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KKSUMt 

Nous discutons un mécanisme de turbulence qui pourrait expliquer les 

disruptions internes et les impulsions de tension négatives observées dans 

les Tokamaks. Si les lignes de [lux deviennent ergodiques entre deux sur­

faces magnétiques de rayon '. F"! ( T ^ P. | • cette ergodicité tend ,"j 

égaliser le profil de densité de courant dans l'intervalle fr r \ } ce qui 

crée par induction un champ électrique toroidal important, positif du coté 

' - f] , et nêgatifdu coté r = r . Du fait des connections magnétiques radiale 

les valeurs positives et négatives du champ E tendent à s'opposer le long 

des lignes de flux dans le domaine fT, 1^) , et ce champ peut -xist-ir jit-r. 

l.'i .densité de courant varie faiblement. Cependant le champ E crée par 

effet de peau dans le plasma non perturbé, au voisinage des rayons r et r,, 

des impulsions spatiales de courant électriques. De telles impulsions peuvent 

rendre instables des modes tearing ayant un nombre d'onde élevé, et étendre 

ainsi le domaine (r.r ) où les lignes de flux sont ergodiques. Le point de 

départ du phénomène peut être une instabilité tearing ir In --'j'iratrlcc Je 

ilo-fcn magnetic uc r. CL. i : or.t :.cr.~.ale:ner.l pr'f.rr.t" f-u VO.L i .OÎT€ •'•••• 

surface-, rnaJ.iétiq..e 'f - ' °': *? - 2. 
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ABSTRACT 

A turbulence mechanism which could explain the internal disruptions 

and the negative spikes which are observed in Tokamaks is discussed. If the 

flux lines become ergodic between two magnetic surfaces l"s. f", and *" = ij_ 

P <' n i this ergodicity tends ts flatten the current density profile 
1 * 
between r. and r„, and this eventually induces a large electric field E . 

positive on the side TsT and negative on the side Ts f^. Due to the radial 

magnetic connections, the Dositive and the negative values of E tend to 

cancell each other along the flux lines, and the field E may exist although 

the current density experiences a small change in the interval (f| IgV 

However, the field E induces by skin effect spatial pulses of current density 

in the unperturbed domain near r • r. and r » r_. These pulses may drive uns­

table tearing modes with large transverse wave numbers, and so extend the 

domain I f" fl) where the ergodicity rakes place. The first step of the phe­

nomena could be a tearing instability of the saparatrix of the magnetic islands 

which are normally present near the magnetic surfaces « ; | or ^-Z • 

file:///ln/l
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I - INTRODUCTION 

Two kinds of gross perturbations are currently observed in Tokamaks. 

1) The "negative spikes" which appear as negative pulses of the voltage per 

turn, following the onset of a tearii.g mode oi' the magnetic surface q = 2 and 
1 2 3) a flattening of the temperature irofile on each side of this surface ' * 

2) The "internal disruptions which consist of a sudden enlargment of the tempe-

3 4) 

r.nture profile on each side of the magnetic surface q= 1 ' . The cwo pheno­

mena, as far as they are detected through soft X ray measurements, are similar. 

In both cases, the température profile - and probably the current density pro­

file - are flattened on each side of the magnetic surface q = 2 or q = 1 over 

a relatively large distance ; on the other hand, the soft X ray signal originat­

ing near this surface often exhibits the same oscillatory structure, which is 

referred to the presence of a tearing mode in the case of the negative spikes. 

While the internal disruptions do not induce electromagnetic perturbations out­

side the plasma as the negative spikes do, these analogies suggest that the 

two phenomena have a similar mechanism. 

The negative pulse of voltage associated with the negative spikes is not 

presently well understood " * * . This pulse is not due to a sudden displacement 

of the plasma column. It has been proposed that, as a consequence of the onset 

of a tearing mode on the magnetic surface q = 2 , large size magnetic islands 

take place and eventually reach the limiter, leading to a complete reorganiza­

tion of the discharge. However, the classical rising time of such large scale 

magnetic islands, which is of the order of the time of resistive penetration, is 

generally significantly longer than the experimental rising time. On the other 

hand, it is not clear why the fact that the islands reach the limiter would 

induce a short negative voltage pulse. Actually this pulse appears as a sudden 

increase of the poloidal magnetic flux (see Fig.l) emhrassed by the magnetic 

surface touching the limiter, without macroscopic change of this surface. Such 

a variation breaks the MHD invariant relation V = G(*) between the poloidal 
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flux ¥ and the toroidal flux ^ embr.issed by each magnetic surface. As the pheno­

