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ABSTRACT
During the operation of the TCV tokamak an extremely wide variety of plasma shafreshas
controlled with elongationsup to k=2.5, beyond the presentdesignsfor ITER. The
operational regime explored by TCV is summarised in this pagieg a representativeample
of dischargesThe growth ratesfor thesedischargeswvere estimatedusing a rigid current
displacementnodel. The Poloidal Field coil voltagesrequiredfor plasmacontrol, using the
slow external coils and the fast internal coils have also been inspected.

Introduction: The TCV tokamak has an extremely flexible plasma shaping system [1]
allowing a wide range of plasma equilibria to be studied. These equilibmacatty controlled
usingthe MGAMS algorithm[2]. The operationalrange exceedsthat of the RTO/RC ITER
designs.The useof internal coils is also a featurewhich is being exploredfor somelTER
designs.In view of this interest,we havere-visitedthe TCV operationalspaceto determine
which ranges of plasma parameters are accessible.

Data sampling: During TCV operation,a full plasmaequilibrium is reconstructedy the
LIUQE algorithm [3] every 50 milliseconds.The completedatabaseof TCV reconstructed
equilibria comprised433991samples.To generatea representativeamplewith a manageable
size and uniform density,avoiding clustersof "popular" standardequilibria, a novelty filter
was defined by the Euclidean distance between theuREntvectorsconstructedrom the 16
PF shaping coil currents at each equilibris@ectingthe equilibria by the PF currentswhich
created them, rathéinan by the resultinggeometry.The dischargesvere sampledbackwards
in time to retain preferentially the most recentdata. A minimum permitted distance was
defined, which reduced the samplesttiB9 representativgoints. A reduceddatabasef these
equilibria was thercreatedjncluding all geometricainformationon eachequilibrium, the PF
coil currents and voltages and the parameitthe RZIP rigid currentdistributionmodel[4].
These parameters includéte current-averagedertical field, the current-averagecdadial field
derivative, the instantaneousstabilising restoring force magnitude (Fs) and destabilising
guadrupole field force magnitude (Fd), resulting from a unit vertisalacementThe growth
rate and the stability margin, definedby m, = Fs/Fd-1are also derived. No outliers were
removed.

Operational space and disruptivity: The TCV operational spaceis rather highly
dimensioned and only selected cuts can be shown. Figure 1 illustetasgesof elongation
of the last closedflux surface,k, and the triangularity of the samesurface, . Different
symbolscorrespondo different rangesof the plasmacurrent. The extreme values are not
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necessarilyincluded by the novelty filter,

nt  sincethey arenot explicitly included. The
highest elongations have been obtained
-°¢ only for a restricted but rather
conventional range of triangularity.
=°¢  Highest currents are obtained for
significant elongation. Figure 2 showe

o4 variation ofk with q., the safetyfactor at
the 95% flux surface, with the plasma

°2  current ranges indicated. Higher
elongationsare only obtained for rather

1 15 > 25 unsae |OW Valuesof qg, typically 2.5 or below.

Plasma elongation @ Edge

Fig 1 LCFS elongation vs triangularity.
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Below an elongation of 1.8, alaluesof ® e = Ik
o5 are explored.Low elongationsare 55 -+ '.E" :}‘,’"’ ] 7 ]
normally not indicated, since the valagé s e o 1oree
Oos cannot be estimated for almost 3, =

circular plasmas. The filtering of the © Al | _Fles
equilibriadid not considerwhetherthey ﬁ_g :
disruptedlater in the dischargeor not; %% 1% Hos
65% of the discharges were non- & 3f

disruptive and 95.2% of the equilibria 2.5
were taken at least 30 milliseconds |
beforea disruption, typically many tens ‘ ‘
of growth times of the vertical 1! 1.5 2 2.5 Lin. scale

. o s ) Plasma elongation @ Edge
instability. Theseequilibria cantherefore Fig 2 k vs @s. The shading indicates plasma curren

be considered asormally controlled.

