DPn PEC SPP EUR CEA FC 782

FRYIGC 0oL
ERGODISATION OF
MAGNETIC SURFACES IN TOKAMAKS
A SAMAIN

SEPTEMBER 1975

1T




Nuus discutons un mécanisme de turbulence qui pourrait expliquer les

disruptions internes et les impulsions de tersion négatives cbservées dans
les Tokamaks. Si les lignes de flux deviennent ergodiques entre deux sur-
faces magnetiques de rayon r1 ; i'z (l'l < ra\ , cette ergodicité tend G
¢galiser le profil de densité de courant dans 1l intervalle (f‘; r;) yce qui
crée par induction un champ électrique toroidal important, positif du coté
r=: I, . et négatifdu cotér = r

,+ Du fait des connections magnétiques radiales,

les valeurs positives et négatives du champ E tendent 3 s'opposer le long
des lignes de flux dans le domaine (r. rz) . et ce champ peut =Xigtir sien o«
L 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

1 2’
des impulsions spatiales de courant élecctriques. De telles impulsions peuvent
rendre instables des modes tearing ayant un nombre d'onde élevé, et étendre

ainsi le domaine (rlrz) ot les lignes de flux sont ergodigues. Le point de

départ du phénoméne peut &tre une instabilité tearing (¢ L~ -

ilots megrétigues gui :ort rermalenent priscniT au

3

surface. ma_ nftig..e 7:' ou 7: 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', aed T = rg_
l;(‘ l;_ , this ergodicity tends tc flatten the curren.: density profile
between r, and T, and this eventually induce$S a large electric field E'
positive on the side r:r. and negative on the side Iz f; Due to the radial
magnetic connections, the positive 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‘).
However, the field E induces by skin effect spatial pulses of current density
in the unperturbed domain near r = ™, and r = T,. Thece pulses may drive uns=—
table tearing modes with large transverse wa;rca numbers, and so extend the
domain (l" rt) where the ergodicity rakes place. The first step of the phe-
nomena could be a tearing g.nstability of the separatrix of the magnetic islands

vhich are normally present near the magnetic surfaces 1:( or ‘7:1 .
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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 tearing mode or the magnetic surface q=2 and
. . . . 1,2,3)
a flattening of the temperature srofile on each side of this surface
2) The “internal disruptions which consist of a sudden enlargment of the tempe~
. . - 3,4)
rature profile on each side of the magnetic surf-rce q=1 . The cwo pheno-
mena, as far as they are detected through soft X ray measurements, are similar.
In both cases, the remperature profile - and probably the current density pro-
file - are flattened on each side of the magnetic surface q=2 or gq=1 over
a relatively large distance ; on the other hend, 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 pheniomena have a similar mechanism.

The negative pulse of voltage associated with the negative spikes is not
presently well understoods'b'7'q)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 reacii the limiter, leadirg to a camplete 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 penetratioun, 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.!) embrassed by the magnetic
surface touching the limiter, without macroscopic change of this surface. Such

a variation breaks the MHD invariant relation ¥ = G(?) between the poloidal




flux ¥ and the toreidal flux & embrassed by cachk 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

of energy is the reservoir which feeds the phenomenon.

. It is then plausible that this liberation

In this note we present a scheme which could explain such a type of pertur-
bation. We 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 yith 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 slopeb]]bf 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 £lux lines
are radially connected. This domain should extend further rapidly on each side of
theoriginal magnetic island. The physical mechanism of this explusive charac-

ter is simple : in a region r <r<r

1 2 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

é

decrease, resulting in tbe presence of an inductive toroidal electric field E ,
which is positive on theémagnetic axis side and negative on the outer side.

The radial connection of the flux lines in the domain r,<r<r, makes that
fhe positive and negativé values of the field E tend to balance as far as the
current profile in this region is concerned. However, outside the intervil

(rI rz) , 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




‘:takcs plhée. We afé”noﬁyahle to'cénSisicnclf descfibeysuéh ah evoiution in its
{'keurly stage, i.e. when the connected domaih 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 cof current at the fronteers of the
ergodic domain, and wmakes 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 comsistent
with the flattening of the temperature profile observed during negative spikes

and internal disruptions.

II - TEARING INSTABILITY OF MAGNETIC XISLANDS.

