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ABSTRACT

This paper deals with the thermal stability and
equilibrium of a confined plasma when impurity
radiation is the dominant loss mechanism near

the edge. The energy transport in this peripheral
region can be approximately described by the
equation

which is shown to be stable as long as the
electron density n_, the impurity density n P

the thermal conduc%ivity k and the radiation
function L are all functions of T alone and

thus do not depend explicitly on x. By contrast,
instability is possible if n_ increases linearly
with distance and occurs if “more than about half
the power conducted into the edge region is
radiated. These simple results are demonstrated
and extended by 1-D computer modelling of INTOR
with iron in coronal equilibrium as the impurity.
In addition non-coronal effects are examined by
modelling the individual charge states of oxygen
and allowing them to diffuse; charge-exchange
recombination is also included. These additional
effects are found to be stabilising.
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1. INTRODUCTION

The general problem of thermal equilibrium and stability of

[1]. More recently,

tokamaks was first considered by Furth et al
Ohyabu[z’B] [4] have considered specific equilibrium
and stability problems posed by a tokamak with a strongly

radiating peripheral region. This note also deals with the

and Neuhauser

peripheral plasma. It considers the thermal stability and
equilibrium of this region when impurity radiation is the major
loss mechanism and hence complements the work described in ref
[5] which dealt with loss of equilibrium alone and did not

consider stability.

2. THEORY

If energy is conducted into the peripheral region of a
confined plasma where it can be lost by impurity radiation then

the energy equation for the peripheral plasma becomes

wT _ 5 _ @
3 5t " 3x < 3x ~ DB (D) &,
where ng = electron density,
' n, = impurity density,
K = thermal conductivity,

L(T) = radiation function,

and for simplicity it has been assumed that Ti = Te and

n =n. >> n_.
e i z

2.1 Linear Perturbation Analysis

Consider the stability of eq(l). To generalize let n,, n,
and Kk all be explicit functions of T but not of X; under this
assumption a simple condition for thermal stability can be

derived as follows by perturbation analysis,



If an equilibrium temperature profile is slightly perturbed

then to first order eq(l) gives

dn
3(ne + T ——) v = - (K‘f) % {% (nn L)] by (2)

for a perturbation of the form ¥ = %(x) exp Yt. Multiply eq(2)

by K(T)TdX and integrate from the plasma boundary (p01nt *a™) LB

some point within the plasma (point 'l'); hence
1 1
dn 2
el M2 . _ 3kt f(m"f)
BYLK[% 1 gr) 1 as ‘fOK&‘d(E‘ ] - |ar/ax 4("ez™)

and the system is thermally stable if y < 0, namely when the

righthand side of eq(3) is negative. The two terms on the right

(3)

can be put into a more suitable form by integrating both by parts
and then substituting the equilibrium solution into the second

term, thus giving the following condition for stability

2
[K% d(KT)]l Knen L2 J hl';a(K%) (neszi(K%) S % G 04
dx | dT/dx kdT/dx

Consider the significance of eq(4). The integral term is
always stabilizing; even if there was a temperature dependent
source, such as ohmic heating, it would still be stabilizing.
The only scope for instability lies with the first two terms
which are determined by the boundary conditions on the
temperature perturbation %. The normal boundary constraints
keep the heat flux at point 1 constant and make %o zero; thus

the system is stable.

The above analysis has assumed that the parameters are all
functions of T and not x. If the analysis is repeated with
x—-dependence then extra terms appear and no simple conclusions
can be drawn; however in the next section we show how some
effects of an x-dependence can be deduced by inspection of the

equilibrium profiles.



2.2 Equilibrium Profiles and Stability

Consider two simple cases, firstly the case where K, ng and
n, are all constant so that the equilibrium profile is given by

a?r/dax2 = (ﬁenZ/K)L(T) (5)

and secondly the case where n, and K are still constant but n,

incréases linearly with distance with ne(O) = 0 so that

2 2 J

d*T/dx = x(n_n /k)L(T) (6)
where né = dne/dx = constant.