menon originates as a tearing mode on the surface q •» 2 this relation is pro-

balby broken inside the plasma, with Y increasing. Such an evolution corresponds, 

with the total discharge current remaining constant,- to a flattening of the 

profile of current density I , i.e. to a decrease of the magnetic energy asso­

ciated with the poloidal field B . It is then plausible that this liberation 
B 

of energy is the reservoir which feeds the phenomenon. 

In this note we present a scheme which could explain such a type of pertur­

bation. He first note that the magnetic islands due to the development of a 

linearly unstable tearing mode on a resonant magnetic surface, e.g. q= 2 .may 

be themselves tearing unstable, for modes with relatively large azimuthal wave 

numbers taking place at the seperatrix of the islands. This secondary instabi­

lity is caused by the sudden change of the slope il/hr at the separatrix, which 

has a nearly null value inside the islands and eventually a large value outside. 

The onset of the secondary unstable modes enlarges the domain where the flux lines 

are radially connected. This domain should extend further rapidly on each side of 

the original magnetic island. The physical mechanism of this explosive charac­

ter is simple : in a region r.< r< r. of the plasma where the flux lines are 

radially connected, the current density profile tends to equalize. The magnetic 

poloidal flux across this region (and the B magnetic energy) then tends to 

decrease, resulting in the presence of an inductive toroidal electric field E , 

which is positive on the magnetic axis side and negative on the outer side. 

The radial connection of the flux lines in the domain r.< r< r„ makes that 

the positive and negative values of the field E tend to balance as far as the 

current profile in this region is concerned. However, outside the intervil 

(r. r_) .where the flux lines are unperturbed, the field E produces by skin 

effect spatial pulses of current ; this configuration is likely to produce small 

scale tearing modes, which enlarge further the domain where radial connection 
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takes place. We arc not able to consistently describe such an evolution in its 

early stage, i.e. when the connected domain is still near the original magnetic 

island. We content ourselves, in the second part of this note, to analyse the 

situation where, in a domain including the original mangetic islands, the magne­

tic surfaces have become ergodic, due to the presence of small scale magnetic 

eddies. On each side of this domain, the magnetic surfaces are unperturbed. The 

average density current in the ergodic region obeys a quasi-linear diffusion 

law. Together with this diffusion, an inductive electric field appears, which, 

as explained above, builds up spatial pulses of current at the fronteers of the 

ergodic domain, and makes further extension of this domain possible. If the 

external fronteer reaches the limiter, the inductive electric field appears as 

an observable pulse of the voltage per turn. Of course the short-lived ergodi-

city of the magnetic surfaces induces a radial flux of electron thermal energy. 

symetrical with respect to the original magnetic island, which is consistent 

with the flattening of the temperature profile observed during negative spikes 

and internal disruptions. 

II - TEARING INSTABILITY OF MAGNETIC ISLANDS. 

We first consider the equilibrium of magnetic islands assumed to have develo­

ped from a linear tearing instability on the resonant magnetic surf ace T- f̂  ,:àere ,6,A. 

Qz2 . . Initially, the magnetic components I2LI S e > the current density 1 

and the electric field E (in the toroidal direction <f) have the values 3 0 , S ^ f 

I and £ , respectively. We simulate Che plasma near the surface r- r

0 by a 

plasma sheet parallel the axis ov , 02 , carrying the current density I along oz . 

The coordinates x, J, i are equal tor.r, , f 0/e- P/2). R$ • Initially the magne­

tic components in the sieet are 6 z = l̂ i 6 x = o » 8 „ = B = - x 3 e < j (olq /t|«lr)-

Generally the field B , , Ô, may be specilied by a flux function ^'0*' 3» ̂  such 
3 

that t V t y / i j . 3 s-ty/èXl E = E^-Ltyftt. Initially ^ - ^ , t ) .where 
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o v ' i ' »• cjQ'r ' ' c z t 

