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THERMAL EFFECTS IN DRIFT-TEARING MODES

J T MENDONGA

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, England

ABSTRACT - The stability of drift-tearing modes in the collisional and
semi-collisional regimes is studied analytically, when thermal effects are
included., We use a fluid description of a eylindricazl plasma and assume a
variable plasma resistivity, depending on the local power input. The linear
growth rates for the thermally modified tearing modes (A' > 0) and for the
thermal instabilities (A' < 0) are derived. The saturation mechanisms for

these instabilities are also discussed.



1. INTRODUCTION

Tearing instabilities are commonly considered as key processes in tokamak
discharges and, in recent years, the influence of thermal effects in the
growth and saturation of such instabilities has received increasing attention
(Sykes and Wesson, 1980; Steinolfson, 1983; Rebut and Hugon, 1984; Scott and
Hassam, 1987; Kim et al, 1988). '

On the other hand, the kinetic theory was able to show that tearing modes
with large poloidal numbers, m >> 1, also called microtearings, could
eventually be destabilised by temperature gradients (Haseltine et al, 1975;
Drake and Lee, 1977). This would have an important impact on the magnetic
confinement, leading to ergodisation of magnetic field lines and enhanced
thermal transport (Drake et al, 1980). However, the kinetic theory seems to
have overestimated the growth rate (Hassam, 1980) and it is not clear that in
an actual tokamak discharge, where torocidal effects play an additional
stabilising effect (Finn et al, 1983; Hahm and Chen, 1986) these modes will

be unstable,

In the present work we consider the influence of thermal effects on
drift-tearing and microtearing modes, using a hydrodynamical approach and
treating the plasma resistivity as an additional variable which depends on
the amount of power locally deposited in the plasma. We will study both
collisional and semi-collisional regimes, in a cylindrical geometry. In
particular, we will show that the variation in power deposition can supply an
alternative mechanism for driving unstable microtearing modes. In some sense
we generalise here the work of Steinolfson (1983), where the low m tearing
modes were considered in a slab geometry and where the diamagnetic drifts
were disregarded, and the work of Rebut and Hugon (1984) where the steady

state of large thermal islands were considered.

In Section 2, we state the basic starting equations, which are used in
Section 3 to obtain a general analytical expression for the linear dispersion
relation, in the collisional regime. The case of a semi-collisional plasma,
which is perhaps more relevant to present-day high temperature tokamaks, will
be discussed in Section 4. The saturation processes leading to steady state
magnetic islands will be discussed in Section 5 and the conclusiecns are

stated in Section 6,



2.  BASIC EQUATIONS

Let us consider a tokamak plasma, in the cylindrical approximation, with
radius a and axial periodiecity length L = 27R. It is well known that any
helical perturbation in the magnetic field B and in the plasma velocity v

can be described by a flux function ¥ and a stream function ¢, such that:
—- - - - .
B=z AW v=2zAV (1)

The evolution equations for these two functions can be-written, in a-

dimensional form as {(White, 1979; Biskamp, 1978):

L e I

at = E
(2)
oW -, - .
3t ¢ (v + v¥) « VW = 2VYAV]
vhere;
vip = § - gﬁé B, Vg = W

BZ in the constant magnetic field, k = n/R, m and n are the poloidal and
toroidal mode numbers. Here, the electron and ion diamagnetic effects were
included in the simplest way compatible with an exact formulation:

-

v

* = ;e + Gi* and Ge i* are the particle diamagnetic drift velocities.
?

The plasma resistivity n, appearing in eq. (2) is a function of the

temperature, n = n(T), and T will be determined by:

3 3 Ind
5 Nolgp + veWIT - n,x ViT = P (3)

where n, in the mean electron density, X| the transverse thermal
conductivity, and P is the total power input. In the simple case of a
discharge with no auxiliary heating, P can be described as a balance between

the power absorbed by ohmic heating and the losses by radiation:

- - - o
P=Py. " P 4=n -0, 0T (4)
where p is only a function of radial position and the exponent a can be 1/2
for bremstrahlung, 2 for cyclotron radiation and a negative value for

radiation due to impurities.



