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INTRODUCTION

Profiles from a large v� ariety of stationaryOhmic plasmas� in the
�

TCV tokamak
�

(BT<1.5T,� R0
� =0.88m,a<0.25m,� κ<2.7) arecomparedto

�
theoretical

�
predictions� based

	
on the

�

assumptionthat
�

the
�

magneticentropy
 is stationaryin a tokamak
�

consideredasanopensystem
interactingwith the

�
Ohmic transformer

�
. For eachv� alueof <j>/(q 0

� j
�

0
� ),

�
where<j> is the

�
cross

sectionalav� eragedcurrentdensity, and q0
� , the

�
theory

�
predicts� a rigid
 currentprofile� in

�
the

�

confinementzone(q>1). Inte
�

grationof the
�

force
�

balance
	

equationleads
�

to
�

a restriction
 of the
�

range of possible pressure profiles.


W
�

e observe that
�

the
�

sawtooth in
�

v� ersionradius
 and the
�

electrontemperature
�

in
�

the
�

confinementre
 gion, related
 to
�

the
�

predicted� rigid
 currentprofile� using� the
�

neoclassical� Ohm’s
la

�
w, dependsolely on the

�
parameter� <j>/(q 0

� j
�

0
� ),

�
in

�
agreementwith the

�
predictions.� The

�

stiffness
�

of the
�

temperature
�

profile,� which follo
�

ws from
�

the
�

rigid
 currentprofile,� implies
�

a
correlation between density and pressure profiles, which is also observed in the experiment.�

This
�

agreementindicates
�

that,
�

contraryto
�

widespreadexpectance,� statisticalconcepts
suchasthe

�
magnetic� entropy
 , canbe

	
of rele
 v� anceto

�
systemsdriv� enf

�
ar from

�
thermodynamical

�

equilibrium, suchas tokamak
�

plasmas.� The
�

theory
�

, as it
�

stands,doesho
�

wev� er not� pro� vide� a
completedescriptionof the

�
beha

	
viour� of the

�
pressure� and density profiles.� It

�
mak� es no�

prediction� asto
�

the
�

scalingof pressure� profiles� with <j>/(q 0
� j

�
0
� ),

�
althoughsucha scalingis

�
also

observed in the experiments, indicating that additional ph� ysics will need to be incorporated.


THEOR
�

Y SUMMARY

Magnetic
�

entropy
 is
�

definedasa measure� of probability� of currentdensityconfigura-
tion in a suitably constrained space of magnetic equilibria

�
[1,2].

,  being the vector potential and the current density.

In a plasma interacting with an Ohmic transformer the time v
�

ariation ofS
�
 is:

µ is
�

a free
�

parameter� with the
�

meaning� of a Lagrange
�

multiplier� and the
�

induced
�

electric field. In
�

vie� w of the
�

arbitrarinessof the
�

inte
�

gration v� olume V, the
�

requirement
 of
stationary entropy pro
 vides an equation for the steady-state toroidal current density profile:�

S
�

j
� 2

�

Vd
�

∫–∝ µ2
�

c
4π�
--------- j

�
A

 
• Vd

�

∫+ A
 

j
�

d
�

S
�

d
�

t
------ E

µ2
------ j

�∇2
�

• E
!

j
�•+ Vd

�

V
∫∝

E
!

j
�∇2 µ2

j
�

+ 0=



27th EPS CCFPF 2000;   H. Weisen et al.
: Evidence for the role of magnetic entropy in stationary Ohmic ...
 

689

Since the
�

sawtoothing core is not stationary, we
apply the

�
abov� e equationto

�
the

�
confinementzone

only. For giv� en j=j
�

1 at r1=r (q=1), it yields
 a rigid
current profile� in cylindrical
 geometry, for r>r 1
(fig.1):

,

where .

Assuming a parabolic� q profile� for r<r 1,
, where and are the

�

toroidal
�

field on the
�

q=1 surfaceand the
�

axis, the
�

theory
�

relatesq0
� ,� qa" , andρ1=r 1/a

#
. Combinedwith

the
�

Grad-Shafranov� equation and an energy
principle,� the

�
theory

�
also restricts the

�
range of

possible� pressure� profiles� [3]. For eachq0
� ,� r1, there

�

is a family of possible� p(r)$ parameterised� by
	

K
(0<K<1) and differing in their de

�
gree of concavity� .

COMPARISON WITH TCV OHMIC DAT
�

ABASE

The
�

280 discharges in
�

v� estigated include
�

almost the
�

entire range
 of sawtoothing
Ohmic plasmas� that

�
can be

	
produced� in

�
TCV

�
, with 1<κa" <2.54, -0.5<δa" <0.7, 2<q

%
95
& <7,

100kA<Ip' <1.02MA, 1.2.( 1019
)

m* -3<n+ e, <1.2.( 1020
-

m* -3 and 0.1<ν. *
75<10. The

�
confinement

properties� of these
�

dischargesha
�

v� e been
	

presented� pre� viously� [4]. Sincethe
�

theory
�

is
�

deriv� ed
for

�
circularcrosssectionsonly, we need� to

�
find a cylindrical
 equiv� alentto

�
qa" . Theory

�
suggests

that
�

the
�

appropriateparameter� is
�

asintroduced
�

in
�

a pre� vious�

study on sawtooth in
�

v� ersion radii
 and profile� peaking� f
�
actors[5]. F

/
or eachsamplein

�
the

�

databasewe constructa theoretical
�

cylindrical
 model� with the
�

samev� alueof and
(less importantly)

