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INTRODUCTION

Profiles from a large variety of stationary Ohmic plasmasin the TCV tokamak
(B7<1.5T, Ry=0.88m,a<0.25m,k<2.7) arecomparedo theoreticalpredictionsbasedon the
assumptiorthatthe magneticentrofy is stationaryin atokamakconsiderecasanopensystem
interactingwith the Ohmic transformerFor eachvalueof <j>/(q gjg), where<j> is the cross
sectionalaveragedcurrentdensity and qg, the theory predictsa rigid currentprofile in the
confinemenizone(g>1). Integrationof the force balanceequationleadsto a restrictionof the
range of possible pressure profiles.

We obsere that the savtooth inversionradius and the electrontemperaturan the
confinementegion, relatedto the predictedrigid currentprofile usingthe neoclassicaDhm’s
law, dependsolely on the parameter<j>/(q gjg), in agreementwith the predictions.The
stiffnessof the temperatureprofile, which follows from the rigid currentprofile, implies a
correlation between density and pressure profiles, which is also ethserthe gperiment.

This agreemenindicatesthat, contraryto widespreadxpectancestatisticalconcepts
suchasthe magneticentrogy, canbe of relevanceto systemslrivenfar from thermodynamical
equilibrium, suchastokamakplasmas.The theory asit stands,doeshowever not provide a
completedescriptionof the behaiour of the pressureand density profiles. It makes no
predictionasto the scalingof pressurgrofileswith <j>/(q gj), althoughsucha scalingis also
obsened in the gperiments, indicating that additionalysics will need to be incorporated.

THEORY SUMMARY

Magneticentroyy is definedasa measuref probability of currentdensityconfigura-
tion in a suitably constrained space of magnetic equiljtri.

2
32 hN - - .
sO —J’J dv + %:J’j « AdV, A being the ector potential ang the current density

In a plasma interacting with an Ohmic transformer the tiar@tion ofSis:

d_SD E°D2f+E-de
dt Hz
W is a free parametemith the meaningof a Lagrangemultiplier and E the induced

electric field. In view of the arbitrarinessof the integration volume V, the requirementof
stationary entropprovides an equation for the steady-state toroidal current density profile:
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Fig.1 Theoetical current profile
(dashed)and examplesof pressue pro-
files with different valuesof cornvexity

Since the sawtoothing core is not stationary we
apply the above equationto the confinementzone
only. For givenj=j; at ry=r(g=1), it yieldsarigid
current profile in cylindrical geometry for r>r 4
(fig.1):

j(r) = j1[3o(Ha)Yo(ur) =Yq(pna)dy(ur)]l/ D,
whereD = Jy(Ha)Yy(mrq) —Yo(na)dg(ury) .

Assumin% a parabolic q profile for r<rq,
J1 = 1g9p(B1/Bg), where B; and B, are the
toroidal field on the g=1 surfaceandthe axis, the
theory relatesqg, d,, andp,=rs/a. Combinedwith
the Grad-Shafrano equation and an enegy
principle, the theory also restricts the range of
possiblepressuregrofiles[3]. For eachqg, ry, there
is a family of possiblep(r) parameterisedy K
(O<K<1) and difering in their dgree of concaty.

COMPARISON WITH TCV OHMIC DATABASE

The 280 dischages investigated include almost the entire range of sawvtoothing
Ohmic plasmasthat can be producedin TCV, with 1<k <2.54, -0.5<9,<0.7, 2<qgs<7,
100kA<l<1.02MA, 1.210"m3<n<1.210m3 and 0.1<v’7,5<10. The confinement
propertiesof thesedischageshave beenpresentegreviously [4]. Sincethe theoryis derived

for circularcrosssectionsonly, we needto find a cylindrical equivalentto g,. Theorysuggests

thatthe appropriate_pararr_]eteis FSOEjD’(qO_jOBl) D_EjD’(qojo) asintroducedin apr_evious
study on sawtooth inversionradii and profile peakingfactors[5]. For eachsamplein the
databaseve constructa theoreticalcylindrical modelwith the samevalueof [ (qg,j,) and
(less importantly) the samevalue of B, The radial coordinatex=r/a is identified with
(V/Vtot)l/z. The parametep wassetto 0.1/aanddoesnotin effect play therole of a free
parameter because fpa<l, the predictions are in practice ecplent.
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Using the neoclassical Ohm’s law, the
predicted, Ohmically relaxed current profile
canbe relatedto a temperaturgrofile, shavn
in red togetherwith the pressurgblack) and
density profiles (blue) for an example of a
TCV dischage in fig.2. These profiles are
from a pulsedThomsonscatteringdiagnostic
which is not synchronisedvith the sawvtooth
cycle. All profiles are normalisedto their
valuesat the inversionradius. The fitted line
for the pressureprofile correspondsin this
exampleto atheoreticapressurerofile with a