Figure 1 shows numerical solutions of eqs(5) aﬁd (6) for the

case of iron impurity in coronal equilibrium; values for the

functions L(T) were taken from ref [6]. Both equations could be
500 500
(a) (b)
400 1400}
=
& 300} 1300}
5 / _
; -3 -3
£ 200( [/]]]7~0om 171200} ‘." Om=
K I’I’ 1.01 xIOW ; 3.6 x 1017
: 7/ —120xd | [ A "F~au6x10"
1.28x10 LA 300"
- /] _
100 77 1.34x10"7] 100 3.4 x10"]
-““,i' —1.35x107] | ~2.8x10"
' 1.36x10" 2.1x10"7
0 0z 04 06 0 02 04 06 08 O
X (m) X (m)

Fig.1 Equilibrium temperature profiles for: —

(a) constantn =5X 10 m™

(b) constantdn /dx=5X 10*m™*
The impurity is iron and the plasma parameters are (dT/dx) =10*eV/m:
T, =20eV: k =5X 10°ms, '
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generalised by incorvorating the constant bracketted terms into
new distance variables but for convenience the results are
plotted for typical values of n,, né, n, and k; the curves can
easily be scaled to different values of these parameters. The

boundary conditions used are

(aT/dx); = 10* eV/m

T

- 20 eV.

Some conclusions on the stability of these profiles can be
drawn by inspection alone. Consider the case where ng, is
constant; if ., is increased then the temperatures everywhere
are always reduced. Now, suppose that the temperature profile
is perturbed to a neighbouring profile at slightly lower
temperatures. The value of n, on the perturbed profile will be
too small for equilibrium; consequently the energy input will
exceed the radiated power and the plasma will heat up until it
returns to its equilibrium value. Similarly if perturbed
to higher temperatures the plasma will cool and return to
equilibrium. This stable behaviour is consistent with the linear
perturbation analysis. However, the profiles for né = constant
show a different behaviour; the impurity density n, first
increases and then decreases as (dT/dx)O is increased. The
physical argument used previously now shows that for some

values of n, the profiles are unstable.

Figure 2 shows the curves in Fig. 1 plotted in a general
and more informative fashion. The temperature gradient at the
inner boundary is plotted against the fraction of power radiated,
with the temperature at the inner boundary as a parameter.
Simple physical reasoning shows that the profiles are unstable
whenever the slope of these curves is positive. Hence the case
with constant density is always stable but the case with constant
density gradient becomes unstable whenever the radiated power
exceeds roughly half the input power irrespective of the values
of the plasma parameters. This result highlights a possible
difficulty in establishing the 'cold plasma mantle' proposed
for JET[7].

-4 -
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110 4 1ok
T,=800eV
100} 100+
90t ook
801 80+ T, =800eV
_E 701 70k
> i
.; 60 60
3 sof . 4 s0f
—
S ot 1 40 4
30 3ol 100eV
20 . 20F o
10r (a) 1 10} (b) -
0 01 02 03 04 05 06 07 08 09 10 0 01 02 03 0% 05 05 07 08 05 70
(dt/dx) (dT/dx)
P__ /P, =1- 2 P Pp=1- g
rud/ IN (dridx), rad / N=1 (drldx),
Fig.2 Solutions of
(@) kd®T/dx* =n_n, L(T) withn, =5 X 10 m
(b) xd®T/dx* = x(dn /dx)n, L(T) with dn_/dx = 5 X 10%° m™*
The impurity is iron and the plasma parameters are
n,=10"m3:k=5X10"m*s™,
CLM-R 228

The curves in Fig. 2 depend on the choice of L(T). Insight
into the generality'of'the-results is helped by choosing a simple
analytic form for the radiation function L(T). A convenient

choice is a delta function such that

L(T)
and ”
,/. L(T)
0

The resulting temperature profile has a constant gradient which

0 if T # Trad

Il
L |

changes discontinuously at T = T The energy equation for

rad’
the constant density gradient case (eq(6) ) can be integrated

to give



1
(dT/dx)f _ (dT/dx)g = (2nénz/|<)j’ xLAT
0

= (2nn,/K)(1 T4/ (dT/dx)y) | (7)

Differentiating with respect to n, shows that the temperature

profile is marginally stable when
(dT/dx)l/(dT/dx)0 = /3

Henoe: B gfPsy = 1 ~ 1/¥3 = 0.423 which is consistent with the

rad's
curves in Fig. 2.