In writing egs. (2) and (3) we have assumed that parallel thermal
conductivity is so high that it prevents the existence of any parallel

temperature gradients.

Let us now follow the standard procedure and assume & perturbation of the

form:
v, (Z,8) = ¥, (r) exp i(kz - mo - wt) (5)

around some equilibrium state, specified by ¢,{r), n,(r) and ¢, = 0. The

resulting eguations for the perturbations are:

_ . !
. ' m = 3 B-&J—A-.
—i(w - wA) (g, + '12 %& $,) = n, V¥, - 2 T, T
1 1
iy - wi*)vz¢1 =i %— YV, - i %— Fo¥, (6)
s s
) 2 a7 | : '
-iwT, - 3 X e C s vy, +a,T, +1 %— T,¢,
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where r = T defines the position of the rational surface where the safety
factor is q(rs) =m/nand x =1 - T, is the appropriate radial variable to
study the local perturbation. The operator V? means here:

82

m
Vi= o= - [(;;)’ + k2]

The diamagnetic frequencies are defined by u* = we* + wi* and
W, i* = {m/rs)ve i*’ where the unperturbed values of Vg i* are assumed. Imn
order to calculate the perturbed diamagnetic drift velocities we have used

electron and ion pressure perturbations given by:

P
P1 =7y %150 Po

In deriving eq. (6) we have also assumed a Spitzer like resistivity, which

allowed us to write, for the resistivity perturbation:

3
Ny = © E%:T1



Furthermore, we have assumed that the total power input P is some function of
the temperature and the current, P = P(j, T). This explains the coefficients

a, and a, which are defined as:

2 2 9P

: P
a, = 7. 57 a, =7 (77) (7)
3 3n, 83°°¢ 2 3n°L 9T’ ¢
In the particular case of eq. (4), we can get:
= 4 = - 1 . E.
21 % 35,3, fotm 8= 5,7, Fotm ¥3 Frad (8)

We see that a, is always positive and a, is almost always negative.

It is important to note that, far from the resistive layer, where the ideal
MHD can be used, n, = 0, we see from eq. (6) that the evolution of ¥, and ¢,
is decoupled from thermal effects. This means that the external value for
the logarithmic discontinuity A' can be calculated in the usual way. In the
particularly simple model of w; = tanh x and for k = 0, we would get the well

kniown result:

R W TEUE I TN .
A E gy Wader ™ Gy = 2 G - 1) (9

In the folloﬁing, we will be mostly interested in the high m modes, for which
A < 0.

3. COLLISICNAL REGIME

In order to drive a linear dispersion relation for the drift-tearing medes in

the collisional regime, we make the three usual approximations: First, we

assume that the flux function remains mainly constant across the resistive

layer, ¢,(x) = ¥,(0}. Second, we take V? = d?/dx?, vhich is only valid for

moderately high values of m and n. Third, we consider a linear variation of
; .

Y, around x = 0. We then get, from eq. (6):

é2¢, _ _ (E_)z X . d2y,
dx? r w (w - w.*) dx?
S 1
(1)
d2, W - W= ~, = . 7 Xl dz2T
e = (0 ¢ - ) 8] g e T G

0



vhere $1 = (m/rsw}¢1. We have also introduced an effective resistivity n and

a thermally induced displacement x, such that:

~ 3 i, ia '
= (1 - = -1
UL 2T, w- 1a2)
: (11)
b
-3 N, wT,
2T, (w=- wt){w ~ ia,)

In the following we will neglect this small displacement and will assume that
Xy = 0. In the next section we will show that the contribution of the term
in xy is negligibly small, at least in the semi-collisional approximatien.