Fig.2 Measued profilesof electon tempea- corvexity parameteK=0.5. The resultingline

ture, pressue and density togetherwith the- for

the density profile is obtained by

oretical profiles in the confinementzone combiningthetheoreticaklectrontemperature

(dashed: Spitzer conductvity assumed)

and pressure profiles.
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Fig.3 Measued normalised sawtooth
inversion radii together with predicted
positionsfor g=1 radii for threeassumed
valuesof q,. Symbolselateto elongation.
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Fig.4 Scalingwith <j>/q (j of electontem-

perature profile shapefactors in confine-
ment zone

Predictionsfor p,(q, LW (dyip)) agreewell with the obsered inversion radius
from X-ray tomograply [5], for the generallyacceptedraluesfor qg in savtoothing plasmas
(0.8<qgy<1), asseenfig. 3. For the remainderof the paperwe assumegy=0.9. A systematic
comparisorof profile shapesn the confinementzoneis madeby defining“clipped profiles”
suchas T¢/ T, where T, = max(T,, T,,) whichin effect disregardsthe reheatinginside
theinversionradiusafterthe corehasbeenflattenedby a savtooth crash(fig.4). The quantity
EITeD’Tel hasthe adwantageof beingsensitve only to the profile shapeor r>r ; anddoesnot
dependon thetime at which the Thomsonscatteringneasurementaretaken, becausglasma
parameters near theversion radius ary relatvely little during the satooth gcle.
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Fig.6 Scaling of experimental and
expected density pfile factos.

Fig.5 Scaling of experimental pressue
profile factos with <j>/qgj,.
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theoretical pressure profiles are

Fig.4 shavs that the measuredshapeof the temperatureprofile (diamonds)in the
confinementzoneis in good agreementvith the one expectedfrom the theoreticalcurrent
profile and Ohm’s law (dots). The scalingwith [j[/(q,j,) of the experimentalpressure
profile factors [p [/ p,; (diamondsknd [p Y py (triangles)areshavn in fig. 5. Thelatter
exhibit more scatterbecauseof samplingat randomtimes during the sawtooth cycle. Fig.6
shaws that experimentaldensity profile factors(diamonds)also scalewith [j[Y (q,jg) - The
density profile widths expected from the theoretical current profile and the matching
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Fig.7 Corvexity parameterK corre-
spondingto experimental pressue
profiles in fig5.

whaas dots in fig.6.

Thevaluesof thetheoreticalcornvexity parametecorre-

spondingto the pressurgorofilesin fig.5 (diamondskre

plotted in fig.7. Thereis a systematictrend, with K
increasing from near zero at the lowest values of
(Y (dpjg) to near0.6 atthe highest.This dependence
is not predictedby the theory which merely constrains
K to bein the interval [0,1]. Pressureprofiles with K
largerthanthe curvesplottedin fig.7 would correspond
to hollow density profiles. The absenceof high values
ok K atlow valuesof [jL¥ (q,j,) maybeexplainableif
the plasmalacks a mechanismto set up the required
outward particle drift over part of the crosssection.In
ary case,a more complete descriptionis likely to
requirethe integration of additionalphysicsconcerning
particle and/or engy transport.

In figs. 4-6 we shav the experimentalveragescalingof

shapefactorsassolid lines. It is interestingto notethat departuregrom the averagecorrelate
for densityand pressurewhile temperatureprofile deviations remainuncorrelatedwith the
formertwo andcanbe attributedto measuremergrrors.Suchbehaiour is expectedirom stiff

temperature profiles (fig.8), such as predicted by the theory presented [3].
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Fig.8 Cross corelations of pofile shapes in ohmic database
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