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Any improvement in the energy confinement time of a tokamak reactor may facilitate its access

to ignition. TCV has the unique capability of creating a wide variety of plasma shapes and can

therefore investigate to which extent an appropriate choice of the plasma shape can improve the

energy confinement time. For simple shapes defined only by their elongation and triangularity,

it has already been observed on TCV that the confinement properties of the plasma depend

strongly on the shape [1,2]. This previous work has now been extended to include more com-

plex shapes and higher elongations, in order firstly to test the applicability of the previously pro-

posed explanation for the shape dependence of the confinement time and secondly to propose

new shapes which offer a substantial gain on their confinement characteristics.

Experiments. TCV plasma shape is controlled by 16 independent poloidal coils. The present

work is based on equilibria whose outer shape is defined by the analytical contour

(R,Z) = (/?0,Z0) + a(cos(e + 8sin9-X,sin2e), Ksin9) (1)

where (RQ,ZQ) is the geometric axis position, a the minor radius, K the elongation, 8 the triangu-

larity and X the squareness. A negative X tends to define a lozenge shape while a positive value

gives the contour a rectangular shape. The studied shapes are divided in three sets: a systematic
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scan in the (K,8) plane at fixed X; a systematic scan in the (8,X) plane at fixed K; a set of highly

elongated shapes for which K and X increase simultaneously at fixed 8. The value of the shape

parameters K,8,A, comes from a fit of the contour (1) to the last closed flux surface (LCFS) de-
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duced from the equilibrium reconstruction and may differ slightly from the usual definition

based on the contact points of the circumscribed rectangle. For each shape a plasma current scan

allows to separate the influence of the current itself, the safety factor, qa, the shape and the ohm-

ic input power, Pof,. All data

points are obtained during sta-

tionary ohmic L-modes with Ro

= 0.88m, a = 0.25m, 1.43T,D2. JL'

The confinement properties of H

these plasmas are quantified by

the electron energy confine-

25

20
o

• • • y • •

A'

o :

• [

• •

D L

1

J9 • * k

R •

D :

•: i
-0.2 0 0.2 0.4 -0.1 0 Q..1 0.2 0.3

/ D '"'*' ^ Shape dependence of the electron energy confinement time for 3
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Right from the (5,X) scan, white 6 = -0.18, grey 8 = 0, black 8 = 0.3.

energy, We, is obtained by vol-

ume integration of Thomson scattering measurements at 10 to 25 spatial positions. At fixed qa

and fixed line average density, ne, the following variations in T^ when the shape parameters

are scanned are observed (fig. 1): (i) no significant modification with the elongation, even when

comparing a circular plasma with an elongation as high as K = 2.5; (ii) a marked degradation at

positive triangularity compared with zero or slightly negative triangularity, which can reach a

factor 3 at the highest densities; (iii) a substantial improvement for rectangular shapes when X,

is increased from 0 to 0.3.

Local transport. To understand these observations, 200

it is necessary to determine the influence of the shape '

on the heat conduction, the main loss channel. A sim-

plified radial power balance has then been estab-

lished in which: (i) radiation losses, localised near
0 5 10

the plasma edge, have been neglected; (ii) in the ab- -<VTe> [keV/m]
- x r ., . x Fig. 2 Plot of the energy flux versus the tern-

sence of a measurement of the ion temperature pro- pemt^e gradient in the region r/a = 0.8for 5.5
file, ion and electron heat conduction fluxes are not x 1Q19 m3 <ne<7x l&9 m3.- • from the

(K.8.) scan, Mfrom the (b,X) scan, irfrom high
separated. This yields the following heat flux equa- K.
tion:

vr.
(2)

where q^ is the input energy flux and (Vr c) the electron temperature gradient averaged on a
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flux surface. A plot of qin versus ( WTe) for a fixed density but a wide variety of plasma shapes

indicates that the effective thermal diffusivity does not depend on the shape. There is however

a non linear relationship between these parameters, indicating a dependence of Xeffon (VTe) •

The second factor entering the conduction flux is the temperature gradient. A first direct conse-

quence of shaping is a local modification of the flux surface separation and incidentally of the

temperature gradient. To quantify this effect the latter can be written as

Vr = ^i^-Vy (3)
drdy

where y is the poloidal magnetic flux and r the distance from the magnetic axis measured at the

outer midplane and normalised such that r = a on the LCFS. This particular coordinate has been

chosen instead of \|/ because different \|r distribution can define the same geometry and because

the Shafranov shift depends closely on the shape. Appropriate shaping creates large volume

where the gradient geometrical factor, — V\j/, is small and hence conduction losses reduced.

Shape Enhancement Factor. The gradient geometrical factor and the fact that the thermal dif-

fusivity does not depend on the shape can be combined to quantify the influence of the geometry

on the global energy confinement time. To do so, the confinement time of a shaped plasma is

compared to that of cylindrical plasma (indexed o) with the same thermal conduction and the

same input energy flux. It is then convinient to introduce a "Shape Enhancement Factor" (SEF)

as the ratio of these two confinement times:

- 0 r
n%dr

a a
(4)

0 r
n%

where 5 is the LCFS area. In the results presented here, the SEF has been computed using a flat
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Fig. 3 Value of the Shape Enhancement Factor for different shapes. Left: from the (K,&) scan with • • A+ rep-
resenting increasing 8 and if from high K. Middle: from the (K.8J scan with ® V A ^ representing increasing K
and it from high K. Right: Mfrom the (5,X) scan and if from high K.
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density profile and a canonic profile for — , so that Hs depends only on the geometry via the \|/

distribution. In the derivation of the expression for Hs, the thermal diffusivity was assumed in-

dependent of VT or (VT). This hypothesis can be relaxed without noticeable modification in

the Hs value [2]. Variation of the SEF with the three shape parameters K,8,A, is shown in figure

2. It increases continuously with K but saturates at a limiting value of 2 for high elongation. It

decreases markedly for high positive 8 compared to its value around 8 = 0; computation on the-

oretical equilibria with very negative 8 indicates that the SEF should reach a maximum for

slightly negative values of 8; this remains to be experimentally verified. The SEF finally dis-

plays a substantial improvement for rectangular shapes

with a large X, typically 25% over the explored range.

Obviously the variations in the SEF correspond to that

observed in the energy confinement time. Thus dividing

the confinement time by Hs should cancel the shape de-

pendence. There remains however a decrease of

iEe/Hs when K and 8 increase, but this persisting var-
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iation can easily be interpreted as a heat flux degrada- Fig 4 Energyflux degradation of th

tion effect (fig. 3), (Poh/S)-°-5, since increase both in ™"i™n!!™™?t™'
e cor-

""****selection as in fig. 2.

K and 8 are accompanied by an increase in Poh [1,2].

Conclusion. In summary, no influence of the plasma shape on the transport mechanism has

been found for the explored shapes and operational regimes. Global energy confinement can

however be considerably improved by plasma shaping, which by geometrical effects reduces

the temperature gradient and the associated conduction losses. The formulation of this improve-

ment in term of a Shape Enhancement Factor has proved to apply also to more complex shapes

and to high elongations. It can therefore be safely used as a criterion for optimising the shape

effects. Study of the influence of high order shape parameter, such as the squareness, shows that

even if engineering or physical constraints may restrict the choice of the basic shape parameters,

there remains room for a substantial gain in the confinement properties with an appropriate

shaping.
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