Distribution of q95 — far from(solid) and close to (dotted) disruption . .
500f—=— - - - : - - : Figure 3 presentsa histogramof g
for the representative equilibria,
400} ] ] showing regular operationdown to
- go-=2. More samples are shown
300k mi _ ] between ¢,=2-3 than for 3-4,

M correspondingo a greaterrange of
absolutevaluesof plasmacurrent. A
minimum aroundy,.=3 is traditional,
shown by the lower histogram
containing the distribution of the
equilibriawith a disruptionoccurring
within 30msecof the sample. This

Fig 3 Histogram of s, showing regular operatior latter distributiondoesnot show any

down to g,:=2. The solid line showsequilibria more  pronounceceffect closeto g,.=3 and
than 30 milliseconds from a disruption and tti@shec : %

line showsthose closer to a disruption. The asterisk: Until disapproaches 2.0.

showthe percentageof samplesclose to a disruption

(x10).
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Stability margins: Figure 4
04 N illustrates the variation of the vertical
035 instability growth rate with the stability
1~* margin. If the time-constant of the
< " passivestructureswere fixed, then the
8000 ] § [t growth ratewould be a simple function

= =) - . .
2 < of the stability margin. The thicknessof
g 0.2 § oo the observeddistribution is due to the
015 fact that the restoringforce is provided
oz by different parts of the passive
oL structure, dependingn the positionand
0.05 ‘ : i os on the distribution of th@lasmacurrent.

0 500 1000 1500 2000Lin. scale

Growth rate [/s] The dominant effect is the plasma
Fig 4 Vertical instability growth rate vs stability current distribution, indicated by the
margin. . .
symbol variaton of Fig. 4,
correspondingo different valuesof
the internal inductance,li [5]. The
value of the stability margin 0.7
estimatedby the RZIP model drops
to around 0.08 at minimum, the
estimated restoring force always
being calculated as larger than the
estimateddestabilising force in the
model. The fact that m, does not
reach zero can be attributed to the
imprecision of the RZIP model, to
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the finite voltage and bandwidth of 01 "
the power supplies, or to .the 0 15 _ 5 S5 oS
controller, or to plasma transients _ _ Plasma elongation @ Edge _

Fig 5 Stability margin vs « against the internal

such as sawteeth, provking ;.4 ctance.
variationsin m.. Figure 5 illustrates the
variation of the samestability margin for
H-o2 different values of K. The different
symbolscorrespondo different valuesof
17°° internal inductance. The highest
elongations require the lowest internal
inductancein order to have reasonable
_os Stability margins.

Figure 6 shows the relationship between
-06 the elongationon axis, internalinductance

and applied quadrupole field averaged

06 08 1 12 14  16unvwe Over the current distribution and
Plasma inductance

Fig 6 Elongation on axis vs internal inductancormalisedby the plasmacurrent (MA).
against the quadrupole field. The tendency is for a drop inductanceto

lead to an increasein elongation,however the highest elongationsactually have a lower
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averaged quadrupole field.
The edgeelongationshows a
less regular dependenoa the
two parametersTheseeffects
are probably due to a more
important role of higher
4 structural componentsof the
vacuum field and of the
precise details of the plasma
current distribution as the
elongationis increasedunder
{ exploration.

The most unstableplasmasin
A .} 1 TCV are stabilised using
feedback applied teadial field
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Plasma elongation @ Edge :
Fig 7 Stability margin v against the RMS voltage on the vessel [6], to increase _the
internal coils. Down grey triangles use only external coils./ speedof responseto vertical

movement. Figure 7 shows
the same data as Fig. 5, but markingehailibria accordingto the root-mean-squaredoltage
applied to these coilsveragedver the 30 millisecondsprecedingthe sample.The equilibria
with little use of the internal coils (downwardtriangles)fill the region of lower elongation
(k<2) and higher stability margin (¢0.2). The equilibriaobtainedmakinguseof the internal
coils extend the elongation and the stability margin towards 2.5 and 0.08 respectively
(upward-triangles).

Conclusions: An implicationfor ITER is that the reductionof the stability margin for the
different reduced cost designs, from abowe10 for the FDR designto aroundms=0.5 for
the currentdesigns,should not correspondto any significant increasein the difficulty of
controlling theseplasmas suchstability marginsbeing well controlled by the outsidecoils.
Thereshouldbe no increasan the probability of disruptionsdueto the problemsof control,
althoughdisruptionsat very low stability marginsmight becomeserious. The question of
increasing the elongation and the growth rates does not, therefore, only depleadatue of
the reduced stability margin.
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