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notice 

This report presents in a more detailed form the theo

retical work of the STGI as indicated in the annual Activity 

Report of the Département de la Recherche sur la fusion contrS-

lée . It is thus hoped that the present report will be useful for 

physicis ts in teres ted in additional information . 



Contents 

1 . 

page 

I. EQUILIBRIUM 5 

1.1. Numerical construction of hydromagnetlc equilibria 1n a 
toroidal tube - S. Bouligand 5 

1.2. Stationary equilibria of a rotating toroidal plasma -
H.J. Perrin, E.K. Maschke 6 

II. MACROSCOPIC PLASMA EVOLUTION ; 1-D TRANSPORT CODES 7 

11.1 Plasma equilibrium evolution on the resistive time sca
le - J. Blum, J. Le Foil 7 

11.2 Transport codes MAKOKOT - H. Capes, C. Mercier, J.P. 
Morera, Ha Quang; G. Cissoko 8 

11.3 Critical density and disruptions - M. Cotsaftis 8 

11.4 Analytic expressions for a stationary ohmically heated 
plasma - J. Johner 9 

11.5 Simple soluble model for Tokamak confinement - J.H. 
Misguich, H. Capes 10 

III. ERGODIC DIVERTOR 11 

A. Samain,' A. firosman , T. Blenski 

IV. WAVES AND HEATING ; CURRENT DRIVE 12 

IV.1. Ion cyclotron heating and impurity production - M. 
Cotsaftis 12 



Page 
IV.2. Linear and quasi linear theory of electron cyclotron 

wave resonance heating in Tokamak plasmas - J. Fidone, 
6. Giruzzi, G. Granata, R.L. Meyer 13 

IV.3. Current drive by the combined effects of electron 
cyclotron and Landau wave damping in Tokamak plasmas -
I. Fidone, G. Giruzzi, G. Granata, L.R. Meyer 13 

IV.4. Electron cyclotron heating in RF current driven Toka
mak plasmas - J. Fidone, G. Giruzzi, G. Granata, 
R.L. Meyer 14 

IV.5. Electron cyclotron emission in a RF current driven 
Tokamak plasma - G. Giruzzi, I. Fidone, G. Granata, 
R.L. Meyer 15 

IV.6. Numerical simulation of current drive by lower hybrid 
waves - M. Bernard 15 

IV.7. Stochastic generation of currents via beat-wave-lower-
hybrid-wave Interaction - Y. Gel!, R. Nakach 16 

IV.8. The role of correlations and accelerator modes in 
stochastic heating processes - P. Rolland 17 

IV.9. Waves appropriate for current drive in tokamaks - D, 
Moreau, C M . Singh 18 

IV.10. Density ranges for the coupling of lower hybrid waves 
- D. Moreau, C. Gormezano, G. Melln, T.K. NGuyen ig 

IV.11. Variational principle for ion cyclotron resonant 
heating - A. Samain, 0. Gambler 19 



page 
V. STA8ILITY THEORY ZO 

V.l. Linear stationary states of dissipative modes in cylin
drical geometry - R.Y. Dagazian, R.B. Paris 20 

V.2. Nonlinear evolution of tearing nodes in toroidal shaped 
plasmas - D. Edery, R. Pellat, J.L. Soulë 20 

V.3. Quasi-linear evolution of tearing modes - F. Frey, M. 
Tagger, R. Pellat 22 

V.4 Bifurcation theory for tearing modes - E.K. Maschke, B. 

Saramito 23 

Y.5. Microtearing modes - A. Samain 23 

VI. MAGNETIC ISLANDS AND TURBULENCE 24 

VI.1. Magnetic islands - Turbulence - D. Edery 24 

VI.2. General approach to chaos in dissipative systems : Ph. 
Ghendrih 24 

VI.3. Stochasticity as the mechanism for the disruptive 

phase of m » 1 Tokamak oscillations - A.O. Lichtenberg 25 

VI.4. Magnetic islands and turbulence - C. Mercier 26 

VII. KINETIC THEORY 27 

VII.1. Efficiency of heating by neutral injection 
Ph. Ghendrih 27 

VII.2. Transport laws for magnetized plasmas - J.H. 
Hisgulch, R. Balescu 27 

VII.3. Derivation of the one-dimensional Vlasov equation M. 
Trocherls 28 



J 
page 

VIII. SPECTROSCOPY 30 

VIII.1. Determination of magnetic field direction from the 
polarization of fluorescent spectra - 0. Voslamber 30 

VIII.2. Redistribution of laser light in near-resonance with 
Balmer- o. .- S. Maurmann, D. Vosl amber 30 

VIII.3. Determination of Sr-Ar potentials from an experime-
tal line profile - 0. Voslamber, le Quang Rang 31 



5. 