The preceding results have assumed that n,, K and n, or né

are constants; the results are, however, more general and this
assumption can be relaxed. Suppose that the plasma parameters
are not constants but are functions of T. Then for the case of

constant density the energy equation is

9 aT\ _

ﬁ(mmﬁ) = n_(T)n, (T)L(T) (8)
which can be integrated to give

1
Qy - QO = %/~ K(T)ne(T)nZ(T)L(T) dT (9)
0

1
2I<O ne n, f F(T) d4dT
o o Jy

n and‘né are constants and Q = k3T/39x is the thermal flux.
o o]



From eq(9) it follows that dQl/d(Prad/Pin) is always negative,
as in Fig.2, and as before the plasma is stable. This result
is consistent with the result of the perturbation analysis in

the previous section.

On the other hand if n, = néx, where né is a function of

T alone, then the energy equation integrates to give

Qf - Qg = 2f xk(T)n (T)n_(T)L(T) dT
0
1
= 2 5 néo nzofx G(T) dT (11)
0 |

and then, as long as G(T) can be approximated to a delta function,
the previous argument holds and the plasma still becomes thermally
unstable when roughly half the power is radiated.

3. RESULTS FROM COMPUTATIONAL MODELLING

The previous section derived a condition for the thermal
stability of the periphéral region of a confined plasma,
namely, that instability ensues when roughly half the power
conducted into the peripheral region is radiated. In deriving
this result «, n, and dne/dr were taken as constant. Although
this assumption may be questioned it is roughly in line with
the assumptions made in the computational models used to predict
tokamak behaviour; with this point in mind the 1-D Code
HERMES[S] has been used to check and extend the predictions of
the previous section by modelling a large tokamak with impurity

radiation as a major loss mechanism.

3.1 The Computer Model

Basically the machine parameters and the transport used
are the original INTOR reference values as listed in ref L6173

they are summarized below.



The Machine

Major radius R=4.5m
Equivalent minor radius a=1.5m
Toroidal current I = 4 MA
Toroidal magnetic field B¢ = 5 tesla

An atomic mass of 2.5 is normally used to simulate a DT-mixture.

Plasma Transport

Electron thermal diffusivity x, Ke/ne = 5 x 1019/nemzsec_

Ion thermal diffusivity X 3 x (the neoclassical value)

i
Plasma diffusivity D = Xe /4 + neoclassical transport
including the Ware effect.

Neutral Hydrogen

Unless otherwise stated an influx of neutral DT-mixture
into the plasma is modelled. The atoms are arbitrarily given an
energy of 30 eV and transported and deposited within the plasma
using a Monte Carlo method. Normally the flux is continually
adjusted so that ionization just balances the loss of hydrogen

by diffusion, (ie a recycling co-efficient of unity).

Power Sources

To simulate auxiliary heating a 10 MW source feeds energy
to the central plasma and for simplicity the fusion power is
omitted although the ohmic power (v 1 MW) is included. This
power level is less than that representative of INTOR (50 - 100 MW);
the reason for choosing a low nower is to decrease the temperature
'graQient and thus increase the number of computational cells

describing the peripheral region.

Impurities

The impurity modelled in this work was iron in coronal
equilibrium[Gl. For ease of comparison with the results
obtained in the previous section n, was normally taken as
constant; when the impurities were allowed to diffuse the flux

due to anomalous diffusivity was added to the neoclassical flux.