From eq. (10) we can now get an equation for $1, which takes the form:

Lo v @y L e, 4 x(u - W)y, (0] =0 (12)

dx* s wlw - wi*) n

Integration of egs. (12) and (10a) through the resistive layer (White, 1979)

will then lead to the following form of the general dispersion relation:

. . a, vy o
wlu - w,*) (v - w*)* [1 + a, T itw - w*)] 3 O (13)

vhere a, = 3j°a1/2T°ﬁand TT_in the linear growth rate for the collisional

tearing mode:

T(1/4)

= Gr/a)

B1140s mg3rs (Boyacs (14)
s

Tr

From eq. (13) we get, in the case a, = w* = 0 the tearing mode limit,

w = iTT’ even if a, # 0. This means that local power input dependence on the
current is the dominant thermal correction. If a, = 0, and w* # 0, eq. {13)
will reduce to the well known drift-tearing dispersion relation (Biskamp,
1978). But the new result contained in eq. (13) is that, for a, ¥ 0 we can
eventually obtain unstable modes when A' < 0. To show this we write

AY = lA'Ieip, where p = 0 (for A' > 0) or # m (for A' < 0). Neglecting, to
simplify, the diamagnetic effects and using y = -iw = T, +'i'(i = |rl eio, we

can write, from eq. (13):



(15)

vhere a is defined by:

7,2
13+ (y, - a)(r, -8, - a;)

a = tan‘l (16)

The second of egs. (15) will give the condition for the instability to occur.
The mode will be unstable for cos € > 0. When A' > 0, the mode will be

unstable for ;= © = p = 0. Let us now examine the case of A' ¢ 0. If the
mode is almost a purely growing mode, T, > T{» We can get from eq. (15b) the

following condition:

-

_3 T8
5 (Tr - a,)(rr - a, - a,)

i Bhi
—= = 22 [1
T, 4

1=t ¢ 1 (17)

which leads to a growth rate of the order of a, or a,. But, as illustrated
by eq. (8), a, and a, are of the order of the inverse of the energy
confinement time. This means that the mode satisfying condition (17) will
have a very small growth rate, or will not even exist due to the
impossibility of satisfying simultaneously eq. (15a). If we mnow consider 1£]
of the order of (or larger than) T, We arrive at similar conclusions: the
angle o must be dlways significantly different from zero, which means that a,

and a, must be of the order of 7o

The inclusion of the diamagnetic effects does not seem to modify these
conclusions, which are somewhat negative in what concerns the physical
implications of the thermal effects on the collisional tearing modes, for
A' ¢ 0. However, only a numerical integration of egs. (6), with less

restrictive approximations, would eventually lead to a definitive answer,

4, SEMI-COLLISIONAL REGIME

In high temperature plasmas, for which the electron collision frequency v
becomes of the order of (or lower than) kivtheszz, the previous MED analysis

cannct be applied and we enter the so-called semi-collisional regime. We



know that in this new regime the electrostatic effects and the plasma radial
displacements can be considered negligible (Drake and Lee, 1977). We can
then neglect the influence of the stream function ¢ in egs. (6). This leads

to:

dzy, _ (b - w* 3 i.
et T M S

_ (18)
o - —ia, 4, 2 x|l  drT,

17y - ia, tdx® Pp.) + 3 3w - ia, dx?

where p = (m/rs)2 + k?, From these equations we then obtain the following

equation for V¥,:

. 3y | —w* 2
2yl asyy 2 i ek oy A%,

w-w*
; + [a, + =
3 w- ia, dx* [ 3 L

Jw- ia, ‘in, dx? in, * pa; 1y, (19)

¢

where we have used:

-

= _éi&&__m
a 1 5 T

5 —~
o W — ia,

Eq. (19) can be simplified because x| is a very small quantity. This means

that, to the lowest order in X|s We can write:

d2y, W ~ w*
= - -+
dx? [ in.a, pl ¥, (20}
If we differentiate twice this equation and use the result to estimate the
two terms proportional to xj in eq. (19), we see that these terms exactly
cancel each other. This means that eqg., (20) remains valid even for X| # 0.
Let us now integrate eq. (20) across the resistive layer, assuming again that

Y, is nearly constant. The result can then be written as:

¢ opog W - w¥
A [-1 n.a. + pld (21)

where § = (w“c)%Ls/ksvthe is the width of the resistive layer (Drake and Lee,

1977) and Ls = [B:‘Zl(aBe/ax)]“1 is the shear length. This can be written as

an explicit dispersion relation for w using:

o
fl

(%— -_p)n0 + a,
(22)

0
1l

(%l - p)(a; + ay)n,



and neglecting the weak dependence of & on the frequency, we obtain:

w, = #Bw* + ib) £ % Y(w*? - b2 + 4c) + 2iw*D (23)
In the drift limit, w* >> b and c, we can write, for w = W, + iv:

_ 1
., = Bl £ u¥) & g (e - b?)