I. EQUILIBRIUM 

I.1. Numerical construction of hydromagnetic equilibria in a 
toroidal tube. G. Bouligand 

Referring to our study on the two-fields (B, rotS) of 
conservative flux (div § » 0) admitting a family of nested 
closed tubes of parameter * on a domain D limited by a given 
tube S , we propose a step by step Cauchy-Arzlâ numerical 
construction able to represent the hydromagnetic equilibria in 
the Lebesgue sense. This means that the field 1 is equal to the 
superficial gradient of a generating function q multivalued on 
D, and which is absolutely continuous on every line of the 
field gradient '*. From this assumption, the field B and the 
pressure P will have first order derivatives almost everywhere, 
but physical properties of the medium will be respected : the 
conservation of magnetic flux (div B = 0) ; the Ampère theorem 

JfrotB.dS = <fi B.dx equivalent to the flux conservation of 
the current density (div rotB = 0). Its necessity has for 
object to remove the- Newcomb relation which stipulates the 
invariance of <fi -J- dsj on every tube with closed Unes of 
force. Since these tubes, which are said rational, form 
generally a set of volumetric measure zero in D, such parti
cularity, bound to the fields of the class C 1, is no longer 
necessary. Moreover, in a minor class \ e C , the equation 
div B = 0 would Introduce an additional condition which 1s 
generally not satisfied... The essential results are : 

The initial values of the generating function on the 
boundary S Q satisfy a Beltrami equation. 

The small denominators appearing 1n the normal deriva
tive of the generating function are compensated by adding terms 
to the derivatives of the total currents limlten by the 
magnetic surfaces. 
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The construction generates a biorthogonal coordinate 
system to which correspond magnetic surfaces. On the latter, 
the two fundamental quadratic forms are related by a system of 
six ordinary differential equations of the first oder. 

Equilibria in the above sense are constructed from : 

1) an initial toroidal surface S Q on which the normal metric 
coefficient K is given ; 

2) the values of K along some arbitrary line of the field v* ; 
3) two total currents limited by S Q ; 
4) one of the two total currents limited by S(*). 

Rapport EUR-CEA-FC-1184. 

1.2. Stationary equilibria of a rotating toroidal plasma 
H.J. Perrin and E.K. Maschke 

The stationary MHD equations for an axisymmetric plasma 
with toroidal and poloidal flow are discussed for the case of 
small ratio of poloidal to toroidal field and small beta. From 
the generalized Bcnoulli. equation we derive statements analo
gous to the Hugoniot theorem. These statements are Illustrated 
by a particular solution. 

Réf. Actes du Congrès "Analyse Non-L1néaire, Applications â la 
Mécanique", Lille (France) Mal 1983. 



7. 

II. MACROSCOPIC PLASMA EVOLUTION ; 1-D TRANSPORT CODES 

II.1. Plasma equilibrium evolution on the resistive time 
scale - J. Blum*, J. I.e Foil»* 

A model has been- written which couples in a self-con
sistent way the equilibrium system with the transport system. 
The axisymmetric equilibrium equations describe the poloidal 
field circuits, the penetration of the magnetic field in the 
vacuum vessel and the plasma free boundary ; they take into 
account the local magnetic permeability of the iron. The two-
dimensional Grad-Shafranov equation in the plasma is coupled 
with the set of one-dimensional diffusion equations, which are 
obtained by averaging the transport equations over the magnetic 
surfaces. 

A review of plasma equilibrium evolution codes on the 
diffusion time scale has been presented in [1] . 

The self Consistent Equilibrium and Diffusion Corie SCED 
has been used to simulate the poloidal field system of JET [2 ]. 

A mathematical study of the existence of a solution of 
the equilibrium problem in the presence of a limiter has been 
presented in [3 ]. 

References : 

[1 1 J. Blum, J. Le Foil : Plasma equilibrium evolution on the 
resistive diffusion time Scale - 2 n d European Workshop on 
"Computational Problems in the Calculation of HHD equilib
ria". Wildhaus (1983) - To be published in Computer Physics 
Reports. 

[2 ]J. Blum, J. Le Foil : Self-consistent equilibrium and dif
fusion code for JET - Report EUR-CEA-FC 1209. 
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[3] J. Blum, T. Gallouet, 0. Simon : Existence and control of 
plasma equilibrium with a limiter - Publication du Labora
toire d'analyse numérique de Paris VI n° 83046. 

* Laboratoire d'analyse numérique du CNRS et de Paris VI, 4, 
place Jussieu, Paris 5ëme. 

** CISI, C.E.N. Saclay 

11.2. Transport codes - H. Capes, C. Mercier, J.P. Morera, 
Ha Quang*, G. Cissefco* 

A computational model for internal disruptions, using a 
disruption criterion formulated from a phenomenological growth 
rate law for the m • 1 resistive tearing mode has been coupled 
to the transport code. The disruption 1s described by using 
either the turbulent hypothesis or the reconnection hypothesis. 
This model can- be used to predict the modifications of the 
sawtooth oscillations (period and amplitude) due to additional 
heating. In particular, several applications have been carried 
out with ECRH. 

A model describing the temperature relaxations for a 
two ion species plasma has also been developed. FM pie con
duction losses, as charge exchange losses, are included in the 
transport equations. In the case of the minnritary heating 
applications to TFR and extrapolation to Ts have been given. 
* CISI 
(1) H. Capes, C. Mercier, J.P. Morera, Ha quang : Sawtooth 

Model and ECRH. Workshop on Transport Analysis Codes for 
Tokamak with strong Auxiliary heating 28 Feb - 2 mars 1983 
- Princeton. 