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

ped from a linear tearing instability on the resonant magnetic surfacefl: (PN .lhere,e.‘.l

‘;‘q:a _9'8). Initially, the magnetic components ‘3?, B , the current density 1

and the electric field E (in the toroidal direction @) have the values '30, 39“ ,

I° and Eo , respectively. We simulate the plasma near the surfacef=T, by a
plasma sheet parallel the axis oy , 0z, carrying the current density I along oz.
The coordinates X, J, Z are equal to r-f, , f,(G-— ?/2), R . Initially the magne-
tic components in the gYeet are ﬁxzﬁ., B.zo0> BJ :B:“:-x !390 (dq [ qdr)-
“Generally the field B, ’ B, may be specified by a flux function ‘U(":j, £) such

that B - ey, BJ:-W/Q;, £ - E:-é— W k. Initially Y= \{Jd(x‘ &) , where



T . d . og o= _ 1 o,
o X i% Bso ';';1.‘,. / ‘:o"r.TeL

" The magnetic islands correspond to a perturbation of the flux function \,P ,
o

which becomes

- 2 .
Py, ® = Tax? Wi by cas(hyy) ; & = 2
< 4 s
The magnetic surfaces near the islands are defined by the equation

Wi, t) = 4 xx?_ q/’(c) Cas (k° 3) : constant ; \u'(t)= '\}/;(o,b) >o

The separatrix of the islands (see fig.(2)) is obtained bv taking \p = \ P
Its half width at y = 0 in the x direction isd =z "-(‘P/“S /5-'01’ the perturbation
|p to be consistent with MHD equaticns in the plasma bulk, we must have

PYL(x, ) WEX B ‘
3)\’1 = 4 ‘H(t) X (5

ox

where A'_l is the usual characteristic length in the linear theory of ltearing

modes 10) This means thar if we write the current density (along oz) in the form

Iy y) = 5,09 + I cosfk, y) - ...
I = 2 Bf_ﬂ Ik y) cos(k, y) izﬁ:;i (1

we have, using the Ampére law

5 [/ - "
ur :(x)d”_W' ) 2R pty

[ 6” 1

(2)

We assume that the width ® of the magnetic islands is larger than the width
of the resistive sheet in the linear theory of tearing modes. Then che plasma
is at equilibrium in the magnetic islands and their neighbouring. The electrcn
temperature T,the resistivityn and the current density I are functions of the

flux VY. Being given T(¥) we have :

- S AN
I( i E I@’) 'rcl») + —;" =E % cosw du (3)
W) = f{ y)dx dy (// dIx dy )‘ J""_‘(g:—-"'fwm
WI(P-}d’lv fdp.;-pmu)"ﬁ




jfw’ p+dy is taken between the surfaces Y/ and “LH- d \}') The time evolution

]w,{lbtof the magnetic islands -is obtained from (1)(2) and (3)

¢5 1n +x, on
lp Cos khy d koj n }\b,(b) I’(w p dkuj o
c " _[;'x I tE 3e _:77@ Coskyy Zod =gl (4)

In the simplest case, the temperature TNJ) has the form\ TT_'; + STQ{_/} , where
BT is o inside the islands and has opposite values on symetric magnetic surfaces
outside. In that case the fifst integral in ( 4) vanishes and we have :

. K

S ' ' , o ka <
P S %”‘W, i Fe '%“fonf(w” hy e

o

1
The width S:E(B%-) grows aécording to the 1awa) g—f %;A,# if Alis >0y

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 (&) is positive and prevents the development of the islands

if we have

81 E 8Ty g4y or AT A 5l Beldtdr)

c 7’ T 1 T 4y (#n I, /c)
where ST 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

e s - . . . . . R -
to the initial distribution experience a flattening in the x direction. 'l'he dif-

ference

Il()‘); -{'"I(ng} t{z’ﬁﬁ] _ 1;(;‘)

- has the form shown on fig. (3 ) and provides a magnetic perturbation along oy

)
corresponding to a flux function Pé‘, t) with odd parity in x. The value of ({J' is




-6 -

3 d1

/
of the order 5—“3 s The electric field f(x): _14-‘- along oz does not
< r cot
perturb the current inside the sepa':a:rix,due to its odd parity. Outside
v
- the separatrix, it induces a current T uhich actually is the image in the

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

VI LA a9
c ot 7 Net dr dt

islands we have :
1-3 2 '
yn dr, do §°A 9% 40 S dI.
VOAF«ogr

The current I'" plays a negligible role in that case. However this is due to
the fact that the radial width by over which the flattening of the
current profile Io takes place increases slowly in time. The situation could be
different if the isiand 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

