VOLUME 79, NUMBER 11 PHYSICAL REVIEW LETTERS 15 BPTEMBER 1997

Influence of Plasma Shape on Transport in the TCV Tokamak
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The energy confinement time of TCV Ohmit;mode discharges is observed to depend strongly
on the plasma shape, improving slightly with elongation and degrading strongly as triangularity is
increased from zero to positive values. The thermal conductivity of these plasmas is found to be
independent of the shape. This observation, combined with geometrical effects on the temperature
gradient and a degradation with increasing input energy flux, can explain the observed variation in the
energy confinement time. [S0031-9007(97)03967-7]

PACS numbers: 52.55.Fa, 52.25.Fi

In a thermonuclear reactor, the minimum requirementlefined by the analytical contourR = Ry, + acog6# +
that the energy loss from the confined plasma should be siné sind), and Z = ax sinf, where a and R, are
smaller than the energy produced by fusion reactions yieldhe minor and major radii, respectively, as described in
a condition on the energy confinement time [1]. In theRef. [3]. The elongationc and triangularityd have been
field of tokamak research, extrapolations to future demonsystematically varied to produce the 16 shape classes
stration devices still rely on empirical power laws for the shown in Fig. 1. At the time of these experiments, the
energy confinement time. In these laws, the exponent afange of possible triangularity and elongation was lim-
both plasma current and elongation are of the order of unitited by the capability for vertical position stabilization.
[2]. Moreover, the maximum achievable plasma current id~or such a wide range of shapes, variations in the edge
a quadratic function of the elongation, making highly elon-safety factorg, preclude a constant plasma current. A
gated plasma shapes potentially advantageous. Recentyrrent scan has thus been performed in each configura-
designed tokamaks and ITER [3] have adopted a plasmi#on in order to encompass a variation 4@ from 2.3 to
shape with a conservative elongation of about 1.6. As &, corresponding to plasma currents from 105 to 565 kA.
consequence, the experimental energy confinement dat@ihese current scans are necessary for any influence of the
base is rather sparse for higher elongations. shape on the confinement to be separated from an intrin-

The distinctive features of TCV (Tokamak a Configura-sic dependence on the plasma current. To elucidate any
tion Variable) are primarily a vacuum vessel and poloidalconfinement dependence on the density, where permitted
magnetic field coil system permitting high elongations ofby the operation domain for a given condition, the line
up to 3 and an extreme flexibility in the plasma shapeaverage densityi, has been scanned from85 x 10"
The machine therefore offers the unique capability to exto 8.5 X 10'° m™3. All data are obtained during station-
tend the confinement database and to improve understandry conditions with the plasma limited by the graphite
ing of the transport in highly shaped plasmas. tiles of the central columnRy, = 0.88 m, a = 0.25 m,

This Letter presents the results of experiments in whichioroidal magnetic field 1.43 T, fXilling gas. The result-
the energy confinement dependence on shape has beeniimg data set contains 230 different plasma conditions in
vestigated by varying the plasma elongation and triangufour classes ob, «, 7., andg,.
larity over a large range. The equilibria studied include The confinement properties of these plasmas are
circular and highly elongated plasmas and D shapes witquantified by the electron energy confinement time
positive and negative triangularity. The energy confine-

ment time of these plasmas improves slightly with elonga- K—classes S—classes

tion and degrades strongly as triangularity increases from 2 _—
zero to positive values. The coefficient of thermal con- : @@§ :
ductivity, assumed to be the dominant energy loss, is % % A § ST
found to be independent of the plasma shape but to iN-w 1 5t i 2 4¥ 0 o W@@ S
crease with the temperature gradient. Using this observa- Wv; % % % v N S
tion, the variation in the global energy confinement time DEI Em : @ M 3@3 £
can be shown to result from modifications of the tem- RSN A |-
perature gradient introduced by geometrical effects of the ~02 0 g.Z 0.4 06 -02 O g.Z 0.4 0.6

shaping in combination with a power degradation effect.