11.3. Critical density and disruptions - M. CotsafHs 

Analysis of a 0-D system of equations giving the evo
lution of temperatures and density under the action of sources 
and sinks governing this evolution has been developed' K It 
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shows that there exists, when the electric field is uniform 
across the plasma radius, a critical value of the density above 
which equilibrium does not exist. Then energy 1s liberated 
which leads to the growth of modes until they overlap, produ
cing a very large transport responsible for the disruption. An 
analytic expression for the critical density 1n terms of plasma 
parameters and Injected auxiliary power is given. A method to 
avoid disruptions at the end of auxiliary heating pulse is 
discussed. It consists of decreasing the injected power slowly 
enough for the density itself to vary in order to avoid 
entering the non equilibrium domain. 

[1] M. Cotsaftis, P. Wong : Report UCLA-ENG-8348 (1983). 

II.4. Analytic expressions for a stationary ohniically heated 
• Tokamak - J. Johner 

An analytic model study of the stationary state of an 
ohmic heated Tokamak discharge is in progress. For a one fluid 
plasma with conductivity : 

< = K qo T» n Y p« w 1 t n P = Jl, 0 a 
where q Is the safety factor, analytic expressions can be given 
for all the sationary state parameters : electric field, 
central temperature, energy confinement time. The above mono
mial form can represent all the neoclassical regimes : 

n 2 n 2 

n q Pfirsch-Schlliter regime : < = K — 
o Tl/2 

Plateau regime : < - K n q T^' 2 

2 2 
Banana regime ! K = * 

0
 Tl/2 p3/2 

as well as the Mercier anomalous electron conductivity : 
Ko 
7m-

All these specific cases are analysed 1n detail. 
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U . S . Simple soluble model for tokamak confinement J.H. 
Misguich, H. Capes 

An entirely soluble model for an ohmically heated cy
lindrical stationary Tokamak has been studied, taking into ac
count the general transport laws deduced from thermodynamics to 
relate particle and energy flows to corresponding forces by 
means of tensorial transport coefficients. 

By this means, the contributions of the following ef
fects are discussed : dissipative and convective velocities of 
each species including the inward particle flow, the thermo
electric, Hall and Ettinghausen effects. 

An effective thermal conductivity, appears which 
results from various elementary processes. In a specific des
cription valid around the plasma centre where the particle 
source can be neglected, a functional dependence in 1/T is ob
tained for the effective thermal conductivity. In this case, 
exact analytic solutions are deduced for all quantities, namely 
the profiles of n, T and j. The occurrence of a second solution 
is discussed. Not unrealistic values are also obtained for the 
energy confinement time. 



III. ERSODIC DIVERTOR 

A. Samain, A. Grosman, T. Blenski 

It is shown numerically that a technically feasible 
ergodic divertor should allow the same drag effects on Impurity 
Ions and the same decrease of the plasma temperature at the 
wall as with an expanded boundary, (to be published In Jounfl 
of Mucl. Hat.). 
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IV. WAVES AND HEATING ; CURRENT DRIVE 

IV. 1. Ion cyclotron heating and impurity production - H. 
Cotsaftis 

By using a very well adapted asymptotic approximation, 
the analytic expression of the EH field produced by an antenna 
located outside a toroidal plasma of a Tokamak on the weak 
field side has been given, in view of minority heating schemes^' 
. The power deposition profile 1s evaluated and It is shown 
that this profile strongly depends on two parameters : the 
minority concentration and the width of the spectrum in 
k. generated by the antenna. Furthermore, the profile is shown 
to have a maximum as a function of these two variables, which 
has been evaluated. 

On the other hand, the fraction of the power, not ab
sorbed by minority species, is dissipated by collisional hea
ting on the ions at the plasma periphery in the shadow of the 
limiter, giving by sputtering an Impurity increase which has 
been calculated and remarkably compares with experimental 
observations. 

This suggests operation at the previous maximum absor
ption to lower impurity production. But the calculated level 1s 
still too high for thermonuclear purity. 

Consequently, a new heating method, which consists in 
creating the ion cyclotron wave directly inside the plasma 
without any propagation problem, 1s proposed. It uses the pos
sibility for two initial waves, free from the defects of the 
previous ion cyclotron wave, to combine nonHnearly with a re
sonance at the ion cyclotron layer, and to produce the ion cy
clotron wave. 

[1] H. Cotsaftis : Rapport EUR-CEA-FC-1192 (1983). 
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IV.2. Linear and quasilinear theory of electron cyclotron 
wave-resonance heating in tokamak plasmas - I. Fidone, 
6. Giruzzi, G. Granata, and R.L. Meyer 3' 

Linear and quasilinear theory of wave absorption for 
the ordinary mode near the electron cyclotron frequency is in
vestigated. A simple physical derivation of the wave damping 
and the quasilinear equation is presented. The special case of 
quasiperpendlcular propagation in a tokamak plasma is nume
rically discussed using a two dimensional initial value code to 
investigate the distortion of the electron momentum distri
bution from an initial Maxwellian. Wave damping and power depo
sition are obtained for several values of the wave power and 
half-width of the wave-packet. It is shown that for powers of 
interest for electron heating, Coulomb collisions are not suf
ficient to avoid quasilinear flattening of the electron distri
bution and, consequently, a reduction of the heating rate as 
compared to the linear case. 

a) Laboratoire de Physique des Milieux Ionisés, Université de 
Nancy I, Nancy, France. 