3.2 Results with dnH/dr Constant

To check the predictions of section 2 the hydrogen ion
density gradient was held constant at 1020m—4 while the code was
run to steady-state conditions for different densities of iron
impurity. Note that the physics in this computational model
includes several features not present in the analysis of the

previous section namely:

(a) cylindrical geometry:

(b) separate electron and ion temperatures:

(ec) ohmic heating:

(d) neoclassical thermal conductivity in addition to

anomalous transport.

Figure 3 clearly demonstrates the predicted loss of
equilibrium when roughly half the power conducted into the

I_O T T T T T T T T T

ne =3x10"m">
e

3

) for the outer 50cm.

38x IO‘Sm_

Power In - Power Radiated
Power In

(

6 7 8 9 10

Time (s)
Fig.3 Curves showing the peripheral radiation varies with time when n, is increased and
the density gradient is held constant.
Parameters: Iron impurity: dny /dr = 10> m~*: INTOR dimensions and
reference parameters: 10MW of input power on axis.
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peripheral plasma is radiated. To obtain this figure the case
with n, = 3 x 10163

as the initial condition for a series of computations with

was taken to a steady-state and then used

larger impurity densities; these computations show how the
power radiated from the peripheral region (the outer 60 cm)
varies with time. With n, < 4 x 1016m_3 a steady—statefis always
reached in which less than 60% of the input power is radiated;
however, at higher impurity densities equilibrium is no longer
possible and the radiated power increases until it exceeds the .
input power when the temperature profile starts to collapse.
This result is in complete agreement with the prediction in
section 2.

Details of the temperature profile collapse are shown in

Figs. 4 and 5 for the case when n, is increased from 3 x 1016m_3

Te (keV)

Time(s)

Fig4 Variation of the peripheral temperatures when the density gradient is
held constant. The example shown is where n,_ is increased from 3 X 10'°m~
to 5 X 10 m~2 in Fig.3.

3
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Radius (m)

Fig.5 Initial and final temperature profiles for the case illustrated in Fig.4.
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16

to 5 x 10" "m™

3

The first of these two figures shows the

temporal variation of Te at points in the peripheral plasma
@ctually the individual computational cells); the second figure

compares the initial and final temperature profiles.

The final

steady-state is determined mainly by the effect of cylindrical

geometry.

3.3 Results with a Self-consistent Density Profile

Having seen that loss of equilibrium occurs as predicted
if the density gradient is held constant the computer
simulation was repeated with the density determined self-

consistently by an influx of neutral hydrogen.

Figures 6, 7

and 8 illustrate what happens when <nH> is kept constant in this

way at 2 x 10

19m—3

and the impurity density is changed.

- 11 -
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e k . 3 52x10%m?®  5.4x10° m°
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é 0 & ¥ //
> os} 56x100m? ‘ |
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i) 04 1
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olz
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&% o2t 16_-3
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S
[s] L it
al O 6.4x10°m>

0o 1 2 3 4 5 6 7 8 9 1
Time(s)

Fig.6 Curves showing the variation of peripheral radiation when n,, is

increased and the plasma density is held constant at <n,;>=2X 10" m"

by the influx of neutral hydrogen.

3

25 r=0806m

20

175

To (keV)
.
o

0.5

0.25

10

Time (s)

Fig.7 Variation of the peripheral temperatures when <n, > is kept constant at
2X 10 m™ by the influx of neutral hydrogen and n_ is increased from 4 X 10'*m™
to 6.4 X 10" m™3.
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To (keV)
nn(1015m-3)

ne (10%m %)

e -
&dr Ne =6.4x10°m > 5
e
— ~ 4 —
> 1.51 ny not allowed f';’E
= [=1]
o to change Ne 413 %
EUREE T =
Z Iy 2
0.5¢+ 14
’// |
2o ne =6.4x10"°m>
e .
2 5[ ny is allowed T
a4
= to cl:l-c‘:t'r"n.ge 29 %
N Vo] S T D T
c c
0.5

15 14 13 12 11 1.0 .09 08 07 08

Radius (m)

Fig.8 Initial and final profiles of temperature, electron density and neutral density for
the case illustrated in Fig.7. Two sets of final profiles are shown; in the first the electron
density profile was not allowed to change.
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Figure 6 shows that as before equilibrium is lost when about
60% of the power transported into the peripheral region is
radiated. (In this case convective transport is included.)
Figure 7 shows how the peripheral temperatures change with time
and Fig. 8 shows the initial and final profiles of density and
temperature both wheq n, is allowed to change and when it is

held constant.

