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1. INTRODUCTION
The ExB flow shear [1] is thoughb be responsiblgor the turbulencereductionlinked with

various improved transportregimes(H mod, VH mode, high Ij, Internal TransportBarrier
(ITB)) observed in several tokamak experimefrigprinciple, the radial electricfield E, canbe
evaluated fronthe plasmaradial force balanceequation.In the frameworkof the neo-classical
theory, this can be re-formulated by using the Ernst formula [2] as:
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The electric field Ecan be evaluated from thegjuationevenin experimentdike JET whereno
direct measurements of tipeloidal flow velocity are presentuyx and T; are, respectivelythe
carbon impurity toroidal velocity and the plasma ion temperatiiegyoloidal magneticfield Bg
can be inferred from the EFIT equilibrium reconstructioncode. For the ion density nj no
measurementare available, but an evaluation can be obtainedif n; is assumedto be
proportionalto some measuredquantity, for instancethe electron density, or the electron
temperature.This approximationwill be discussedin the following error analysis. The
parametersxj appearingn equation(1) are definedby linear combinationsof the ; viscosity
coefficients, which can be evaluatedfrom the experimental data by using a rational

approximation and their asymptotic values [3]. The ExB flow shearinggasecalculated
according to the formula:
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which is valid in the plasma outer midplane [1]. So far, prelimistugies[4] havenot shown
thatthe ExB flow shearingplaysa majorrole in JET ITB dischargesin this paper,we will

presenta detailedanalysisof the uncertaintieson both E; and ws when theseare calculated
accordingto the formulae(1) and(2). It will be alsoshownthatthe ITB formationin JET is

correlated withws becoming highethan y, , a linear growth rate characterisinghe turbulence
onset.

2. RADIAL ELECTRIC FIELD AND ExB FLOW SHEARING RATE

A databasénasbeenproducedcontaininglTB dischargedrom the JET 1999 campaign.The
neutronyield is found to increaselinearly with the maximumof the ion temperatureprofile
gradient (Fig.1a); moreover,this gradientscalesalmost linearly with the plasma toroidal
rotation (Fig.1b). Such experimental evidence is an indication of the posdéfdayedon the
ITB by the radial electricfield. Therefore,the Ernst formula has beenusedto determinethe
radial electricfield in JET dischargesin the following, we presenthe results concerningthe
discharge 48994 (B=2.5T, |, = 2.2 MA, NBI = 12 MW, ICRH = 5 MW). The calculated
radial electricfield E; (solid line) is plottedin Fig. 2aatt = 45.6 s when the internal barrier
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achievedts maximum.The figure also showsthe variouscontributionsto E;: it can be noted
that both the toroidal rotation and the ion temperaturgradienttermscontributeto the total E;,
while the effect of the ion density gradient term is almost negligible. Moreovealstasvident
that the largestcontributioncomesfrom the toroidal rotation, although the ion temperature
gradient has an effect on the location of the maximum of E

6

510" ; ‘ ‘ ‘ 1.2 10
o , . — [
S 4100 a .o : § 110° | b e .
2 i et . @ [
& : L SR = 810°f - .

310% [ o, Mo 5 n MRS <o
S r A P B b 208N
= g oc* g‘ T % s > Ay o
5 i s o 33T 5 610 ¢ R
[<5) 210% [ © l......-.x.. O] [ & Seggel 2.
= F e e e . = 4100 | R i
£ B . £ i RS
Er110f "7 - . 2 N R Aa
£ F . E 210*L
< b & [ °
= ot . . . . . = ot : : : :

0 210* 410* 610* 810" 110°1.2 10° 0 510* 110° 1.510° 210° 2.510°
Maximum T, Gradient (eV/m) Plasma Toroidal Rotation (rad/s)

FIG. 1. @) Neutron yield versus the maximum of the T; gradient; b) toroidal velocity versus
the maximum of the T gradient
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FIG. 2. a) E vs mgjor radius R at fixed time: al terms defined in equation (1) are also
shown.
b) ws versus major radius R at fixed time: al terms defined in equation (3) are also
shown.

A similar analysiscan be usedin order to elucidatehow the different physical quantities

contribute to the ¥B flow shearing ratexs. The four terms appearing in equati@) are plotted
vs major radiuRR in Fig.2b (againat t=45.6 s) togetherwith the total ExB flow shearingrate

s (solid line). Severalsourcesof errorsmustbe takeninto accountwhenusingthe formulae

(1) and(2) to evaluateE; and ws. In the following, we will concentraten the analysisof all
experimentaland computationalerrors, neglectingthe errors due to the neoclassicatheory
approximation.

3. ERROR SENSITIVITY ANALYSIS

The main sourcesof errorson the determinationof both E; and os can be summarisedas
follows: 1) assumptionsn evaluatingthe ion density;2) experimentakrrorson the measured
profiles (Ti, ne, Bpd andtoroidal rotation); 3) limited radial resolutionof the chargeexchange
spectroscopy diagnostic.