3,1'57(‘“;“(((1‘.5 - / dx dy
< Ter 2 7(#4 ¢, v'+d%

—f/v—,-‘ﬁ/:i()gg) dxdy - dy % ('3_\7« 'J(JGU)) (3.

ek(w-f X oy =9 dy
Wy ¢

whereX is the transport coefficient for electron energy and W 1is the electron
power loss density. A first approach is to assume that X is a constant in the neigh-

bouring of the islands, and that the flux of ener .O—Taccross a magnetic surface
8Y W

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

rated ia the islands. In that case Eq (5 ) is equivalent to express thar.}(,aq’l.s a
constant outsid: the separatrix and is null inside. This results in the usual plateau

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

oY
-1 TAY
dT, z U (A
RRE Cw) 7 (@ /
} *n %




We may however make other assumptions. For instance we may suppose that the anc-—
malous transport of electron energy accross the'plasma is essentiallyiducito

a repetitive relaxation pocess. each period of which invo.ves the formation of
maguetic islands and subsequent explosion of these islands across the plasma.
The temperature profile [lattens during explosions and recovers its crigina!l
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 mav be neglected in the balance
equation (3). The solution T(UJ’ t)of this equation counsistent with the initial

conditions is obtained by averaging between the surfaces and . +a% the tem-
! ? X

perature 7;(") - :lzd_D_T*’_ x which would take place in the absence of the islands.
?r R
T = i ("S" <y < ‘/‘,)
— r n - d -
T =T + '°)<axaj a’xdg) =Ted ‘7:° z
B (¥ ar “—; fra'y * ar H’{"I [ZI

Pt

H) dy _ ((,U>

2n % pemu T2
-¥

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

y = O the derivative .bT/bx 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 ﬁmch more stable, for the same
value @T/ax):’:.o, 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

aven in that case a strong value (bT/bx)J .o Tear the separatrix is present. In
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~what follows we will assume that the temperature T experiencesalong the

T
¥y = 0 a variation of the order of § cﬁg

line

over a distance from the separatrix \'\’;.

Such .a variation,

and the fact that T is constant inside the separatrix in

llkely to drive the plasma tearing unstable near the separatrix, as we
wlll see now.,

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

-> -
8(3 = VK A, where A is parallel to the magnetic lines and has the form

Af &/aZAZ ep i ke 3(6‘,@ ik » ok,

where )\_ and ‘( are constants and @ - C'é(,y) is a coordinate along the lines\.;l in

the plane =z = Ossuch that, along the flux lines
— = Wy
dz ((P

We choose 6~so that "= 0 and 86/dy = 1 for y = 0. This means that &/ Py = Eé{ﬂ_ ’

B, ) is the value of By on the surface \lat y = 0.

It is easily verified that

|2 ! <I For 6‘<a;n_,(-2qg)%_<__ T:L (})
X (] kZ '

To test the stability of the mode we consider the quantity (neglectmg plasma

pressur2)
J// wj c/.,dg dz - c??ﬂ SI.A Kdvcpdz (8

Vere& is ;he perturbed

current assocmted uu:h the mode. The second Lntegtal
( 7) must be taken as a prmczpal part on each megnetu: surface where the

current& as it results from MHD equanons, 13 smgular.

Thg mode is unatalile

’kg gld‘ P)}bcaliz_ed inside the in—

(e <) o




where x (KP) is the distance between the magnetic surface Sband the

separatrix at J=o. We first have, taking into account (7)

L gz = 25 [dz (kP 17)" £ Ho)

—»
Neglecting the plasma pressure, the current perturbation 51 is

—>
determined (except at singularities) by L+ 6 T rarallel to the pertur-

bed flux lines and di (f; S}) [e) .We obtain
ng e,.,,, (l\.z.,.ktr . GJ.A(_.( _',k“ 0"} -U’( @1)

where {J” satisfies the equation

%}_fr -1k df T exb(- o x;)e»k((hkm )

The quantityglis zero inside the separatrix where
Z

I .
= (, We obtain
ar

ocutsgide

véw) ) + ek ifhrka) T ] 5 kwkiij‘q‘)(_aqxj)
(loka)  @2)

v(c,w)— (W)« o i b+ ki 2E] 2 4T 54y oelxj)

+kw oly

(11> o)

On each surface l,U , W'(\L’) is determined by a periodicity condition for SI
- “ a : + 4 = 3 I3
between the planes y = iv ,k_; y Corresponding to 6~ _ﬂ';w)). This condition may be

written

wo= w!.uh

W'I-'.: - Cn _l";'i‘:’_(,- . uf’i Cua(/x.a'/w)Amk.;klp
' “ 'Sm(h.t:‘/w) W

%

2
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. When approaching the separatrix from outside, the quantity U: remains finite,
"uhileﬁ' diverges logarithmically. The quantity 6T is singular for the values
i of l{)for which l‘L O"/w nf- The contribution to the mtegnlﬁ_{ 8Lz Az of
‘‘that part ofSI which is proportional to u}'cons1sts of a sum of terms with al-

ternate signs.This contribution is negligible. We finally obtain from (9),(11),(12),

(13).