- 13 -



The general behaviour is much the same as before but
there is one important difference - the extent of the
temperature collapse and the final steady-state are now
determined by the way the density profile changes with time.
Figure 8 makes this point. When the density profile is not
allowed to change the temperature collapse ceases once the low
temperature region (Te < 50 eV) reaches a point on the density

profile where the gradient is rapidly decreasing (the minimum

of dzne/drz). If, however, the density profile is allowed to
change self-consistently then the minimum of dzne/dr2 moves
inwards and the temperature collapse continues until a steady-
state is reached which is determined by the complex interplay
between ionization, neutral transport, plasma transport and
thermal transport; unlike the case with a constant density
gradient the final steady-state is no longer determined mainly

by the effects of cylindrical geometry.

The width of the region in which dne/dr is approximately
constant depends upon <ne>. As the plasma density is increased
this width is reduced and eventually it becomes so narrow that
the destabilising effect of the density gradient is suppressed;
this point is illustrated by Figs. 9 and 10. These two figures,
like the previous three figures, refer to the case of a self-
consistent density profile but <n_> has been increased from
2 x 10%073 to 5 x 101%m~3 -

region only loses equilibrium when all the power transported

m- m~° and, as a result, the peripheral

from the central region is radiated. This fact is apparent from

Fig. 9 which shows how the radiated power varies with time when

16

n, is changed; stable equilibria result until n, 3 2.1 x 10 m

3

when equilibrium becomes impossible since the radiated power

exceeds the available power. Figure 10 shows profiles of n,, n,

and T for three of these equilibria. Note how the point where
16 -3

dzne/er is a minimum occurs at‘Te < 50 eV once n, > 1.7 x 107 m

and instability might be expected.

- 14 -
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Fig.9 Variation of the peripheral temperature when <nj; > is kept constant at 5 X 10*° m~®, At this
density no instability occurs unlike the case illustrated in Fig.7 where the density is lower.
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The effect of a narrow edge region can be neatly
demonstrated analytically with the delta function model used in
section 2.2. Again assume that L(T) = 0 if T s Trad but in
addition take a density profile that has dne/dx constant until
n, =n .. when it becomes zero. It follows that the initial
temperature collapse, which occurs when roughly half the power

is radiated, ceases when

(dng/dx) /n.. . < (2/3/3)(dT/dx) /T (12)

max rad

= I8 -
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Fig 10 Equilibrium profiles of temperature, electron density
and neutral density for three of the cases shown in Fig.9. -
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The stabilizing influence of a narrow edge region explains
why instability was not observed in the situations modelled in
ref. 5 where the density of iron impurity was adjusted so that

all the input power was radiated. (See Fig. 9(a) ref. 5).

3.4 The Effect of 'Non-coronal' Radiation Models

The results described so far have all assumed that the
impurity causing the radiation is iron in 'coronal' or
'ionization' equilibrium so that the charge-state distribution

of the impurity is given by



ajnj = Bj+1nj+1 (13)
: z .th :
where n‘j is the density of the j charge state
aj is the ionization coefficient of the jth state
Bj is the recombination coefficient of the jth state

In practice the peripheral radiation from tokamaks is
often dominated by radiation from the light elements oxygen and
carbon which are not normally in 'coronal' equilibrium; the charge-state
distribution is affected both by transport and by charge-
exchange recombination with neutral hydrogen. 1In this situation
the charge-state distribution is determined from the following

rate equation

BnJ ar. I
TN T T Rel®ye1%1 - (% Bydng +ong 6]
J 1
- 1Y +17 41 Y40y (14)

where Tj is the flux of the jth state
Yj is the charge—exchange recombination coefficient

n 1is the density of neutral hydrogen.