The confinement data described in this Letter is ob|G. 1. Coverage of théx, ) plane by the 16 shapes studied.
tained in OhmicL-mode discharges whose outer shape isSymbols represent either tieor § classes used in later figures.
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Tee = W./Pon, Where P, is the Ohmic input power. radius remains constant over each scan in triangularity,
The total electron energy, is obtained by volume inte- indicating no important changes in the current distribu-
gration of Thomson scattering measurements at ten spatiibn and excluding any indirect effect of this distribution.
positions. For a given plasma shaps;. follows the The disappearance of the sawteeth at negative triangu-
usual neo-Alcator scaling [5], showing an increase withlarity coincides with the onset of MHD activity, which
g, and a linear dependence on the density. This study hasay sometimes cause the confinement deterioration seen
been restricted to values af below whichrg, saturates in Fig. 2. These effects excluded, the principal remaining
on TCV. In all conditions, a strong dependencer@f  loss channel governing the confinement is thermal conduc-
on the plasma shape is observed: for fixgd a slight tion. Since changes in geometry modify the temperature
improvement with elongation and a marked degradatiomradientVT, the shaping would clearly be expected to in-
with positive triangularity compared with zero or slightly fluence the conducted energy flyx= —nxyVT. Itis also
negative triangularity. For the range of triangularity possible that the thermal diffusivity is directly affected
studied, the relative variation img, is typically 2 and by shape variations. Both effects are examined below.
reaches 3 at the highest density. This shape dependenceConcentrating first on the geometrical effect, the shaping
is presented in Fig. 2. Under conditions in which thelocally modifies the separation between surfaces of con-
total thermal energy can be reliably derived from thestant poloidal magnetic flug. If T is assumed to be con-
magnetic equilibrium reconstruction, similar behavior isstant on a flux surface, the temperature gradient may be
observed in the energy confinement time so deduced. expressed a¥T = (dT/dy)V¢. However,y depends
Amongst the possible causes for this variation (treatediot only on shape but also on the current distribution and

in more detail in [6,7]), changes in the radiated power rais thus not a suitable parameter with which to account
tio P..a/Pon are observed to be far too small to accountfor shape effects alone. Temperature profiles are there-
for the change in confinement. Internal disruption (sawfore mapped onto a real spatial coordinatechosen as
teeth) amplitude is also observed to vary strongly withthe distance from the magnetic axis measured at the outer
triangularity, being largest at positive triangularity andmidplane. To handle varying Shafranov shiftsis nor-
sometimes vanishing at negative triangularity. Thermamalized such that = a on the last closed flux surface
energy released from the core in this way can accountLCFS). Using this coordinat&,7 may then be written as
for at most 25% of the thermal losses. The inversiondT /dr) (dr/dy)Vi¢. The spatial distribution of the gra-

dient geometrical factdilr /di) Vi is illustrated in Fig. 3

for two example shapes. The flux surface compression to-

_ - ward the outer tip of a shape with positive triangularity
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FIG. 2. Shape dependence of the electron energy confinement

time for various plasma conditions. Symbols represent FIG. 3(color). Spatial distribution of the gradient geometrical
classes (see Fig. 1). Dotted symbols indicate conditions ifiactor for two example shapes with negative and positive
which significant MHD activity is visible on the soft-x-ray triangularity. The machine axis is on the left hand side in
emissivity. each case.
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separation of the flux surfaces away from the midplanecombined to quantify the influence of the geometry on the
A larger volume can thus benefit from locally decreasedylobal energy confinement time. To do so, each shaped
gradients and hence reduced conduction losses. The largiasma is compared to a reference case with concentric
variation in this gradient geometrical factor means thatircular flux surfaces, taking identical profiles gf and
it must be included in any analysis of the local energyg;, in each case. The temperature profile and the corre-
balance. sponding energy confinement time can be simply derived
In order to determine the influence of the shape on théor both cases. It is then convenient to introduce a “shape
thermal diffusivity, a simplified radial power balance hasenhancement factor” (SEF) defined as the ratio of confine-
been established in which (jy is assumed to have no menttime of a shaped plasma to that of the reference cylin-
poloidal variation, so that flux surface average of the condrical plasma (indexed 0):

ducted flux including the gradient geometrical factor may So [o(f, Z—X (V—lw % dr')dv
be writt = — T Vir); (i) th Hg = @ (a G : 1
e written as(q) nx(dT /dr) (dr/dy) (Vi) (i) the s S T30 & drhavy @)

