


Koslowski OPERATIONAL LIMITS IN TOKAMAKS
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Figure 1: Hugill diagram for the TEXTOR tokamak.
(Figure from [3].)

for various plasma conditions. Some of the operational
boundaries can be seen in this graph. At first we notice
the lack of points above 1/g, = 0.5 In this region the
m = 2, n = 1 external kink mode is destabilized and
leads to disruption of the discharge. This manifests a
so called hard boundary which restricts the maximum
plasma current for a given toroidal magnetic field (see
equation 2).

To the right of the graph we encounter the den-
sity limit, i.e. for a given plasma current there exists a
maximum line averaged density. This boundary is em-
pirically and the different groups of data points show
that over the past years this limit has increased due
to application of advanced wall conditioning methods
[4]. Impurities released at the first wall can dilute the
plasma and cause strong line radiation. When the total
radiated power overcomes the heating power instabili-
ties, normally leading to a disruption, are initiated. The
application of low-Z wall coatings helped to improve the
situation and allowed to control the impurity content of
the plasma. Strong additional heating permits higher
radiation and pushes the density limit further.

A third limit, which is not very obvious, is near the
left border of the graph. At very low densities electrons
from the high energetic tail of the distribution func-
tion are continuously accelerated by the toroidal elec-
tric field and gain more energy per turn as they loose
by collisions. The Maxwellian distribution is deformed
and gets a non-thermal tail. This is called the runaway
or slideaway regime. Operation at these plasma para-
meters has to be avoided because the high energetic
electrons are not confined anymore, get lost from the
plasma, and may cause damage to the first wall.

ITI. RADIATION INSTABILITIES

A tokamak plasma has different sources for radia-
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tion:

(i) a continuous radiation spectrum resulting from
bremsstrahlung due to electron-ion collisions (free-free)
and recombination (free-bound),

(ii) electron cyclotron radiation

(iii) line radiation from hydrogen/deuterium, impuri-
ties (N, O), and elements which are applied for wall
coatings (Be, B, C, Si), radiation cooling (Ne), limiters
(Mo, W), and diagnostic purposes (e.g. transport stud-
ies using short Ar puffs).

All these processes add up to the total power loss
by radiation, P,.q, which has to be balanced by the
heating power, Preq:- Under stationary conditions the
heating power has to be larger than the radiated power,
otherwise the plasma would cool down and give rise to
the occurrence of instabilities.

The radiation from bremsstrahlung scales like

P, xZ%n,ny T€1/27 (3)

where Z is the ion charge state, n. and nyz are the
particle densities of electrons and ions with charge Z,
respectively, and T, is the electron temperature. Under
normal tokamak operation conditions this power can be
easily supplied by the plasma heating systems.

The cyclotron radiation leads to a substantial radi-
ation power density

P. = ¢e*/(3megm3c®) B? n, Te, (4)

where e is the elementary charge, ¢y the permeativity
of free space, m. the electron mass, and ¢ the speed
of light. Although this radiation power may become
very large it is not of concern in fusion experiments.
The reason is that the plasma is optically thick at the
fundamental frequency and the emitted power is im-
mediately re-absorbed. Loss of energy can occur at the
harmonic frequencies where only a small fraction of this
power is radiated.

The most important source for radiative power
losses are impurity ions. On the one hand they lead
to an increase of bremsstrahlung losses (eq. 3), on the
other hand they emit line radiation with a power den-
sity given by

PR = L(Te) Ne Ny (5)

where L(T.) is called the radiation function for a spe-
cific impurity, n; gives the impurity density in the
plasma. The radiation functions are peaked at low tem-
peratures. A general mechanism for the development
of a radiation instability arises from this specific shape
of the radiation function. A thermal instability can
develop when a decrease in temperature due to exces-
sive radiation leads to an enhancement of the radiated
power, which will cause a further drop in temperature
and thus the process amplifies itself.

VOL. 49 FEB. 2006





















