, previously
observed in Ohmic discharges, continues to be seen at the Ipealsusedhere.However, the
benefit oflow or slightly negativetriangularity on confinement is mosffective at low total
power and decreasesjthout disappearing, at thaghest powers used so far. Thpecific
power scaling law obtained by regression on the TCV data for constant triangedayitiosely
fits the Rebut-Lallia-Watkins scalingnd, over the parameter rangteidied, is similar to the
ITER-98-L scaling when neglecting the ion contributionsing these two scaling
representations, the beneficial effects of negative triangularity appear clearly.

Sawtooth stability is improved at positive trianguladtyd atlow elongation,producing
large sawtootltrashes. Higlelongation ornegativetriangularity appear therefore ratttive to
reduce the amplitude of heat pulses and seed islands which can follow large sexsisiwels in
high power experiments. Ttetrongeffect of plasmahape orthe sawteeth characteristics and
(de-)stabilisation with power could also play a role in the present confinement experiments, since
sawteeth areone of the majoloss channels in the plasma core of these centraégted
discharges.

The addition of the second cluster of ECRH power sousdebe important to determine
more clearly the triangularity dependence at high powemdlhdllow the study ofconfinement
in higher elongation discharges at a highgfP,,, ratio.
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