Réf. : Spring College on Radiation in Plasmas Trieste 24 May -
17 June 1983. 

IV.3. Current drive by the combined effects of electron 
cyclotron and Landau wave damping in tokamak plasmas -
I. Fidone, G. Giruzzi, G. Granata, and R.L. Meyer 

The general properties of electron cyclotron wave ab
sorption by a current carrying fast electron tall 1n tokamak 
plasmas are investigated. Two situations are considered. In the 
first case, which 1s suited for present day experiments, the 

1 /2 
tail extends from a few times (T /m) ' up to near the speed 
of light. We show that electron cyclotron wave absorption is 
weakly dependent on the momentum distribution of the fast 
electrons. In the second case, which is suited for reactor-
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like parameters, the velocity range of the tail is much less 
than its mean velocity. Me show that wave absorption is accura
tely described by a «-like parallel distribution. We consider 
wave propagation in the tokamak equatorial plane and normal to 
it and wave frequencies much less than the electron gyrofre-
quency at the plasma center. We obtain fairly good wave absor
ption for all cases of practical interest. The study is inten
ded to stress the advantage of combining parallel and perpendi
cular heating to optimize current generation by a superthermal 
tail. 

Ref. : Report EUR-CEA-FC-1202, Oct. 1983. 

IV.4. Electron cyclotron heating in rf current-driven toka
mak plasmas - I. Fidone, 6. Giruzzi, 6. Granata, and 
R.L. Meyer 

Wave absorption near the electron cyclotron gyrofre-
quency by the current-carrying energetic tail In tokamak plas
mas is investigated. It is shown that by the proper choice of 
the angle of propagation, strong wave damping occurs for wave 
frequencies much less than the central electron cyclotron fre
quency and that the extraordinary mode can be launched from the 
low magnetic field side of the torus. It is also found that 
wave absorption is weakly dependent on the perpendicular 
temperature of the resonant particles. 

Ref. : EUR-CEA-FC-I189 {June 1983) ; Phys. fluids 27, 661 
(1984) 

IV.5. Electron cyclotron emission 1n a rf current driven 
tokamak plasma - G. Giruzzi, I.Fidone, G. Granata, and 
R.L. Meyer 

The general properties of electron cyclotron radiation 
emitted by the current carrying superthermal tail in tokamak 
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plasmas are investigated. Two situations are considered, name
ly, the case of an extended tail as it occurs in present-day 
experiments and that in which the velocity range of the tail is 
much less than its mean speed. For the former case, we show, 
that most of the emitted radiation obeys Klrchhoff's law. In 
the latter case, which is suited for reactor-like parameters, 
we obtain a simple radiation between the tall momentum distri
bution and the radiation temperature. 

Ref. : EUR-CEA-FC-1208 (Nov. 1983) ; Phys. Fluids, July 1984. 

IV.6. Numerical simulation of current drive by lower hybrid 
wave - H. Bernard (Grenoble) 

A model of power absorption and current drive by lower 
hybrid waves is coupled to the Culham Icarus I-D transport 
code. The model refers to the quasi linear electron Landau dan-
ping theory and Includes toroidal effects on propagation by 
using a ray tracing technique. Application to Petula and Tore 
Supra machines is made with the aim of replacing half or tota
lity of the ohmic current by RF driven current. The results 
show that it could be obtained with a reasonable amount of RF 
power. During operation the RF driven current density is pro
gressively shifted towards the plasma edge. 

This undesirable effect is related to the transport 
coefficients which are used 1n the model and needs further stu
dies. 

Ref. : I.A.E.A. Workshop on non-inductive current drive in 
Tokamaks, Culham, April 1983, CLM-CD (1983). 
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IV.7. Stochastic generation of currents via beat - wave '-
lower - hybrid - wave interaction - Y. Gell. R. Nakach 
(Grenoble) 

The accessibility condition constraint which 1s inhe
rent to the propagation of lower-hybrid waves into a plasma 
seems to impose a limitation on the efficiency of the current 
drive scheme based on the employment of these waves IM. We 
propose a way to avoid this constraint by utilizing a high 
phase-velocity plasma wave which is not easily excitable from 
the outside, however, which can be driven Indirectly within the 
plasma via a nonlinear beat interaction of two high frequency 
laser pump waves having a frequency difference equal to the 
electron plasma frequency. 

The use of this wave can be advantageously combined 
with a lower-hybrid wave having a slower phase-velocity to ge
nerate a stochastic band in phase-space due to nonlinear inte
raction of resonances which results in a raised plateau in the 
electron velocity distribution function, leading to the genera
tion of a current in the plasma 121. 

The dynamics of the electrons in this configuration is 
described through a generalized relativistic Fokker-Planck 
equation, the solution of which enables a prediction of the 
efficiency ratio I/Pd- A considerable improvement in the ef
ficiency of the current drive as compared to the one obtained 
in the accessibility domain is found. 