(24)

v, =2z

The high frequency mode, corresponding to the solution uw,, will be unstable

for b » 0. Assuming a, < 0, the instability will occur for:

A D [(g_); + k2 + %435 (25)
] [+]

This instability will correspond to the usual semi-collisional tearing mode,
modified by thermal effects. The thermal corrections introduce an
instability threshold and lead to a decrease in the growth rate, as shown by
egs. (22) to (25).

In the opposite limit of w* << b and ¢, we will have:

v, = &= £ %b? - 4¢ {26)

oo

Apart from the previous tearing mode, which will still be present, for b > O,
we have now a thermal instability, which will occur for b < 0 and ¢ < 0. For
A' ¢ 0 and a, < 0, this corresponds to the condition:
3 1s

iazl_< 2 T, 2 _ (27)
Using egs. (8) we can rewrite thas condition as Pohm > (2a/3)Prad. If the
radiation losses are due to impurities (@ < 0) this inequality is always
satisfied. If bremstrahlung is the dominant process (a = 1/2) the

instability range remains very large, P < 3Po

rad hm*

It is important to note that the growth rate for this mode will strongly

increase with the poloidal mode number m, because not only \A’ increases




with m but also p depends quadratically on m. This instability mechanism can
then éventually explain the formation of microtearing modes in the

semi~collisional regime.

5, MODE SATURATION

We have seen previously that the perpendicular heat conductivity Xy gives a
negligible contribution to the linear growth rate. We will show here that,
in spife of that, x; can play a significant role in the mode saturation and
in the. determination of the steady state magnetic island structure. We will
follow here an approach similar to that used by Rebut and Hugon (1984), but

adapted to our perturbative analysis.

Let us return to the equation of heat transport, eq. (3) and assume an
already formed magnetic island. We will assume that the island width, w is
small and very far from its saturation value, but already large enough to
allow thermal isolation of the island with respect to the surrounding plasma.
This means that w > P vhere Ps is the ion Larmor fadius, and will strictly
not apply to very high m modes. However, even for w < p; some thermal
isclation will remain and some general conclusions can still be drawn.

If we integrate eq. (3) over the island volume V, between the planes z and

z + Az, we obtain:

. 3
-1

(X

w [ n,T,dV - [ my v T,*ds = [ P,V (28)
v s - v

where s is the lateral island surface. Integration can be easily performed

if we assume that T, and P, are nearly constant inside the island, and we

get:

3. _ P w?

(‘,4 iww + Xl) T, = E;:— (29)
where we have used V| = 3/8x = ~-2/w. If we now relate the perturbation imn

the input power P,, to the perturbations j, and T,, we arrive at the

following result:

T = a,j,w?
VST RS I'T

(30)



At this level we have to remind that w is a function of the flux function

perturbation:

wi = 16 Lal0)
Vo

If we now replace eq. (29) in egq. (18a) we can obtain a closed equation for

¥, , which is formally identical to eq. (20), but with a, replaced by:

~ 3 . a,w?
a, =1+ Lo
0 “/3xi - (iw + a,)w?

3 2T

Intergration of this equation leads then to a nonlinear dispersion relation,
where the growth rates depend on the actual island width w. The new
dispersion relation will be formally identical to eq. (24), but with b and c

replaced by:

= 4)(_1_
b=Db - 3w
(31)
. 4 X A
cmem35 G PN

For the thermal instability, determined by egs. (26}-(27) this nonlinearity
leads to the appearance of a stationary state (v, = 0}, determined by c =0,

or equivalently, by:

>

(32)

ra L
S
W
l
™
i
+
W)~

h

3]
X

But a closer look at these equations clearly shows that such a stationary
state cannot be attained to a growing island, because the growth rate v, and
el can only increase, for an increasing w. Or, in other words, this

equilibrium state is not accessible for an island which starts near w > 0.