The magnetic islands correspond to a perturbation of the flux function \1) , 

vhich becomes 

The magnetic surfaces near the islands are defined by the equation 

Y(*,y,t) - i c * * 2 - If (t) CoS(* ^): coûtant ; ^\t). "̂ (o, t) >0 

The separatrix of the islands (see fig.(2)) is obtained bv taking v/> t </> 

Its half width at y = 0 in Che x direction is o : tLM lu) ïor the perturbation 

yT" to be consistent with MHD equations in the plasma bulk, we must have 

im<ii- mtall^à'nt) **»s 
where A' is the usual characteristic length in the linear theory of tearing 

modes . This means that if we write the current density (along oz) in the form 

we have, using the Ampère law 

c Jg/; 1 o * >X 1 ' 

We assume that the width o of the magnetic islands is larger than the width 

of the resistive sheet in the linear theory of tearing modes. Then the plasma 

is at equilibrium in the magnetic islands and their neighbouring. The electron 

temperature T, the resistivity r) and the current density I are functions of the 

flux Ï». Being given TCt) we have : 

I(K,H) s ito) = -Is. + ^ $m ML (3) 

^5 
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''p <i*+ét' " t a' t e n between the surfaces l^ and \fs + d \j/). The time evolution 
~\byU\LOf the magnetic islands is obtained from (i) (2) and (3) : 

rl° r1" -N + x ' r + n 

in E Id* {j;°àM ÀM + 15 M y f L * coifc y A 2 . d ' # J /,, 
:s" 

In the simplest case, the temperature T̂ J/J has the form 7* + ?T(iJ>j . where 

Q T is o inside the islands and has opposite values on symétrie magnetic surfaces 

outside. In that case the fist integral in ( 4) vanishes and we have : 

The width QzZlJX] grows according to the law ~rilz~]TÇ Zb l f Zl l s /* ° > 

as it is the case if initially the plasma was linearly unstable. (Note that if the 

temperature T peaks inside the separatrix, due to a thermal instability mechanism, 

the first integral in (If) is positive and prevents the development of the islands 

if we have 

H i i ^ I y f - 4 > or Il-_d_ SA' &BoW<ldr) 

where o"T is the variation of T inside the separatrix and Y is a numerical 

factur depending on the temperature profile). 

The distribution of current I in the presence of the islands, when compared 

to the initial distribution experience a flattening in the x direction. !The dif­

ference 
•*•! 

s fe - C1^ ^r - W 
has the form shown on fig. (3 ) and provides a magnetic perturbation along O M 

corresponding to a flux function ffr, t) with odd parity in x. The value of ̂  is 



of the order fcj2 0 î l e , The electric field fyr)- _ ^t along oz does not 

perturb the current inside the sepavatrix.due to its odd parity. Outside 
T " . . . 

the separatrix, it induces a current ! which actually is the image in the 

plasma bulk of the current distribution I'(x). For the normal growth of the 

islands we have : 

i"~ ±.W 1 ~ hi Ah 4? -§VA°«S iL° 
c tt t) ^c* d r dt dr Jr 

The current I" plays a negligible role in that case. However this is due to 

the fact that the radial width S" over which the flattening of the 

current profile I takes place increases slowly in time. The situation could be 

different if the islard boundaries were unstable, so that the flattening region 

extends rapidly. Such a situation will be considered later. 
The temperature T is determined by an equation of the type 

1 a tT&> U (I did* -- iL (( 6* dj 

where Y is the transport coefficient for electron energy and W is the electron 

power loss density. A first approach is to assume that V is a constant in the neigh­

bouring of the islands, and that the flux of energyjt— accross a magnetic surface If 
•J (J, 

on each side of the separatrix is large compared to the algebric power which is gene­

rated in the islands. In that case Eq (5 ) is equivalent to express thatj^^ris a 

constant outside the separatrix and is null inside. This results in the usual plateau 

configuration, shown on fig. ( 4 ) at y = 0 

-n ^n 
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Wc niay however make other assumptions. For instance we may suppose that the ano­

malous transport of electron energy accross the plasma is essentially -dm.- to 

a repetitive relaxation pocess. each period of which invo»ves the format inn of 

magnetic islands and subsequent explosion of these islands across the plasma. 

The temperature profile flattens during explosions and recovers its original 

value in the time intervals between explosions.in these intervals the electron 

heat transfer is classical, and may be small compared to the Joule power in 

the islands. Accordingly the conduction term may be neglected in the balance 

equation ( 5 ) . The solution \NJt yof this equation consistent with the initial 

conditions is obtained by averaging between the surfaces î-and C * a L the tem­

perature T(T) z T , " ° x which would take place in the absence of the islands. 

