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On the dependence of energy confinement on elongation

in Single Null divertor plasmas
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Abstract: An analysis of the effect of magnetic geometry on heat flux in a wide range

of Single Null diverted discharge configurations with 1.5<K95<2.2, 0.2<895<0.45 suggests that

elongation is beneficial for confinement. If heat diffusivities are assumed not to depend on

plasma shape, the predicted exponent for a power law scaling with elongation is oc^O.74,

based on the configurations in the study. This is very close to dependences from the ITER

database for discharge conditions, such as ELMy H-modes, obtained from a large number of

experiments in various tokamak devices.

1. Effect of geometry on confinement

The dependence of confinement time on plasma shape, in particular elongation, is of

importance for next step magnetic fusion experiments and for the optimisation of fusion

reactor designs. A dependence of confinement on plasma shape can in principle be due to a

shape dependence of diffusivities on geometry or to the effects of geometry alone, or to a

combination of both. The aim of this letter is to compare the experimental elongation

dependence, taken from the ITER database [1] to expectations based on geometrical effects

alone.

The effect of increased flux surface expansion occurring near the tips of the plasma

cross-section at high elongation is expected to be favourable for heat transport since it

corresponds to a local reduction of the temperature gradients. A study of the effects of flux

surface geometry on heat transport in a large variety of plasma configurations in TCV has been



presented previously [2-4]. In this work, the observation that diffusivities depended sensitively

on the heat flux, not however on plasma shape, led to the introduction of a single parameter,

depending on plasma shape and radial profiles, describing the overall improvement of

confinement which can be expected from geometry alone.

To quantify the influence of geometry, we may undertake a Gedankenexperiment by

which we deform a circular plasma with concentric flux surfaces through a succession

equilibria, until it matches a particular shaped plasma of interest, whilst keeping the same

minor radius (midplane half width) and the same profile of thermal diffusivity. Since

diffusivity is observed to be a sensitive function of heat flux, we also require that the profile of

the perpendicular heat flux, averaged over magnetic surfaces, (q) = -n%(\V7\), to be kept

constant during the transformation. Plasma shaping leads to local flux expansion and/or

compression, thereby affecting the flux-surface averaged gradient, which can be written as

<|V7i> = (rf77dr)(drA/<F)<|VxI'|), where r is a suitable radial coordinate such as the

midplane minor radius and *F is a flux coordinate such as the poloidal flux. The gradient

geometrical factor (dr/<P¥){\V*¥\) depends on the magnetic configuration. It is unity for a

plasma with a circular cross section and concentric flux surfaces and less than unity where flux

expansion is dominant (see ref. [3] for examples). For given profiles of thermal diffusivity, heat

flux and density, the resulting temperature is obtained by radial integration of the temperature

gradient — = -SHI • ___.—_ • — and will depend on the radial profile of the gradient
dr n% {\W\) dr

geometrical factor. The corresponding stored energy W is then calculated by volume

integration. We define a Shape Enhancement Factor Hs as the ratio of the confinement time

v=W/P of the shaped plasma under consideration, to that of the circular reference plasma, xo»

with the same profiles of %, (q) and n, corresponding to a temperature profile TQ> such that

dT0/dr = -

s X0 SJTondVo

Here S is the area of the last closed flux surface and P = (q)S is the total power.

Since the comparison requires the same heat flux for the reference case and the shaped case,

the ratio of stored energies in the above expression has been multiplied by the ratio of total

powers, P(/P, which is equal to SQ/S. The inner integral in the expression for Hs is a weighted



average of the gradient geometrical factor (d*F/dr) / ( |VF|) by the profile of dTo/dr.

(Having assumed the same heat flux has allowed us to avoid introducing power degradation

considerations into the above definition. The definition of Hs remains however also meaningful

if diffusivity is expressed as a function of temperature gradient, rather than heat flux [3]). The

gradient geometrical factor can be obtained either from an experimental equilibrium recon-

struction or from a theoretical equilibrium. To calculate Hs it is fortunately not necessary to

know the profiles of (q) and % a priori. It is sufficient to provide representative normalised

profiles for the temperature TQ and the density n, which may be taken from experimental mea-

surements. Experimentally, temperature and density profile shapes are observed to depend on

discharge conditions such as current profile peaking (or the edge safety factor) [6] and the

confinement regime, L or H-mode, the latter being characterised by a steep edge gradient

region, leading to a pedestal temperature which is typically 15% of the core temperature [5].

(Formally the pedestal region is included into the analysis just as the core region. A difficulty,

discussed below, however arises due a limitation of pressure gradients in this region by MHD

instabilities (ELMs), the behaviour of which is known to depend sensitively on triangularity).

Temperature profiles are observed to be nearly independent of heating power and to a

large extend of the profile of heat deposition and hence of (q), a behaviour referred to as

'profile stiffness' [5]. The numerical values obtained for Hs and more so the scaling of Hs with

plasma shape parameters, are also found to be fairly insensitive to the choice of profiles within

the range of those which are experimentally observed. This establishes Hs as a robust figure-of-

merit by which to gauge the confinement properties which may be expected on purely

geometrical grounds, i.e. under the assumption that % is shape-independent, even when

profiles of heat deposition cannot be matched exactly when altering (be it in a Gedankenexper-

iment) the plasma shape. For the same reasons ions and electrons can be assumed to have

nearly the same values of Hs. Hs depends on all shaping parameters, (elongation, triangularity,

squareness) but cannot exceed the numerical value of 2 [2]. In practice Hs reaches this limiting

value for Ka>2.2.