The effect of taking into account diffusion of the
individual charge states and charge-exchange recombination has been
investigated using HELIOS[S]. This 1-D code follows the
transport of individual charge states and was used to model a
slab ‘plasma representing the edge region. The temperature and
electron density were calculated self-consistently with the
density profile determined by the influx of neutral hydrogen.

The conclusions are illustrated by Fig. 11 which shows results
for a peripheral plésma with the following parameters.
19m~15—1_

Particle diffusivity D = 0.25 m2s~T,

Mean plasma density <ng> = 2.2 x 101
Power input = 3.2 x 104 Wm®? dT/dx = 4 keV m~

Thermal conductivity k = 5 x 10

9m—3.

1

The impurity is oxygen and its density is held constant by an
influx of 0+1 at the T=0 boundary.

a TF -



No charge exchange
recombination

Charge - exchange
recombination
included

(Power radiated) +(Input power)

0.5+
- —
"Non - coronal’ 'Coronal’ (D=0)
(D=0.25m2s™)
1 1 | 1
0 0.5 1.0 1.5 2.0

. 18 -3
Oxygen density (10 " m ™)
Fig.11 Radiated power as a function of oxygen density for three radiation models. Plasma parameters
<n,>=22X 10 m =5X10¥m"s?,D=0.25m?s™!, (dT/dx); =4keVm™.
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Figure 11 shows the fraction of power radiated as a function
of impurity density for three radiation models. In the first
model the charge states of oxygen are not allowed to diffuse
hence 'coronal equilibrium' ensues and, as in Fig. 6, the
plasma loses equilibrium before the radiated power exceeds the
input power. In the second case the charge stétes can diffuse
and the thermal instability is suppressed by the continual
change of L(T); however equilibrium is rapidly lost once all the
power is radiated. (Note that the difference in critical
impurity density between the 'coronal' and 'non-coronal' models
is only a factor of two or so; this is in accord with the
arguments in ref. [9].) Finally in the third radiation model
charge-exchange recombination between the oxygen ions and
neutral hydrogen is included with diffusion. Now the plasma
exhibits a reluctance to lose equilibrium when radiating all the
input power; this phenomenon is related to the finite penetration
distance of the hydrogen atoms. Again note that the critical

impurity density is not greatly different from the previous two

cases.

- 18 -
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Fig.12 The ‘coronal’ radiation function compared with radiation function

at two power levels when D = 0.25 m?s™ (see Fig.11) charge-exchange
recombination is not included.

" €LM-R 228

Figures 12 and 13 illustrate why the two 'non-coronal'

models exert a stabilising influence. Figure 12 shows how L(T)

is reduced as the power radiated is increased by adding more

oxygen. This progressive reduction is brought about by charge-

state diffusion which becomes less important as dT/dx is

decreased by radiation so that L(T) tends to move towards the
coronal value (see ref. 9).
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Fig.13 Profiles of n,, T, and n_, the neutral hydrogen density as the oxygen density is
increased and the temperature profile attempts to collapse (see Fig.11). Charge-exchange
recombination is included together with charge-state diffusion (D = 0.25m?s™).
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Figure 13 explains why charge-exchange recombination
between oxygen ions and neutral hydrogen has the effect shown in
11.
the plasma as the temperature collapses the neutral density at

Fig. Although the neutral hydrogen penetrates further into
any specific temperature decreases; hence the enhancement of
L(T) caused by charge-exchange recombination steadily decreases.
Finally as the enhancement approaches zero thermal equilibrium

is lost and the temperature profile collapses.
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Note that according to Fig. 11 the increase in radiation
as a result of charge exchange recombination is quite small
(less than a factor of two). This result is at variance with the
results of Hulse et al [10] who predic% orders of magnitude
changes in L(T) for oxygen once nn/ne E 10_4. The difference
results from charge-state diffusion, which is not included in
ref. 10; the difference is easily understood from the following
argument. If the charge states cannot diffuse then charge-
exchange recombination has a marked effect once it becomes
comparable with ordinary recombination since, in this case,