-i 

T - To 

2.(1 Jfc. *. £<&<* ' i ^ 

-IT .¥-, 

This type of profile differs from that determined by ( 6 ) by the fact that for 

y = 0 the derivative Ol/^x has a large value near the separatrix (see Fig (4 )) 

If we suppose that a radial flux of electron energy due to drift modes is pre­

sent in the plasma during the formation of the islands, it is plausible from 

preliminary calculations that these drift modes are much more stable, for the same 

value 0&T/d X)--.Q. at the edge of the separatrix than in the plasma bulk, because 

the strong shear effect which takes place near the separatrix. We may admit that 

even in that case a strong value (Jï/àx) _ near the separatrix is present. In 
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what fol lows we will assume that the temperature T experiences along the l ine 

y • 0 a variat ion of the order of o - — over a distance from the separatrix ss ê 

Juch a var ia t ion , and the fact that : T i s c o n s t a n t i n s i d e the s e p a r a t r i x i " 

l i k e l y to drive the plasma tearing unstable near the separatrix, as we 

w i l l see now. 

We specify a tearing mode near the separatrix by a magnetic perturbation 

J ^ _ Off A, where A i s paral le l to the magnetic l ines and has the form 

^ = &/> i A. 2 a./, ! k<r %(r,H,) ; k » k 0 

where H. and K are constants and ff" - (T&., y) * s a coordinate along the linesVi/ -i-Q 

the plane z = O.such that, along the flux lines 

if - «to 
We choose C~so that 0"= 0 and iC/iy = 1 for y « 0. This means that W (f) « jjt 

if 3 V ty) is the value of B on the surface vLat y » 0. 

It is easily verified that . 

To test the stability of the mode we consider the quantity (neglecting plasma 
pressure) 

<& -- ± J{(lvJ\*<J»dUj dz _ ± SfJI fl.A¥d»dj dz (« 

whereeff is the perturbed current associated with the node. The second integral 

in ( 7) must be taken as a principal part on each megnetic surface where the 

currentSi, as it results from MHD equations, is singular. The mode is unstable 

if * is ^0. 'm He assume that W £ » 1 and take o(<T|«)localized inside the in­

terval — S"0 < <T < C , in the form 

) 
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where jt^. (U/J is the distance between the magnetic surface Cuand the 

separatrix at H- o . We first have, taking into account (7) 

± up au v • -IT !d* ^ wll- N 
Neglecting the plasma pressure, the current perturbation 61 is 

determined (except at singularities) by [ . J J parallel to the pertur­

bed flux lines and c(i v/ll-»- O I ) - O -We obtain 

where \f satisfies the equation 

The quantityoXis zero inside the separatrix where —.—_ = 0. Ve obtain 
outside 

(|Tl<T.) M 
u$;f)= [urfy + «./ ; (i , M ±5.] - ^ k 4L f ^ *M ) 

(|6-|><T„) 

On each surface \p , iJ'Mnis determined by a per iod ic i ty condition for o l 

between the planes y = ± -ÇT > Corresponding to <T=. ±07(uV> This condition may be 

written 

•' ,.r/i 

* ' ' - - <,-_ / . * . / . » • " °S 

0S) 
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When approaching the separatrix from outside, the quantity v ~ remains f i n i t e , 

whileOj diverges logarithmically. The quantity S i i s singular for the va lues 

of t^ for which k CT^y^J - KB- T " e contribution to the integral of 

that part ofdl which i s proportional to U/" cons is t s of a sum of terms with a l ­

ternate s igns .This contribution i s neg l ig ib le . We f i n a l l y obtain from (9) , ( 1 1 ) , ( 1 2 ) , 

(13) . 