Let us now return to eq. (20}, with a, replaced by 53, and follow the usual
quasi-linear procedure (Rutherford, 1973). We can then derive an eguation

for the time evolution of the island width:

dw

praC il LA BN (O (33)

-10-



where A' is calculated using the derivatives of y, et x = * w/2. On the

other hand, we can say that:

dv v
dt 2
We then conclude that:
v=2 n, A1 a,(w) (34)
kil ] 3

This result clearly shows that the unstable mode will saturate for A' = 0, or
for 53 = 0, The first condition corresponds to the usual quasi-linear |
saturation process, when the source of magnetic energy driving the
instability comes to an end. The second one exactly corresponds to the
non-linear saturation state defined by eq. (32), which is not accessible to a
growing island. From this we can conclude that, even for thermally modified
tearing modes, the saturation mechanism will be the quasi-linear one.
However, a different saturation mechanism is alsc suggested by eq. (32), when
the unstable island overlaps-with nearby islands, leading to the formation of
stochastic field lines. In this case, it is known that the heat conductivity
X| will grow very rapidly with w, near the island surface. Numerical studies
(ﬁugon et al, 1988) suggest that X| can grow like (w - wC)B, where B = 2,5
and w = v, corresponds to the overlapping condition. This means that, in
this case, the last term in eq. (32) will eventually grow with w, instead of
decreasing, and the non-linear stationary state defined by 53 = 0 will become

accessible,
6. CONCLUSIONS

We have studied the stability of drift-tearing modes when thermal effects are
retained, in the collisional and semi-collisional regimes, using a purely
analytical approach. We have used plasma fluid equation, where the electron

and ion diamagnetic effects were included, in a cylindrical geometry.

We have shown that a new mechanism for driving the instability can exist,
associated with the variations in the local power deposition, due to the
formation of a magnetic island structure. In particular, this mechanism is
very likely to explain the generation of microtearing islands in the
semi-collisional regime, which can have an important influence in the

perpendicular heat transport. However, only a careful numerical analysis of

-}11i-



the ‘growth rates, and comparison with the temperature gradient effects not
considered here, can eventually say if this is a plausible explanation for

magnetic turbulence in specific experimental conditions.

We have also discussed in a somewhat qualitative way, the saturation
processes occurring in these tearing-thermal instabilities, and we have shown
that, apart from the well known quasi-linear saturation mechanism, there is
one specifically thermal mechanism due to the strong increase in the
perpendicular heat conductivity when nearby unstable island overlap.

However, this mechanism is far from-being elucidated by the present work and
a self-consistent theory, where stability and transport are linked together,

is required.

-12-



References
Biskamp, D., (1979) Nucl, Fusion 18, 1059.
Drake, J.F. and Lee, Y.C., (1977) Physics Fluids 20, 134l.

Drake, J.F., Gladd, N.J., Liu, C.S., and Chang, C.L., (1980) Phys. Rev. Lett.
44, 994,

Finn, J.M., Manheimer, W.M. and Antonsen, T.M., (1983) Physics Fluids 26,
962.

Bahm, T.S. and Chen, L., (1986) Physics Fluids 29, 1981,

Hazeltine, R.D., Dobrott, D. and Wang, T.S., (1975) Physics Fluids 18, 1778.
Hassam, A.B., (1980) Physics Fluids 23, 2493,

Hugon, m., Mendonga, J.T. and Rebut, P.H., (1988) to be published.

Kim, J.S., Chu, M.S. and Greene, J.M., (1988) Plasma Physics and Controlled
Fusion 30, 183.

Rebut, P.H. and Hugon, M., (1984) Plasma Physics and Controlled Fusion

Research, Vol. 2, p.197, International Atomic Energy Agency, Viemna.
Rutherford, P.H., (1973) Physics Fluids 16, 1903.

Scott, B.D. and Hassam, A.B. (1987) Physics Fluids 30, 95.

Sykes, A. and Wesson, J.A., (1980) Phys. Rev. Lett. 44, 1215.
Steinolfson, R.S., (1983) Physics Fluids 26, 2590,

White, R.B. (1986), Rev. Modern Phys. 58, 183.