relative abundances are determined by

ujnj = (Bj41 + Yj+1 nn/ne) n.'].+1 (15)
instead of eq.13. However, once diffusion is large enough,
equilibrium is no longer determined by a balance between ionization
and recombination but by a balance between ionization and

transport instead (see eq.l14). In this situation normal
recombination is unimportant and charge-exchange recombination

must compete with the potentially larger ionization terms if it

is to affect the distribution of charge states and hence the

radiation function L(T).

3.5 Feedback Between n, and the Peripheral Plasma

The results described so far have assumed that the impurity
density n, is constant thrbughout the plasma and does not vary
with time. In practice the main source of impurity will be the
wall and the plasma limiter and therefore the impurity concentration
can be expected to depend upon the properties of the peripheral

plasma which are in turn dependent upon the impurity concentration.

The effect of coupling the impurity concentration and the
parameters of the edge plasma was investigated by extending the
work described in section 3.3, namely by using HERMES to model a
tokamak with iron in coronal equilibrium as the impurity. The
production of impurities was assumed to depend upon the 'non-
radiative' losses from the plasma. Three methods of feed-back

were tried.
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(1) The impurity level was changed instantaneously in

proportion to the non-radiative losses.

(2) The density of iron at the plasma boundary was made
proportional to the non-radiative losses; within the
plasma the iron ions were allowed to diffuse (see !

section 3.1).

(3) The flux of neutral iron into the plasma was made
proportional to the non-radiative losses. The neutral

iron was then ionised and allowed to diffuse as before.

Irrespective of the method of feed-back and the magnitude
of the constant of proportionality used the edge region settled
into a stable equilibrium with most of the power radiated; this
result is in direct contrast to the other results described

and suggests that temperature collapsewill not occur.

4. DISCUSSIONS AND CONCLUSIONS

We have considered theoretically the effect of impurity
radiation on the thermal equilibrium and stability of the
peripheral plasma of a tokamak and seen that instability and
loss of equilibrium can occur; we have also seen that diffusion
of the different impurity charge states, charge-exchange
recombination and feedback between the impurity level and 'wall
loading' are all stabilizing influences - particularly the last.
On the basis of this evidence it is tempting to conclude that
temperature profile collapse will not occur; this conclusion
however, can be challenged on the basis of experimental
observation. 1In some circumstances at least temperature profile

collapse does occur.

It is important to appreciate that some potentially relevant
aspects of the overall problem have been omitted in the present
study; for example the 'scrape-off layer', which in a
tokamak exists between the edge of the limiter and the wall, has

been ignored. Ohyabu[2] has pointed out that the plasma
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temperature of this region plays a major role in determining the
energy balance and stability of the peripheral plasma; this point
is avoided in the perturbation analysis of section 2.1 by taking
the commonly-used boundary condition %é = 0. It is easy to see
that changing this boundary condition might affect stability

since the value of the integral4g: LdT, which directly affects

the power radiated,is very sensitive to T0 in the range 10 - 30 eV
when light elements are considered.

Further complications can occur in the scrape-off region
which affect the edge temperature and its dynamic behaviour.
Proudfoot and Harbour[ll] have observed that neutral gas re-cycling
and its associated energy loss plays an important role in the
behaviour of the 'scrape-off layer' in the DITE tokamak. In
addition Howe[12] draws attention to the importance of effects
associated with molecular dissociation of the hydrogen gas fed

into the 'scrape-off region’'.

Finally the transport of the impurity charge states has
been over-simplified; the possibility of additional transport
terms as predicted by neoclassical theory, has been largely
ignored. But then both the thermal transport and the particle
transport are liable to be more complicated than has been

assumed.

The results presented are incomplete and cannot be taken
unreservedly to predict tokamak behaviour; they do, however,
bear strongly on the behaviour of the theoretical models currently

used to describe tokamaks.
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