Sffl A*- Û d* Jj d2 = 3ï|( A; & dK ^ dz ~ 

We have assumed that the current density J ; 1̂  varies by a quantity -J J ~3T~ 

I 

when X^v/') varies by a distance 5 « 5 . We choose k. and k so that the quan­

tity [K.+ ̂ «(y'Joû^varies accordingly in the interval (ff£ I7) . We have 

i±±f^i , LL + it) _ i_ 2Qd fa) 
ufr) ^"fc) J u&) * v. ' 

and we have %i[hka$]çty < n for {* y' / ̂  5 ' if 
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Assuming also that 0 4( y «f and that, for t^(Pj I < % 

~ - / - *) + 
We obtain from (14) and (15) 

Replacing <T by its value (?<r J /t. 2) 3 and choosing o.'~/[lc[ , 

fc .—y ^ 0 , we find that the quantity °& , as it results from (8), (10) 

and (16), is negative, i.e. the mode is unstable, if we have 

an- c/r„ w fa 5 j 3

 > ^ 
c erfr ^o[%dr) 

a condition which may be sat isf ied in practice. Furtb T calculations taking 

into consideration the resonant layers Lflj^J/uM));. esults in the following' 

estimation for the growth r a t e Y of the mode 

«here 

V f f ' ' ' CA> r A - r 

and CM ^QLltPy is the Alfven velocity in the f ield ' o ^ 
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If such an unstability takes place, the current density 1 is equalized over 

a distance of the order J in a time of the order ]J" . As explained above, such 

a reorganisation induces an inductive electric field E(5^J(^0 for x > 0 and > 0 

for x <"0) consistent with the variation of the magnetic flux in the y direc­

tion inside the separatrix. In the present case,the variation I Ai) of the 

quantity I I W J V : i due to the instability is of the order of _ "• S 

" c / . , , 
over a distance O - It induces by itself the electric field 

E'^JL l £s S ë' JUL 
c tir * 

/ -J 
The field E produces a current! outside the separatrix of the order of 

'-f-&)*#*)£' 
The current J is the image in the plasma bulk of the current -1 and is there-

<- II i i - l l < -'• 

fore localized over a distanced such that I i M I à . The instability 

generates a new gradient 

e/r in x'S' 

which may be strong enough to produce a new generation of unstable tearing 

modes. 
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III - f.RCOUlSATlON OF THE MAGNETIC Sl'RFACKS. 

We consider this situation as the first step of a progressive ergodisation 

of the magnetic surfaces, en each side of the resonant magnetic surface r = r . 

We assume that in the interval r. < r ^ r-, the current density is equal toXf", f'J + oJ 

where X is a local average value of I and II is a strong fluctuation, 

corresponding to a fluctuation j B ,Q B of the magnetic field. Outside the 

interval (r r.) the current density I, the magnetic field B and the poloidal 

flux"^ retain their initial value ijjrj, kjf)and ^(rj. The average current density 

I in the intervaHr rAresults from a flattening of the initial current 1 

due to the fluctuation OB, and has therefore the structure shown on fig. (5 ) , 

with 1- I„ > o for r > rj and X_ r„<o for r < r« • In the interval r, i\" 

the field S> due to I and I 
8 a 

a 

« • - A . . - _ y r f . x 0 ^ . g (1?) 

is smaller than the initial field B (r) . The poloidal magne­
to 

tic flux embraced by the interval (r r ) must be equal to the difference 

T^Cr.) " ? l ( r i ) ' The simplest manner to achieve this condition is to introduce 

in the unperturbed region near the boundaries P r , spatial pulses of current 

density ^(r, r)>04nd j(r,frJ<osuch that JJ^dr d - J J 2
d r (see fig. ( 5 ) ) . These 

currents produces an additional perturbation u i = (If 2 \ InrdryZTir} i n ^ e 

interval(r.r.)» which must verify 

I'fc* +$)#'- S^Bo** 
This condition implies that 

J^dr ~ - J"? * - [r-r.| fc -iJ (18) 
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On Lhe other hand, for the field S - -t-3jj, t° b e equal to Z.^ r for r>|J_<and 

r<; T, , we must have 

J (ff-) + fyj _ T0(rJ) inrdr - . 