radiated power, localized near the plasma edge and an
order of magnitude smaller than the input power in thewhereS symbolizes the LCFS area and where a flat den-
plasma core, is neglected; and (iii) due to the absence of agity profile is assumed. Values éfy > 1 imply an im-
adequate measurement of the ion temperature profile, iqgorovement of energy confinement with respect to a circular
and electron channel losses are not separated. Combiniptasma. To compute the SEF, the profileygf/» y can be
the power balance of both species leads to the definitiodeduced from the experimental or from a prescribed tem-
of an effective thermal diffusivityy.s, such thatgy, = perature profile. In the case of the results described here,
—nxett{VT,), wherexest = xe + xiVT;/VT., andg;, is  this profile is chosen as the average(af’,/dr)/T.(0)
the input energy flux. In Fig. 4, the energy flux at fixed over all conditions studied. In deriving Eq. (3y,was as-
density is plotted versus the temperature gradient for theumed to depend neither on the poloidal angle noVon
gradient regionr/a = 0.7 — 0.9 for all shapes and all but the observed dependence of the thermal diffusivity on
plasma currents. Clearly, within the limited accuracy of(VT) can be shown to introduce only negligible changes.
the measurement, neither the elongation nor the trianguFhus, the previously defined SEF can be retained to ac-
larity has any significant influence on the effective thermalcount for gradient geometrical effects on the energy con-
diffusivity. There is, however, a clear nonlinear relation-finement time in the presence of a degradation with heat
ship between the energy flux and the temperature gradierftux. Figure 5 compiles the SEF for all conditions studied
indicating a dependencer of thermal diffusivity. This and shows how the factor becomes increasingly higher than
would contradict the hypothesis of a poloidally invariantunity with increasing elongation, reaching a maximum for
X, but it turns out that for the configurations studied, a lo-zero or slightly negative triangularity. This can be more
cal dependence of the thermal diffusivity 8 cannot be clearly seen in the case of the SEF computed for theoretical
distinguished from an identical dependencg%fi). Fig- TCV equilibria withx = 1.67 and for a wider range of tri-
ure 4 also shows that MHD activity appears at low inputangularity (solid line in Fig. 5). This trend is already vis-
energy flux, wherrg, is high andP,;, is consequently re- ible on the experimental data but remains to be confirmed
duced [6]. The associated low edge temperature is thouglly experiments at more negative triangularity. As shown
to favor resistive instabilities which are expected to be stain Fig. 6, correcting the electron energy confinement time
bilized by additional heating in future experiments. by the factorHg cancels all dependence on elongation and
The gradient geometrical factor and the fact that the thersignificantly reduces the triangularity dependence.
mal diffusivity does not depend on the shape can now be The decrease in confinement time with triangularity
persisting after correction by the SEF is a result of an
increase of the Ohmic power as triangularity increases,
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FIG. 4. Plot of the energy flux versus the temperature gradient

in the regionr/a = 0.7 — 0.9 for all shapes and all plasma FIG. 5. Shape enhancement factor for all conditions studied
currents atm, = 5.0 X 10" m=3 (for symbols see Figs. 1 (for symbols see Fig. 1) and for theoretical TCV equilibria with
and 2). x = 1.67 (solid line).
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regimes whose transient nature and stability are such that,
aside from the difficulty of the shape parametrization by
x and &, comparisons with the stationary, Ohmic con-
FIG. 6. Shape dependence of the SEF corrected electrogitions characteristic of the experiments reported in this
energy confinement time for various plasma conditions (forl_etter may not be valid. Nevertheless, the TCV results
symbols see Fig. 2). IR ’ .

suggest that optimization of the global confinement can
achieved by tuning the plasma shape. This optimum
uld be a compromise between the beneficial effects of

-02 0 g.Z 0406 -02 0 g.Z 0.4 0.6

leading to enhanced power degradation and hence reducgg

energy confinement. This power Increase 1s due bOtIf'he geometry and the drawbacks of poor MHD or vertical
to higher plasma current for fixe¢, and to reduced stability or other engineering constraints.

confinement leading to lower temperature and higher loop We thank the entire TCV team for their effort. This

voltage. In fact, as shown in Fig. 7_, the variation of thework was partly supported by the Fonds National Suisse
SEF corrected electron energy confinement for all shape&e la Recherche Scientifique

and all plasma currents can be interpreted as a heat flux

dependence with an exponent equal-t0.5. Note that

the pertinent quantity is not the total power, which would
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