2. Confinement scaling using the global shape enhancement factor

The above expression for Hs has been obtained by comparing two plasmas with the

same minor radius, same diffusivity and heat flux. This means that all parameters affecting

diffusivity, and hence for a given plasma cross section, global confinement, have implicitly



been kept constant. If we assume that a scaling law is available, that describes all parameter

dependencies for a circular plasma,

x = xc(R,a,I,P,...),

then, provided the thermal diffusivity is independent of shape, the scaling law for a

shaped plasma with the same normalised power deposition profiles is

Shaped = Hsxxc(R,a,I,P,...).

This procedure has for instance been used to provide a shape-corrected version of the

Neo-Alcator scaling law for circular Ohmic limiter plasmas [3].

Global confinement data are not available for the majority of the existing database on

H-modes in TCV and a presentation of experimental H-mode confinement in TCV is not the

purpose of this letter. We can however use existing data from TCV ELMy Ohmic H-modes [5],

which span the parameter range 1.5<KLCPS<2.2 and 0.2<8LCFS<0.45, as a convenient source of

experimental electron temperature and density profiles, together with equilibrium reconstruc-

tions over a large range of elongations, for the purpose of providing a scaling of Hs in Single

Null Divertor H-modes. These discharges all have similar electron temperature profiles with

Te(0.9)/Te(0)~0.2, measured using Thomson Scattering. (The pedestal region itself remained

unresolved, but would make little difference for Hs).

Three examples of discharge cross sections in the dataset are shown in Fig.l. The

dependence of Hs on geometrical plasma parameters cannot in general be expressed as power

law scalings over the wide range of plasma shapes produced in TCV [4]. In the restricted range

under consideration here, however, Hs is found to scale approximately as K074, as shown in

Fig. 2. It is quite remarkable that the expected exponent, oc^O.74, is in excellent agreement

with the exponent from log-linear empirical H-mode scaling results based on the experimental

ITER confinement database [6], which ranges from 0.67 to 0.78, depending on which ITER

dataset is considered. This agreement suggests that the observed elongation dependence is due

to geometry alone, rather than to an intrinsic dependence of diffusivities on elongation. Becker

[7] has recently reached an equivalent conclusion of essentially no dependence of diffusivity

on elongation, by taking the parameter dependencies of the ITER scaling laws as a starting

point, albeit with a very simplified treatment of geometry.
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Fig. 1 Examples ofSNH-mode discharge configurations in shape enhancement factor study.
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Fig. 2 Geometrical energy confinement shape enhancement factor Hs as function of elongation in
TCVH-modes with 1.5<KLCFS<2.2.



3. Discussion

The elongation dependence of transport due to ion temperature gradient modes has

been theoretically addressed, with mixed results, depending on conditions such as safety factor

and density profile peaking [9][10]. Moreover, the critical temperature gradient length

dependence on elongation, in conjunction with pedestal height scaling, may be more important

than the scaling of diffusivity per se.

In the narrow range of triangularity spanned by these data, no triangularity

dependence of Hs is discernible. (At low elongation, Hs decreases markedly as triangularity

increases, consistently with the observation of a confinement reduction in L-mode [1-3]).

Although the ITER scaling expressions lack a triangularity term, an improvement of H-mode

confinement at high triangularity (or strong edge magnetic shear) has been reported, especially

at densities near the Greenwald limit [11][12][13]. This improvement cannot be understood on

the basis of Hs and must be attributed to a reduced diffusivity at high triangularity. A widely

accepted interpretation of this behaviour is, that improved MHD stability of the steep gradient

region associated with the H-mode pedestal allows higher pedestal pressures and temperatures

to be obtained at high triangularity. As a result, for a constant critical gradient scale length, the

critical temperature gradient is increased in the core region and diffusivity is reduced. Electron

temperature gradient lengths in the discharge midplane at mid-radius, are typically in the range

R/12 < Te/VTe < R/8 [5], while midplane ion temperature gradients near r/a=0.85 reported

from JET H-modes with a large range of ion heating powers [14] correspond to

T/VT; -R/15, where R is the device major radius.

The elongation-independence of the core diffusivity suggests that the critical gradient

length and the pedestal pressure depend only weakly on elongation. Comparisons of electron

temperature profiles from different devices (circular and elongated) are so far also not

suggestive of a significant dependence of critical midplane gradient length on elongation [5].

For stiff profiles with (T/VT)crit independent of elongation, the global scaling % <*= K "

would correspond to a pedestal pressure scaling such that pped »= K . In the view of such

weak dependencies, very accurate measurements of the scalings of both the temperature

gradients and the pedestal parameters will be required in order to establish the respective roles

of the two in the observed elongation scaling of global confinement.
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