=13-



APPENDIX 1.

THE JET TEAM
JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK.

J.M.Adams!, F. Alladio®, H. Altmann, R. J. Anderson, G. Appruzzese, W. Bailey, B.Balet, D. V. Bartlett,
L.R.Baylor®, K.Behringer, A.C.Bell, P.Bertoldi, E.Bertolini, V.Bhatnagar, R.J.Bickerton,
A.Boileau®, T.Bonicelli, S.J.Booth, G.Bosia, M.Botman, D.Boyd*, H.Brelen, H.Brinkschulte,
M. Brusati, T. Budd, M. Bures, T. Businaro®, H. Buttgereit, D. Cacaut, C. Caldwell-Nichols, D. J. Campbell,
. P.Card, J.Carwardine, G.Celentano, P.Chabert*’, C.D.Challis, A.Cheetham, J.Christiansen,
C. Christodoulopoulos, P.Chuilon, R.Claesen, S.Clement’®, J.P.Coad, P.Colestock®, S.Conroy’?,
M. Cooke, S.Cooper, J.G.Cordey, W.Core, S.Corti, A.E. Costley, G. Cottrell, M. Cox’, P.Cripwell®®,
F.Crisanti, D. Cross, H.de Blank'®, J.de Haas'®, L.de Kock, E. Deksnis, G. B. Denne, G. Deschamps,
G, Devillars, X. J. Dietz, J. Dobbing, S.E. Dorling, P.G. Doyle, D.F. Diichs, H. Duguenoy, A.Edwards,
J.Ehrenberg'*, T.Elevant'?, W.Engelhardt, S.K.Erents’, L. G.Eriksonn®, M. Evrard?, H.Falter, D.Flory,
M.Forrest’, C.Froger, K.Fullard, M.Gadeberg!!, A.Galetsas, R.Galvao®, A.Gibson, R.D.Gill,
A.Gondhalekar, C. Gordon, G. Gorini, C. Gormezano, N. A. Gottardi, C. Gowers, B. J. Green, F.S. Griph,
M. Gryzinski®*®, R.Haange, G.Hammett®, W.Han®, C.J.Hancock, P.J.Harbour, N.C.Hawkes’,
P.Haynes’, T.Hellsten, J.L.Hemmerich, R.Hemsworth, R.F.Herzog, K.Hirsch!®, J.Hoekzema,
W.A.Houlberg?®, J.How, M.Huart, A. Hubbard, T.P. Hughes*?, M. Hugon, M. Huguet, J. Jacquinot,
O.N. Jarvis, T.C, Jernigan®, E. Joffrin, E,M, Jones, L.P.D.F. Jones, T. T.C. Jones, J.Killne, A.Kaye,
B.E.Keen, M.Keilhacker, G.J.Kelly, A.Khare'’, S.Knowlton, A.Konstantellos, M.Kovanen®!,
P.Kupschus, P. Lallia, J.R.Last, L. Lauro-Taroni, M. Laux?, K. Lawson’, E. Lazzaro, M. Lennholm,
X.Litaudon, P.Lomas, M. Lorentz-Gottardi®, C.Lowry, G.Magyar, D.Maisonnier, M.Malacarne,
V.Marchese, P.Massmann, L. McCarthy?®, G.McCracken’, P.Mendonca, P.Meriguet, P. Micozzi®,
S.F.Mills, P.Millward, S.L.Milora?*, A.Moissonnier, P.L.Mondino, D.Moreau!’, P.Morgan,
H.Morsi*, G.Murphy, M.F.Nave, M. Newman, L. Nickesson, P. Nielsen, P, Noll, W.Obert, D. (’Brien,
J.O’Rourke, M.G.Pacco-Diichs, M.Pain, S.Papastergiou, D.Pasini?®, M,Paume?’, N.Peacock’,
D.Pearson'®, F.Pegoraro, M.Pick, S.Pitcher’, J.Plancoulaine, J-P.Poffé, F.Porcelli, R. Prentice,
T.Raimondi, J. Ramette!’, J.M.Rax?’, C. Raymond, P-H. Rebut, J. Removille, F. Rimini, D. Robinson’,
A.Rolfe, R.T.Ross, L. Rossi, G. Rupprecht', R. Rushton, P. Rutter, H. C. Sack, G. Sadler, N. Salmon'?,
H.Salzmann’, A.Santagiustina, D. Schissel**, P. H. Schild, M. Schmid, G. Schmidt®, R.L.Shaw, A. Sibley,
R.Simonini, J.Sips'®, P.Smeulders, J.Snipes, S.Sommers, L.Sonnerup, K.Sonnenberg, M. Stamp,
P.Stangeby’®, D.Start, C.A.Steed, D.Stork, P.E.Stott, T.E.Stringer, D.Stubberfield, T.Sugie®,
D.Summers, H. Summers?, J. Taboda-Duarte?, J. Tagle®®, H. Tamnen, A. Tanga, A. Taroni, C. Tebaldi?®,
A.Tesini, P.R.Thomas, E. Thompson, K. Thomsen’, P. Trevalion, M. Tschudin, B. Tubbing, K. Uchino®,
E.Usselmann, H.van der Beken, M.von Hellermann, T. Wade, C, Walker, B. A, Wallander, M. Walravens,
K. Walter, D. Ward, M. L. Watkins, J. Wesson, . H. Wheeler, J. Wilks, U. Willen'?, D. Wilson, T. Winkel,
C.Woodward, M. Wykes, I.D. Young, L.Zannelli, M. Zarnstorff®, D. Zasche', J.W.Zwart.