Ref. : 

IM N.J. Fisch, Phys. Rev. Lett. 4J., 837 (1978). 
Ill Y. Gell and R. Nakach, Physical Review A, in Press. . 
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IV.8. The role of correlations and accelerator modes in 
stochastic heating processes - P. Rolland (Grenoble) 

Lower hybrid heating, as well as other kinds of RF 
heating, can be reduced to the classical Fermi problem. The 
latter can be approximated by the standard mapping. A great 
number of works have been devoted to the study of the transi
tion to stochasticity and to the behaviour of the diffusion 
coefficient beyond the stochastic threshold. The aim of this 
paper is to study in more detail the respective contributions 
of short-time correlations, long-time correlations and ac
celerator modes in the stochastic domain. 

We show that the distribution function of a particle 
Initially random can be roughly divided into 3 parts : 

(a) a gaussian component given be a modified random phase ap
proximation including' short-time correlations 

(b) another gaussian component associated with particles pas
sing in the neighbourhood of the accelerator Islets 

(c) a free streaming component due to particles which are trap
ped in the accelerator Islets. 

When the mapping is not exactly a standard one (Fermi problem, 
external random noise...) the time spent inside the accelerator 
islets is finite, and a drastic modification of the components 
(b) and (c) 1s found. 

The distribution function and Its moments 2 and 4 have 
been numerically calculated as functions of time for different 
values of the stochastic parameter. The accelerator modes of 
order 1 to 3 appear to play the main role, even when there Is 
no particle Initially 1n the corresponding islets. The results 
obtained are in agreement with the calculated sizes of the 
Islets and with the estimation of their neighbourhood, and 
they confirm the theoretical model. 
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IV.9. Waves appropriate for current drive in tokamaks - D. 
Horeau and C M . Singh (Grenoble) 

A numerical code has been developed which describes 
cold plasma waves in the whole frequency range (dispersion re
lation, polarisation, propagation). The code has been used to 
study waves which are potentially interesting for the genera
tion of current in tokamaks by interaction with the electrons. 
In the range between the ion and electron cyclotron frequencies 
the slow electron plasma wave (u 2 >fl_„ a„a) and the high fre-

ce ci 3 

quency Alfven wave U* <a a.) have been selected. 
Ref. : D. Moreau, C M . Singh, Proc. of the I.A.E.A. Technical 

Committee Meeting .on "Non-Inductive Current Drive in 
Tokamaks", Vol. II p. 432 (April 1983). 

IV.10. Density ranges for the coupling of lower hybrid 
waves - P. Moreau, C. Gormezzano, 6. Helin, T.K. 
Nguyen (Grenoble) 

The 2-D theory of the coupling of lower hybrid waves 
has been generalized for the high density plasma boundary. A 
numerical code (TITAN) allows to calculate all the characteris
tics of the coupling and to interpret experimental results. In 
particular, a method based on the multipole theory has been 
proposed for a systematic study of experimental results. In 
this way, the two density regimes which characterize the cou
pling (cut-off regime and UKB regime) have been identified and 
investigated. It has also been shown that the antenna may be 
placed 1n an "overdense" boundary plasma without too much power 
being radiated 1n the form of fast waves. This allows the 
coupling antenna-plasma to be achieved under conditions of 
good adaptation with a large number of wave guides as long as 
the coupling is linear. 

Ref. : D. Moreau, C. Gormezzano, G. Melin, T.K. Nguyen, Spring 
College on Radiation in Plasmas, Internat. Center for 

• theoret. Physics, Trieste (1983) ; EUR-CEA-FC-U99. 
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IV.11- Variational principle for ion cyclotron resonant hea
ting - A. Samain, D. Gambler (gcP) 

It is shown that the equations for electromagnetic 
perturbations in the 1on cyclotron range of frequencies may be 
derived from a simple variational principle» which in parti
cular takes into account any structure of the perturbation 
along the magnetic field. The principle 1s well fitted for 
numerical computations. 

(Aachen Conference - Sept. 83. Cll - Article submitted for pu
blication in Nuclear Fusion). 
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V. STABILITY THEORY 

V* 1. Linear stationary states of dissipative modes in cylin
drical geometry - R.Y. Dagazian*. R.B. Paris 

The theory of resistive instabilities (tearing and 
intsrchange) has been reworked including the full collisional 
viscous tensor and thermal conductivity in cylindrical geome
try. Particular attention is devoted to the existence of 
stationary states made possible by the presence of viscous 
effects. These states are important as they form the basis for 
calculating anomalous heat transport in weakly nonlinear 
regimes. 

Report EUR-CEA-FC 1204 (Dec. 1983) 

* Permanent address : Los Alamos National Laboratory, Universi
ty of California, Los Alamos, New Mexico 87545, USA. 

V.2. Non-linear evolution of tearing modes in toroidal sha
ped plasmas - D. Edery, R. Pellat c ), J.L. Soûle 

The three dimensional code REVE of Fontenay, solves the 
time dependent non-linear resistive MHD equation for arbitrary 
plasma cross-section and standard aspect ratios. Numerical 
simulations performed with REVE, have confirmed the following 
results : 

1) When the q = 1 and q = 3 resonant surface? lie Inside the 
plasma, the originally stable modes (m = 3, n = 1) and 
(m = 1, n = I) are destabilized by the toroidal coupling 
with the (m = 2, n = 1) unstable tearing mode. 

2) Similarly, for elliptical plasma cross-sections, the (m = 4, 
n = 1) stable mode is destabilized by shaping (e = 1.5). 