At a given time t, the average poloidal flux yjj^&l has the structure shown un 

fig- ( 5 ) . If the interval r, - r, and the difference J — X 0 increase in 

time, an average electric field Ê ^ W - E T B ë § t appears in the interval(r.rJWid 

near the boundaries rn \ . The value of this field is approximatively given by 

where U - ^ — -2?-l s -S-i. . Using the value of G * — G- •>•' ~&a given 
cifc etc *° 

by (17) we obtain iT^T- ̂ T | ̂ / A C . ^ _ rfjf _ j-J and 

[Ê/~ a- M. Ll„r,)li-T.l (13) 

ild E is > 0 for r < r and <, 0 for r > r . The o o 

associated to the averafd field D j * 3 g is givea by 

The field E is > 0 for r < r and <• 0 for r > r . The variation of the energy 
o o 

ÀÎ ^ - fad 2irr</rE fir* ̂ ) -Jlvdiwrdr B J o 

dé J C " 
We will find below that J £ 2 " r dl"-o . As £ is positive in the region 

where J is the largest, the quantity _*£• is negative and we have approximatively 
° tit 

We try to analyse the self consistency of such a situation. We first note 

that the pulses V.jJ^ (which are the images in the unperturbed region of the 

current perturbation ¥ - 1^ in the interval^ r2))are induced by the field 

E in layers of width $r at the edges of the ergodic region. We have 



- 15-

(3J „ |î,| « ± 
1" 

where the coefficient &( ^ I reflects an eventual increase of Lhe plasma resis­

tivity in these layers. The width gT is determined by (18) and (19) 

( * i n u - \ ' 

The pulses J and J > because of the large value of "Ji/ïr 

and ^/jjf.are likely to drive unstable tearing modes in the unperturbed 

region near r ,r , with a transverse wave number 

We admit that these modes build up magnetic tjdies with the transverse scale 5r , 

which actually form the magnetic turbulence 0 B. We further admit that this tur­

bulence is strong enough for a connection of the flux lines across the whole 

interval(rr.)to exist. This means that we have 

Sr ' &o cjdr f*-> 

However the eddies, while produced by instability near 

r • r. and r « r_, must be maintained afterwards by the inductive electric field 

E . This is only possible if the turbulence S B is weak enough, so that each 

eddy has a magnetic axis consisting of a closed magnetic line. We admit that this 

condition is compatible with (22). An upper limit for the current fluctuation 

[oil'*'— " " / S r which causes the fluctuation f o i s given byl-ii-I. There­

fore we have 
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8r N c * v 

Another l i ra i t for o B is obtained by expressing that the p o w e r ) 1 ) » ! ; i l " - 2 " K d r 

i s smal ler Chan the avai lable power — given by ( 2 0 ) . We must have 
flit , 

£f<(#?f£<MJ/ N 

» ? • ' 
The limit (24) is compatible with (22) and (2 ) if • £ ,5> t, S ^ X e • 

The influence of the turbulence § B on the average current profile I (!-,£) 

may be calculated as follows. In the presence of I B the electron current, which is 

directed along the flux lines (neglecting pressure effects), induces a charge 

density 0 having the spatial structure of the magnetic eddies. We have 

I t « - A , « J ) . *xX - - » * *»' - &f*JJ (2 S ) 

<ae 'TTT' v ' ^ ' r TS ft. 
The variation °(A/- oust be cancelled by the charge variation due to the time 

variation of an electric potential V 

2ff s - 2/1- à 6 ) * ± hrf }à £6) 
where £ - c /c A is the plasma dielectric constant. (C„ = (3. /l"f )"*'2 ) 

The potential^ induces an electric field E' along the flux lines such that 
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!t results from C-,) snd (26) that 

The value of D — Î * . averaged over the scale of the magnetic eddie 

neglecting the correlations between 5 8 , oli. and 0 _ » V o T . bv 
r # D J 

The average value If of the field £ given by (27) then satisfies, neglecting 

the average value of the quantity J O'J * * .- " ^^ 

if7 - _ Aoftk L ) - ± IfrjM^ JUL 1 fry 

The average equilibrium of electrons along the flux lines (at the scale of the 

magnetic eddies) implies that 5 -f- 5 •=• 11 I .We then obtain, using (28) 

1) ^1 _ 21 - i IfrjfJtf' C

L Jf&_ H~] 12.3) 

As the inductive f i e ld£o) i s proportional to the rate of flattening of the pro­

f i le Xw". W, the equation (25) gives this rate in terms of the profile J (D 

and the level OB of the magnetic turbulence. This equation is only applicable 

in the domain ^ * r 4 l"a where the turbulence oft i s fully developped (see 

Fig. (5)) and I & JQ . W e need an a d d i t i o n a l 

information on the field I in the regions r , v r s ' r^ and r

i<
r<r£ where 

the current pulses dA and J^ take place : i t resul ts from (27) that ' ^ £ fdrdB-

and we have acco rd in ly 
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f i[E _ y\ Fwnif Weir - Q { J __ ^ o r ^ ' (30) 

•t. 