PERMANENT ADDRESS
1. UKAEA, Harwell, Oxon. UK. 17. Commissiariat & L'Energie Atomigue, F-92260 Fontenay-
2. EUR-EB Association, LPP-ERM/KMS, B-1040 Brussels, aux-Roses, France.
Belgium, - 18. JAERI, Tokaj Research Establishment, Tokai-Mura, Naka-
3. Institute National des Récherches Scientifique, Quebec, Gun, Yapan.
Canada. 19. Institute for Aerospace Studies, University of Toroato,
4. ENEA-CENTRO Di Frascati, I-00044 Frascati, Roma, Italy. DPownsview, Ontario, Canada.
5. Chalmers University of Technology, Géteborg, Sweden. 20. University of Strathclyde, Glasgow, G4 ONG, UK.
6. Princeton Plasma Physics Laboratory, New Jersey, USA, 21. Nuciear Engineering Laboratory, Lapeenranta University,
7. UKAEA Culham Laboratory, Abingdon, Oxon. UK. Finland.
8, Plasma Physics Laboratory, Space Research Institute, Sao 22, JNICT, Lisboa, Portugal,
José dos Campos, Brazil. 23. Department of Mathematics, Univeristy of Bologaa, Italy.
9, Imstitute of Mathematics, University of Oxford, UK, 24. Oak Ridge National Laboratory, Oak Ridge, Tenn., USA.,
10. CRPP/EPFL, 21 Avenue des Bains, CH-1007 Lausanne, 25. G.A. Technologies, San Diego, California, USA.
Switzerland, 26. Institute for Nuclear Studies, Swierk, Poland.
11. Risg Nationa! Laboratory, DK-4000 Roskilde, Penmark. 27. Commissiariat & ' Energie Atomigue, Cadarache, France.
12. Swedish Energy Research Commission, S-10072 Stockholm, 28. School of Physical Sciences, Flinders University of South
Sweden. : Australia, South Australia SO42,
13, Imperial College of Science and Technology, University of 29. Kyushi University, Kasagu Fukuoka, Japan.
London, UK. 30. Centro de Investigaciones Energeticas Medioambientales y
14. Max Planck Institut fitr Plasmaphysik, D-8046 Garching bei Techalogicas, Spain. -
Miinchen, FRG. 31. University of Maryland, Coliege Park, Maryland, USA.
15. Institute for Plasma Research, Gandhinapar Bhat Gujat, 32, University of Essex, Colchester, UK.
india. 33. Akademie de Wissenschafien, Berlin, DDR,

16. FOM Institsut voor Plasmafysica, 3430 Be Nieuwegein, The
Netherlands. ’ CR B88.49.1A