3) For a given equilibrium q profile, elliptical and D shaped 
plasmas are less unstable than circular plasmas. 

4) After the first exponential growth of the modes, non-linear 
algebraic regimes dominate just when the Island size 1s of 
the order or greater than S * 2 / 5 ; (S = T

B/'H'* 
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5) Peaked profiles seem to be more favourable to plasma stabi
lity than flattened profiles ; saturation island width being 
smaller for peaked profiles. A magnetic Island structure 
(m = 2, n - 1) with small turbulence and island width less 
than 10 % is observed for the peaked profiles ^boundary 
* 3.5) whereas a highly turbulent magnetic topology 
(m = 2, n = 1) emerges with large island width (20 %) for 
the flattened profiles ; in this case the REVE code gives 
values of s J = lJ5to 4 t in good agreement with experi
ments. 8 

The existence of saturated regimes was confirmed by a dis
tinct 2-0 tearing programme. 

6) Simulations of the internal q • 1 mode (m = 1, n = 1) are 
now in progress ; the first results obtained show that the 
q • > island always saturates for peaked- profiles, at a le
vel of the order of r,/4 - r,/3 (r, beeing the radius of the 
q = 1 surface) no complete reconnection has been observed 
with following type profiles : RJ,~ * * 0

 n (R.Z) 
(* is the equilibrium poloidal flux, and n = 1,3, ...is an 
interger power). 

REFERENCES 

D. Edery 
Numerical algorithms for the computation of the non
linear tearing modes and the turbulent regime In toroi
dal shaped plasmas. 
Proceedings Tenth Conf. on Num. Simulation of Plasmas 
(January 1983) SAN 0IEGO (U.S.A.) 

P. EDERY 
Calculation of stationary solutions for the nonlinear 
viscous resistive MHO equations in slab geometry. 
EUR-CEA-FC 1212 (Nov. 1983) On publication in Computa
tional Physics Communication 
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D. Edery, H. Frey, Somon, Tagger, Soulé, Pellat, M.H. Bussac 
Inertia! and viscous effects in the nonlinear growth of 
the tearing modes. 
Physics of fluids 26 (5), May 1983. 

D. Edery 

Second European Workshop on Computational Problems in 
the Calculations of MHD equilibrias, Uildhaus, Sept 
1983. 

V.3. Quasi-linear evolution of tearing modes - M. Frey, H. 
Tagger, R. Pellat* 

We show analytically that when a resistive tearing mode 
is growing in Rutherford's regime (where the magnetic island 
size grows linearly with time), quasi-linear effects slow down 
this grot.th and may be responsible for its saturation. These 
quasi-linear effects were not taken into account 1n the 
semi-analytical calculation of white et al. 

We address this problem 1n a systematic manner, using 
singular perturbation techniques. We use a small parameter 
E= &' x T, where x T is the magnetic island size and &' is the 
usual linear slope-jump of the outer solution (which measures 
the available magnetic energy). e = 0 corresponds to the usual 
"constant-*" approximation and to Rutherford's result. 

To higher oders in <=, two effects are found important : 
the weak departure from constant-*, and the quasi-linear evolu
tion of the equilibrium magnetic flux * 0 > The mode growth gene
rates a quasl-Hnear perturbation** which diffuses away from 
the Island region and decreases the "outer" slope-jump. Our 
result shows that saturation should be possible fore •*. 1, 
which 1s indeed the order of magnitude observed in numerical 
simulations. 
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Réf. : - M. Tagger, H. Frey, R. Pellat 
1n "Plasma Physics and Controlled Nuclear Fusion 
Research", 
•I.A.E.A., Vienna, 1983 V.2, p. 223 

- R. Pellat, M. Frey, M. Tagger, 
Submitted to Journal de Physique Rapport EUR-CEA-FC 
1194 («?ui. 1983). 

* Ecole Polytechnique, Palai.-eau 

V.4. Bifurcation theory for tearing modes - E.K. Maschke and 
B. Saramito* 

The steady (i.e. stationary, or periodic, or steady 
turbulent) states of a plasma are appropriately described in 
the framework bifurcation theory. Here we study the asymptotic 
{t * «) single-helicity solutions of the nonlinear MHD equa
tions with resistivity and viscosity for a tearing-unstable 
plane slab model with shear. The magnetic Reynolds number S is 
used as a bifurcation parameter. It is shown that there exists 
a critical value S below which only the static (? = 0) equili
brium 1s stable. At S = S a stationary tearing type solution 
bifurcates from the equilibrium and gives rise to a parabolic 
non-linear solution branch, which is characterized by magnetic 
island structure. 

* C.N.R.S. 

Ref. : Proc. 11th Europ. Conf. on Controlled Fusion and Plasma 
Physics, Aachen 1983, Part II p. 169. 

V.5. Microtearing modes - A. Samaln 

The mlcrotearing modes are studied 1n non linear regi
mes in realistic conditions where particle diffusion due to a 
microturbulence rather than collisions Influence the stability. 
(Aachen Conference - Sept. 1983 - B 53 - To be published 1n 
Plasma Physics). 
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VI. MAGNETIC ISLANDS AND TURBULENCE 

VI.1. Magnetic islands - Turbulence - D. Edery 

The Computation of the thresholds of large scale turbu
lence can be obtained by a simple criterion based on the loss 
of stability of the solutions of a Hill's equation. Each solu
tion represents the distance between two neighbouring magnetic 
surfaces around the last persistent magnetic surface. 