1) In all the calculations the ion density has been taken as a frattioaelectrondensityfrom
LIDAR: nj(r)=ng(r)/kn. An alternativeestimateof nj(r) hasalso beenobtainedby normalising
the electron temperature profile from reflectometry to the measuredelectron density,
Ni(N=[Te(r)/Te(0)]ne(0)/kn; in both caseskwas chosen in the rande 3. In the caseshownin
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Fig.2a and Fig.2bj(r)=ng(r)/3.The terms duéo ion densityare negligible andthis is still true
for all kn values. The same result is obtained assumngamoportional to §(r).

2) In orderto takeinto accountthe experimentakrrors, both E; and ws havebeenrecalculated

using the experimentallymeasuredjuantitiesperturbedby a random+7.5% (which is larger
thanthe experimentakrror on thesequantities);this procedurehas beencarried out for each
single variable and also for any combination of variables. Moreover, also diféeeadfor the
random errors have been tried. For simplicity, only the worst case is reported here. la)Fig. 3

b) are shown Fandws obtainedby perturbingn; and Tj: it turns out that the uncertaintyon nj

and T mainly producegarge errorson E; and ws in the centralplasmaregion, but only minor
ones where the ITB is located. This is due to the fact thaberimentakrrorsdo not perturb
too much the derivative terms of equations (1) and (2) in steep gradient regions.
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FIG. 3. Radial dectric field (a) and shearing rate (b) calculated using the measured and the
perturbed ne and T; profiles (t=45.6). All profiles are perturbed by random error of +/-7.5%.

3) As someinterpolationof the experimentaldata is neededso that all the measured

guantitiesare on the samespatialgrid, artifactscanbe introducedin the evaluatedg, and ws.

The largesterror is expectedto arise from the ws'EMF term, which containsthe second

derivativeof the ion temperaturethis term can producea large contribution especiallyin the

location of thans maximum. The effects of using different spatial gridthmrangeR=3.0+3.7
m hasbeenstudiedby consideringthat the minimum numberof radial points is given by the
diagnosticwith the minimum radial resolution (charge-exchangepectroscopy) while the
maximumnumberof interpolatingpoints can be fixed by assumingthat the ion temperature
cannotvary within an averaggon Larmor radius. Again the experimentalprofiles can be still

perturbedoy randomerrors.In Fig. 4 we show ws obtainedusing a) the standardradial grid
chosenfor all the analysispresentedn this paper(30 pointssimilar to the EFIT one), b) the
experimentatharge-exchangeadial grid (11 points)andc) a 120 points radial grid. For the
case b)s plotted the minimum wg derivedfrom the randomerror perturbedprofiles. It canbe

noted that even in the most pessimistic case b), the qualitative features of the sharnrtge
ITB region do not change.In the central plasmaregion, where all the profiles are flat, the

uncertaintyin the ws evaluationbecomeslarger. To summarise:the general shearing rate
behaviourcan be determinedin the ITB region independentlyon any strong pessimistic
assumptions and experimental errors; however, the situattbe aentralplasmaregionis less
clearandthe errorscanaffect the final result. The centralplasmais alsothe region where the
magneticshearmay play an importantrole. To study this problem, the flat current density
profile, as reconstructed by the EFIT equilibrium code for discharge #48994, hasddiéad
into a very peaked or deeply hollow profile, all thteer parameterdeingunchangedin Fig.5

is shown the radial profiles ofs obtainedusingthreedifferent g profiles: a) the original EFIT
profile; b) a modified g profile with the centralq < 1; c¢) a hollow q profile with gmin=2 and
gJo=4. Theselarge variationsin the q profiles do not affect the shearingrate behaviour;the
conclusion is that, within the present experimental uncertainties, it is not pos@btertatethe
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effect of the magneticshearin the shearingrate behaviour.The last point studiedin the
sensitivity analysis concerns the role played byotheoefficientsusedin the approximationof

the poloidal velocity in the ErnstFormula.It canbe notedin Fig.6, thatby usingo,,=0 (pure
plasma approximatiorthe generaltrend of E, doesnot change;on the contrary,if in equation
(2) only the toroidal rotation and then densitygradienttermsare kept the main featuresin E;

are lost.
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FIG. 4. ws obtained with three different grids of data interpolation. a) by using experimental
charge-exchange points; b) the grid (35 points) used for the rest of this work; c¢) a grid(120
points) connected with the averageion Larmor radius.
FIG. 5. wsworked out by using three different q profiles. a) The standard one fromEFIT; b) g
profile with q,,=1; q profile with g,,.~4 and q;,=2
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FIG. 6. E, obtained by using different approximations for the poloidal velocity in Equation 2
FIG. 7. Shearing rate and linear growth rate plotted versus time at fixed plasma radius.

4. CONCLUSIONS
The onset of an ITB phasef@ind to be often correlated with the increa$¢he flow shearing

rate s over a linear growth rate characterisingthe ion temperaturegradient (ITG) driven
instability, y, [S]. In Fig. 7 y, is comparedwith the shearingrate os (and its contributing

termsas definedin equation(2)). It canbe notedthat the »®" term (the one dominatedby the
toroidal rotation) is increasing before of the ITB formation.As a main conseqiteag®ssible
that the toroidal velocity could be the trigger for the ITB formation in JET discharges [6].
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