Combining (29) and (30) givei 

r" 

„/ h t -it J L c* 6 e *
 r " a T J r , r ^ 

The field £ is larger than ^ J" ar.d of the sine or.-ie -

as eL 1\ j ^ 2. .The equations ( 2 5 / ( 3 o ) and ( 51 )nre 

approximatively valid if OP* reduces the L.H.S. to the term propor­

t iona l to £ or o£/htm 

1 , • V " <-' ' /r ' -'' 1 
Jn the transition regions ; ' ̂  • 4 or ( <2 r | we have 

Ô E _ . r j>£. . We obtain from (31) the value of Ë at r • r 1 or rl : 

The same order of magnitude results from (29) in the whole interval . r, r t ; 

' 'è I v ' ' I - j 
if we assume that [^r\ ** L7" ,-TZ [ • Using the limiting value of c>0 given 

by (24) and the estimations (21) and (19), we obtain, taking \-2-^s\'<J ~ f. r 
- I <ir * OL1- ° 

I0 *j Sa and i - ** ̂  *• ( £ — li.niter radius ) 

t,n r, ' 



- If) -

i> r 'J***'* A*?'' 5 

or _ ^ •" r J ^ ' /J 

•v' ^'•I^I-TÏI ^ 
£)•'&)* (32) 

' - •' -5 3/5 T- £~ 
In practical cases the ratio "C, r- is .̂  10 and the time scale Z £-,, 

is ,vl0 sec. 

Let us consider the situation when the boundary at r = r, of the ergodic 

region reaches the limiter at r =4.. We assume to simplify that the coupling 

between the primary current I and the plasma current I is perfect and 

that the impedance of the primary circuit is infinite. Then J . is constant 

ft 
but the toroidal electric field at the plasma edge is free from any outer 

constraint. At the time t when !~. - CL , the average poloidal flux 

LJYn h) has the structure A indicated on the fig. (6). After t , the evo­

lution of (If inside the plasma continue to be determined by Eq. (29),(taking 

into account that C : . i " xl_ ) • This equation imposes a relatively 

small variation of E and therefore "Vf experiences the evolution shown on fig. (6). 

To preserve the condition (30), which expresses that the integral Ityrdr keeps 

a small value! the ergodic domain must continue to extecl towards the magnetic 

axis at r • t. while the value of y/at r » a increases. This latter circuns-

tance corresponds to the presence of an observable negative voltage per turn 

st the plasma edge. Note also that a strong variation of 

the slope "b'y must exist at the plasma edge between a radius (~= a. <<2_ 

T . HI 
and r « f t . This discontinuity corresponds to a s tat ionary current pulse <J , 
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*i 
which replaces the moving pulse «Xj . The total current in the plasma is 
equal to * 

i - if' (Iff. s.) 

and the pulse <-' in the intervalle? a.) must ex i s t as lung as the quantity 

I JE- I inside the plasma has not recovered i t s i n i t i a l value | _ J u ? ) . 

i . e . up to the time t, when the f lux yT takes the structure £ indicated 

on the F i g . (it) • During the period [C . £„\.the e l e c t r i c f i e ld——, must 

be large enough to induce the current j7, and i s eventually larger than the 

f i e l d t estimated above during the phase of ergodisat ion. Because of the 

condit ion (30) .such an enhancement nearV-0L must be ba 1 .need by an enhancement 

of the p o s i t i v e value of c near f"=r. . After the time L the e l e c t r i c f i e l d 

a t T-ft and therefore a t frÇ vanishes . The progression of the ergodic domain 

stops and the whole ergodisation disappearJ. 

The negative vo l tagev i s therefore present during the period!", i > on ly . 

The quantity — ' - J V cLk i s equal to the var ia t ion of y " a t f= a. 

between the s ta tes A and B ; and we have 

f 'vdf-l^ 2.n# fc-n)' 
>. 

S i m i l a r considerations show that the ergodisation vanishes i f the i n t e r ­

nal boundary i~ = fj 0 f the crgodic domain reaches the magnetic axis before 

the external boundary f z C, reaches the l imi ter . 