When unstabllity occurs this distance grows exponen
tially, which means destruction of the persistant magnetic sur
face and the stochastization of the magnetic lines between two 
or more unstable islands surrounding the destroyed surface. 

The parameter used for the computation is the value of 
6B e/B e at the plasma boundary ; the computed thresholds of 
«B 9/B 9 of about 1 S to 4 I are those usually observed after 

the hard disruption. 

VI.2. General approach to chaos in dissipative systems Ph. 
Ghendrih 

The main features of chaotic systems with few degrees 
of freedom are known for given values of the dissipation. The 
numerical simulation of a simple mechanical system, a compass 
submitted to two magnetic fields, enables the effect of a 
small dissipation on the transition to chaos and on the chaotic 
states to be understood. 

The period doubling transition to chaos is characte
rized by a universal exponent : the decrements . For a conser
vative system and a one dimensional (I.e. with Infinite 
dissipation) system, the decrements are different. In the case 
of a finite dissipation, these two values are replaced by a 
universal curve giving the cross-over of the decrement between' 
the previous values. 
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A renormalization scheme gives a very good approxima
tion to this curve [ 1 ]. 

The chaotic states are characterized by two sets of 
exponents, the Lyapunov spectra and the Hansdorff dimension. 
The Lyapovov numbers measure the sensibility to initial condi
tions while the Hansdorff dimension reflects the self simila
rity laws of the geometry of the attractor. 

The theoretical study of these exponents shows that if 
the dimension of the phase space is smaller than three, the 
Hansdorff dimension is a function of the Lyapunov spectra. The 
computation of these exponents shows a good agreement between 
theory and "experimental data" l2l. 

Furthermore, a device was found to compute the decre
ment of the inverse cascade. The numerical study of the well-
known mapping x „ = B x (1 - x ) gives the expected value of 
the decrement « = 4.669... and a renormallzation scheme was 
developed (3]. 

Ref. : 

[1 ] Universality in the transition to chaos of dissipatlve sys
tems, submitted to Physica D. 

[2 1 Lyapunov exponents, Hausdorff dimension and the description 
of chaotic states, to be submitted to Journal de Physique. 

[3] The decrement of the Inverse cascade, to be submitted to 
Physics Letters. 

VI.3. Stochasticity as the mechanism for the disruptive 
phase 
of m » 1 tokamak oscillations - A.J. Lichtenberg 

The disruptive phase of the m = 1 "sawtooth" oscilla
tions- 1n Tokamaks 1s examined. It Is shown that, depending on 
the shear, the disruptive phase could be related either to an 
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m = 1 island filling the plasma core, or to the growth of large 
scale stochasticity surrounding the island which is generated 
by Interaction of the Island dynamics with the perturbation. 
The latter situation, associated with high shear at the m = 1 
surface, and therefore low q on axis, is characteristic of some 
recent experiments. In particular, it is shown that the obser
vations of m - 1 sawtooth oscillations reported in TFR are con
sistent with the development of a large stochastic layer.. There 
are no adjustable parameters in the theory ; reasonable values 
are assumed for those quantities not known precisely. 

VI.4. Magnetic islands and turbulence - C. Mercier 

Numerical studies have been pursued on magnetic 
islands induced by force-free perturbations to axisymmetric MHD 
equilibria. 

In particular, the transition from a turbulence locali
sed around islands to a turbulence spread over a large part of 
the plasma has been examined as the coupling between different 
types of perturbations. Simple approximations of the model have 
been also studied analytically. 

Ref. : Sov. J. Plasma Physics 9 (1) Janv/Fev. 1983. 
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VII. KINETIC THEORY 

VII.1. Efficiency of heating by neutral injection Ph. 
Ghendrih 

As a first step towards the calculation of energy depo
sit profiles in Tokamaks, the colHsional kinetic equation has 
been derived taking into account two important features : 

- plasma Inhomogeneity 
- finite harmor radius, effects. 

These latter effects are expected to be non-negligible 
for perpendicular injection. 

VII.2. Transport laws for magnetized plasmas - J.H. 
Mjsguich, R. Balescu* 

Transport laws relate thermodynamic flows or currents 
to forces or gradients by means of transport coefficients. The 
exact knowledge of these laws 1s of primary importance in 
understanding the behaviour of Tokamak plasmas by transport 
codes. 

Here, the transport laws are derived in a rigorous and 
general way from the fundamental equations of plasmadynamics 
and of non-equilibrium thermodynamics. Several differences are 
found with the transport laws generally used. 

In a first part, macroscopic balance equations of plas
madynamics are derived, taking into'account relative diffusion 
energy. The resulting equations, although classical, appear to 
be more general than usual ones. 

In a second part, the particular features of a two-
temperature diffusing plasma are taken Into account to derive 
the balance equation for the entropy density. The observed dif-
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ference with usual thermodynamics of neutral fluid mixtures or 
metals is explained. 