�
the

�
same v� alue of βp' . The

�
radial
 coordinatex=r/a0 is

�
identified

�
with

. The
�

parameter� µ wassetto
�

0.1/aanddoesnot� in
�

effect
�

play� the
�

role
 of a free
�

parameter because for� µa<1� , the predictions are in practice equiv� alent.
Using

1
the

�
neoclassical� Ohm’s la

�
w, the

�

predicted,� Ohmically relax
 ed current profile�

canbe
	

related
 to
�

a temperature
�

profile,� shown
in

�
red
 together

�
with the

�
pressure� (black) and

density profiles� (blue) for
�

an example� of a
TCV

�
discharge in

�
fig.2. These

�
profiles� are

from
�

a pulsed� Thomson
�

scatteringdiagnostic
which is

�
not� synchronisedwith the

�
sawtooth

cycle.
 All
2

profiles� are normalised� to
�

their
�

v� aluesat the
�

in
�

v� ersionradius.
 The
�

fitted line
�

for
�

the
�

pressure� profile� correspondsin
�

this
�

example� to
�

a theoretical
�

pressure� profile� with a
conv� exity� parameter� K=0.5

3
. The

�
resulting
 line

�

for
�

the
�

density profile� is
�

obtained by
	

combiningthe
�

theoretical
�

electrontemperature
�

and pressure profiles.
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Predictionsfor agreewell with the
�

observed inv� ersion radius
from X-ray tomograph

�
y
 [5], for the

�
generallyacceptedv� aluesfor q0

� in sawtoothingplasmas�

(0.8<q0
� <1), asseenfig. 3. For the

�
remainderof the

�
paper� we assumeq0

� =0.9. A systematic
comparisonof profile� shapesin the

�
confinementzoneis madeby

	
defining“clipped profiles”�

suchas , where which in effect disregardsthe
�

reheatinginside
the

�
inv� ersionradiusafter the

�
corehasbeen

	
flattenedby

	
a sawtoothcrash(fig.4). Thequantity

hasthe
�

advantageof being
	

sensitiv� e only to
�

the
�

profile� shapefor r>r 1 anddoesnot
dependon the

�
time

�
at which the

�
Thomsonscatteringmeasurementsaretak

�
en,because

	
plasma�

parameters near the in� v� ersion radius vary relativ� ely little during the sawtooth cycle.
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Fig.4 shows that
�

the
�

measuredshapeof the
�

temperature
�

profile� (diamonds)in the
�

confinementzone is in good agreementwith the
�

one expectedfrom the
�

theoretical
�

current
profile� and Ohm’s law (dots). The scaling with of the

�
experimentalpressure�

profile� factors (diamonds)and (triangles)areshown in fig. 5. Thelatter
exhibit more scatterbecause

	
of samplingat randomtimes

�
during the

�
sawtooth cycle.
 Fig.6

shows that
�

experimentaldensityprofile� factors(diamonds)alsoscalewith . The
density profile� widths expected from the

�
theoretical

�
current profile� and the

�
matching

theoretical pressure profiles are sho
�

wn as dots in fig.6.
Thev� aluesof the

�
theoretical

�
conv� exity parameter� corre-

spondingto
�

the
�

pressure� profiles� in fig.5 (diamonds)are
plotted� in fig.7. There is a systematictrend,

�
with K

increasing from near zero at the
�

lowest v� alues of
to

�
near0.6at the

�
highest.This dependence

is not predicted� by
	

the
�

theory
�

, which merelyconstrains
K to

�
be

	
in the

�
interval [0,1]. Pressureprofiles� with K

larger than
�

the
�

curvesplotted� in fig.7 would correspond
to

�
hollow densityprofiles.� The absenceof high v� alues

ok K at low v� aluesof maybe
	

explainableif
the

�
plasma� lacks

�
a mechanism� to

�
set up� the

�
required


outward particle� drift ov� er part� of the
�

crosssection.In
�

any
 case, a more� complete description is
�

lik
�

ely to
�

require
 the
�

inte
�

grationof additionalph� ysics
 concerning
particle and/or ener� gy transport.

In
�

figs.4-6
�

weshow the
�

experimental� av� eragescalingof
shapef

�
actorsassolid lines.

�
It

�
is

�
interesting

�
to

�
note� that

�
departuresfrom

�
the

�
av� eragecorrelate

for
�

densityand pressure,� while temperature
�

profile� deviations� remain
 uncorrelated� with the
�

former
�

tw
�

o andcanbe
	

attributed� to
�

measurement� errors.Suchbeha
	

viour� is
�

expected� from
�

stiff
�

temperature profiles (fig.8), such as predicted by the theory presented [3].
�

F
V

ig.8 Cross correlations of profile shapes in ohmic database.
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