Then no change of {IT and therefore no voltage pulse a t the plasma edge can 

be observed. This could be the case of the internal d i srupt ions . The r a d i u s 
r - Ç w o u l d t h e n be t h e r a d i u s o f t h e m a g n e t i c s u r f a c e where a s df 

w h i c h i s a s m a l l f r a c t i o n o f t h e l i m i t e r r a d i u s 
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IV - COXl.'JDINC REMARKS 

The most important p r a c t i c a l conseque-.ee of the scheme reported above 

i s t h a t the strong thermal conduction of e l ec t rons along the flux l i n e s 

should r e s u l t in a strong r a d i a l conduction when the f lux l ines are e rgod ic . 

The correrponding law of evo lu t ion of the average e l e c t r o n temperature T ( r , t ) 

may be shown to be (neglect ing c o l l i s i o n s ) 

Hi ~ rïr * r ' 
k ^ lr Ht. y 

G He 

where V , i s the thermal v e l o c i t y of e l e c t r o n s . I n t e g r a t i n g these equations 
f 

during the time »>/_£• when e rgod i sa t i on i s present and using Ike es t imat ions (32) 

of the q u a n t i t i e s \J", oftand of" , we ob ta in the temperature v a r i a t i o n IT - T I 

7>< 
during che e rgodisa t ion period . IF . *j T J* , _ _ ~J—S— 

B V ' Til- » a » ' Tir» ^F 

T-r0 

T 

I - J . 
X. 

* . , (33) 

If the e r g o d i s a t i o n mechnanism i s t o expla in the i n t e r n a l d i s r u p t i o n s , the 

var iat ions T - T and I - I must be cancelled during the regeneration periods 

of duration "C. between disrui'. ions . Let us assume that the plasma behaviour 

i s c l a s s i c a l during these periods , so that the temperature T ( r , t ) , the c u r r e n t 

density I ( r , t ) and the e l e c t r i c f i e l d Blt.t)^ - 1 a r e governed by 

*• t ?>È-
the e o . u a t i o n L , o n t h e m a g n e t i c axi.= 

http://conseque-.ee
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-at ] 

where n i s the particle dens i ty . I t i s readily shown that the temperature 

and current density variations ( T - T o ) ' a n d ( l - I o ) ' during the time ty then 

s a t i s f y 

S h e r e f o r e we have : 

where m e and t»j are the mass of ions and e lec trons . The compatibility of (33) 

and (34) imposes that 

As p o i n t e d o u t oy De i -Cas . i m p o s i n g a l i m i t ~> 3 t o / 3 

on t h e m a g n e t i c rur.-T.ce r_; r̂  «here ^ = 1 provides s method to 

f i t the expérimental v.ilues of the l i fe time XT of electron 
C 

energy on the magnetic axis,for a given applied toroidal elc.-tric 

field E and magnetic field C} .We find from (35) talcing B, 6o /B. > r./ft 

http://rur.-T.ce
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The reality of the proposed mechanism could be tested by comparing the elec­

tron temperature variation during internal disruptions or negative spikes 

with the variations of the ion temperature or the particle density, which 

should be less sensible to the ergodicity of flux lines. Also the radial 

distribution of energetic ions which are tropped in the ripples of the main 

field should be poorly influcenced by the ergodicity. As suggested by Launoi 

and Smeulders the comparison of the soft X-ray signals emitted by electrons 

of different energy could also give a useful information. 
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FIGURE CAPTIONS 

Fig. (1) Tokamak Geometry 

ig. (.2) Magnet ic i s l a n d n e a r t h e i n ^ i e t i c r u r f ^ c p 
r-.r , y . î . . K , r.rct 3 = r ( S . | ) , Z ; ft <p , KQ , c 

ig. (3) Structure of the averaged perturbation of the current 
density .'{*) : j ' ~ If-, t^ ci k„ 3 /2ff _ I0!K) , 
associated flux function fji\m) and image current I " 
in the bulk of plasma. 

Fig. (4) Température profile near the séparatr ix - Thermal 
conduction of the electrons dominant A), neglected B). 

Fig. (5) Structure of the average current density J 
image currents», ^and associated flux function "*yT in 
the ergodic domain. 

Fig. (6) Evolution of the flux function y" when the ergodic 
domain reaches the l imiter . A) at t ime ; , 
B) a t Sim* t , 
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