This general result for the entropy production is used 
to deduce transport laws. Several equivalent results are obtai
ned in terms of different thermodynamic variables. ONSAGER sym
metry relations are applied in order to relate crossed trans
port coefficients, 1n agreement with the second principle of 
thermodynamics. Basic transport coefficients are : electrical 
conductivity, thermo-electric coefficfent, along with thermal 
conductivities and viscosities for each species. The weak dif
ference between thermo-electric effect and thermo-diffusion 1s 
explained. An important "resistive thermo-electric effect" 
appears to describe crossed transport coefficients between 
thermal and electric flows. 

In a magnetic field transport coefficients are tensors, 
with non-diagonal components associated with the HALL, NERNST 
and ETTINGHAUSEN effects in the plasma. Comparisons are made 
with the literature. The magnetic field geometry and particular 
applications are considered explicitly. The ETTINGHAUSEN effect 
(i.e. the non-diagonal resistive thermo-electric effect) 
appears to play an important role, namely in the transport 
laws for the radial electron heat flow and particle flow in 
confined plasmas. 

Rapport EUR-CEA-FC 1169 (to appear) 

* Association Euratom-Etat Belge, Université Libre de Bruxelles 
(Belgique). 

VII.3. Derivation of the one dimensional Vlasov equation -
M. Trocherls 

Numerous efforts have been made in the recent past to 
derive kinetic equations rigourously from the microscopic 
particle motion (1). In the case of the Vlasov equation, one 



29. 

can even dispense with a probability distribution over the ini
tial conditions (2,3). These latter derivations, however, were 
made by assuming the two body force to be smooth at zero dis
tance and a careful analysis of the proofs reveals that, in 
order to ensure a reasonable accuracy of the Vlasov equation 
over long enough times, the Coulomb force would have to be 
smoothed out over a range larger than the Debye length, thus 
depriving the derivation of most of its physical interest. 

A similar derivation with the true Coulomb force in 
three dimensions is an unsolved and formidable problem. But a 
proof could be made in the one dimensional case, the electric 
field created by a point particle being then simply a step 
function. At each Instant of time, the microscopic state of a 
particle species 1s a set of points in the (x,v) phase space, 
whereas the kinetic description uses a distribution function 
f(x,v). By using a very simple definition of the "discrepancy" 
between the microscopic state and the distribution function, it 
could be shown that a continuity exists between the discrepancy 
at time t = 0 and Its value at time t > 0 . 

The author is indebted to C. Bardos and P. Raviart for 
stimulating discussions and is very grateful to P. Degond for 
having been at the pains of checking a great part of the proof. 

Ref. : 

[11 H. Spohn, Rev. Mod. Physics, 52!, 569 (1980) 
fel W. 8raun and K. Hepp Comm. Math. Phys. 56, 101 (1977) 
(31 H. Neunzert, Fluid Dynam. Trans. £ (1978). 
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VIII. SPECTROSCOPY 

VIII.1. Determination of magnetic field direction from the 
polarization of fluorescent spectra - D. Voslamber 

Scattering of laser light in near-resonance with atomic 
transitions has for long been suggested as a diagnostic tool 
for measuring the density and velocity distribution of neutrals 
in magnetically confined fusion plasmas. We have studied the 
possibility of extending this method to measure, in addition, 
the direction of the magnetic field, e.g. in a tokamak. The 
method would consist of using a polarised laser beam and deter
mining the polarisation characteristics of the scattered light 
(e.g. at right angles) as a function of the polarisation and 
the direction of the incident light. The main difficulty inhe
rent in this method (as in those attempted before) is to render 
the signal-to-noise ratio compatible with the high accuracy 
required. Since for most hydrogen lines the polarisation signal 
is significantly decreased by depolarising collisions, it 
appears that only one transition remains as a candidate for 
this kind of measurement, namely the Lyman- a line. Sufficiently 
powerful lasers working at this frequency do notyet exist, but it 
is generally expected that they will be available in the 
future 

VIII.2. Redistribution of laser light in near-resonance with 
Balmer- a - S. Haurmann* and D. Voslamber 

Light scattering in the vicinity of the Balmer-o line 
of hydrogen may serve as a tool for measuring particle densi
ties and velocity distributions of hydrogen atoms in the first 
excited level. It is also of Importance in connection with 
Thomson scattering experiments, as these may be perturbed by 
Rayleigh contributions if the frequency of the incident beam is 
not far enough from that of Balmer- o, or if the density of 
excited hydrogen atoms is very high. 
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We have established the redistribution function for 
light scattering on the wings of Balmer-o using a simplified 
wing model. The results obtained for the fluorescent and Ray-
leigh signals have been compared to corresponding measurements 
performed in a theta-pinch plasma. Agreement has been found 
within the mutual error limits. 

VI11.3. Determination of Sr-Ar potentials from an experimen
tal line profile - D. Vos 1 amber and Le Quang Rang** 

We have continued our semi-empirical evaluation of the 
potential curves of the couple Sr-Ar. By inserting potentials 
of the Lennard-Jones type into a previously established 
line-profile expression and comparing this with experimental 
results for the line wings of Sr perturbed by Ar, we are trying 
to obtain optimal values for the four Lennard-Jones parameters 
aCg t Ci» 4C«* 4C|2* which correspond to the difference po
tentials of the first two excited states { £ and » ) with res
pect to the ground state. 

*) Universitat Bochum 
**) Université Paris VI 


