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ABSTRACT

It is shown that in the limit of radiation dominated power loss, the
maximum average density of an ohmically heated plasma in thermal equilibrium
is given by
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where K is a weak function of electron temperature and depends on the
impurity species, and f is a function of Ze. For Ze = 1.5, the maximum

density depends only on the current density, within a factor of x2.

This equation is consistent with experimentally observed scaling

and quantatitive observations summarized in the Murakami correlation.,
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Murakami's correlation(l for the maximum average electron density in
ohmically heated Tokamaks has been recently(zl summarized as (see the

Appendix for definitions and units)
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where g and Ze have been added to Murakami's original formula. This is

rather less than the minimum ignition densityESJ and it is hoped that the

necessary density increase can be made during the additional heating phase.
GibsonHEJ has shown that the Murakami correlation is consistent with a-'

simple global balance between ohmic power and impurity radiation power for

discharges where the global power loss is primarily radiative. This note is

to point out that the quantitative agreement is quite good over the experimental

range of electron temperatures. This does not exclude the possibility that

conduction is important in restricted regions of the plasma, but overall it is

assumed that radiation dominates.

The global power balance between ohmic dissipation and radiation from

an impurity of density nz is
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where L is the sum of the line, recombination and bremsstrahlung
5)

radiation factors[ given in figure (1) for the common impurities Ma,

Fe, 0 and C, assuming coronal equilibrium.

Using the classical resistivity[4} (neglecting the trapped electron

correction since high density discharges are being considered)
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equation (2) becomes
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where

and

ni=

R )

for ¢ Z << 1, which is a function only of Ze.
The important points about eguation (3) are:

a) The scaling with B, R and g are the same as in the Murakami experimental
correlation. Since B/Rg = I/az, the scaling implies that the maximum density

is proportional to the global current density.

b) Egquation (3) does not depend on MHD effects, although lack of thermal

. equilibrium in regions of the plasma (associated, for example, with impurities
from the limiter or with the ionization energy of a rapidly injected neutral
gas) may produce a loss of MHD stability because of the development of an
adverse current density profile.[IS] Equation (2) shows that loss of thermal
stability may also occur if the slope of the Log L/Log T plot of figure 1

is less than -1.5 for ohmically heated plasma.

c) K is shown in figure (2) calculated using the impurity radiation factors of
figure (1). In the experimental range of electron temperatures, K for each type

of impurity is not strongly sensitive to temperature within the accuracy of

Murakami's correlation ( ~ x 2 ),

d) Although both the correlation eguation (1) and the theoretical equation (3]
are global and disregard many details, the quantitative agreement is quite good.
This is illustrated by the experimental points on the K(TEJ plot of figure 2,
calculated using the value of K = Rgn/Bf using experimental results from Table I.

It can be seen that the experimental points lie near Kn 4 x 1019, which is



between the single species curves calculated for heavy impurities and light
impurities; this is to be expected since a mixture of heavy and light
impurities is usually present. Note that equation (3) contains no fitted

parameters.

e) The impurity fraction, o, is only involved via f, which is plotted as a
function of Ze is figure (3). For high impurity fraction, when ZB > 1,5,

f is constant within the accuracy of Murakami's correlation, and so the maximum
density is independent of impurity fraction and Ze. This is because both the
ohmic power and the radiated power are proportional to the impurity fraction

at high Ze' This behaviour at high Ze differs from the correlation equation

(1) in which the density falls as l/Ze.

f) For low impurity fractions, when ZE + 1, f > @ and the theoretical eguation
(3) gives n + = whereas the correlation equation (1) tends to a constant density,
This is reasonable because for very pure plasmas, impurity radiation will not
dominate the overall power loss and other processes such as conduction will

then 1imit the density.



Conclusions

A global energy balance between ohmic power and impurity radiation is
in reasonable qualitative and quantitative agreement with the Murakami global
empirical correlation for the maximum density. For Ze >~ 1,5, the maximum
density depends only on the current density within a factor of x 2; when Ze

approaches unity, the maximum density increases and 1s sensitive to ZE.
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APPENDIX

SYMBOLS AND UNITS

minor radius
toroidal magnetic field
=18

electron charge, 146 x 10

the part of equation (3) that depends on o

toroidal current

the part of equation (3) that depends on Te

radiation power function
=3

electron mass, 9.1 x 10

electron density

ion density

impurity density

2

2Ta B/uDRI

major radius

electron temperature

impurity charge

effective resistive anomaly = l+022/1+cZ

. , e 1.424
e - e collision factor in resistivity= 1 + Ze+ 1.069

2
l/ch
classical resistivity

screening parameter

anx10”7

impurity ion fraction. = n.,/

n,/ny,
ALCATOR correlation for electron energy containment time

=5 10 % g?
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Fig.1 Total radiation power function,



[ Curves calculated for various impurity
N species
B @ Experimental values
(N = reference , see table!)
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Fig.2 The coefficient K in the Murakami correlation.
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Fig.3 The coefficient f in the Murakami correlation.