J‘f}/A ‘SIdxc/sz= ﬂ'K( BI‘dxa[sz ~

2, oL os (h + kw " g,
g{dzza&/g_;—%@,ﬁ_wx% - =t g\k:)i/su b /“’\déi)

“We have assumed that the current densxty I\_l,/ varies by a quantity S °

dr
fwhnn -‘CQP) varies by a distance S - S . We choose l\. and k so that the quan-

;‘t1ty [ﬁ.-ﬁ ru}(\y,}f_/ﬁﬂ})vanes accordingly in the interval (F':_ s ) . We have

’[’J\"‘h"_ w(tpl)]/u)(\q\ = [P.)J(‘P)- 6:’(\}1“}1,63(1#\ : X(\U}/S Therefore

;,i_ln+wl;)w(vﬂ) . (“6") k) 4s)

and we have ‘g({‘L*k%]g@?ﬁ‘(" for P(V\[\{ 5' if

h.":_kw(yf); /kd‘,,[ = .5_5./ » .
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/ -
Assuming also that § '« 1/\1( and that, for f’)(('{.})[ < b[

if_a»_(o'-"’a)_'_’_ ~ 9% 7 =
da)(, - dr 6:(%) 5! dr ;300 ZZ:’,/qd,.) 5/ |zl

We obtain from (14) and (15)

- é_’ . z
gj\fﬂAc Idkdgdz x szl }grk j:o [50 47/7d,.)a-‘,4 (l()
14
)

and choosing C\'Altk! ,
kE-l- , we find that the quantity °g. as it results from (8), (10Q)

Replacing G, by its value (211 5k

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

20 d, 4 (445)% > 1
© T Refdffgar) \ % .

a condition which may be satisfied in practice. Furth:- calculations taking

into consideration the resomant layers kdj&a)/w@;\-_ esults in the following -

estimation for the growth rate ] of the mode

1 4
[ T% %

and Choy.: B&/é"f)%“ the.Alfven__‘y‘eloc'it,y in the field Bo.



If such an unstability takes place, the current density 1 is equalized ove

. . ; -1 .
a distance of the order ;‘ in a time of the order '6' . As explained above, such

a reorgani:cation induces an inductive electric field Eé&‘J (L0 for x» O and »0

for x ¢0) consistent with the variation of the magnetic flux in the y direc-

tion msxde the separatrix. In the present case,the variation J é() of the

quanntyf ITK,J d."‘

over a dxstance O’

due to the instability is of the order of d" &

. It induces by itself the electric field

el XL s L 5 5’ 4m
[

2 dr

The field E/

produces a current I outside the separatrix of the order of

i % 145 58’
I'AJ?E{M% (g'f—&)—r—{

i
The current J

[}
is the image in the plasma bulk of the current T and is there-

. et 0ol te!
fore localized over a distanced such that I d o I & . The instability

generates a new gradient

dr 1" 1% k5 535’ 41,
dr s '8’ Ts ry or

which may be strong enough to produce a new generation of unstable tearing
modes.
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Il - FRGODISATION OF THE MAGNETIC SURFACES.

We consider this situation as the first step ¢f a progressive ergodisation
of the magnetic surfaces., on each side of the resonant magnetic surface r = L
We assume that in the interval r {r <r2, the current density is equal tof@ ")4-51
where E is a local avc.rage value of I aud 31 is a strong fluctuation,
corresponding to a fluctuation (: Br,SBa of the magnetic ficld. OQutside the
interval (rlrz) the current density I, the magnetic field 39 and the poloidal
fluxw retain their initial value]'a(r),ﬁogr)lnd %(f). The average current density
—I- in the interval rer)results from a flatteming of the initial current L
due to the fluctuation SB, and has therefore the structure shown on fig. (5 ),
vith T- I, >o for T2>5 and T- T,<0 for "< Tu . In the interval N l'l_t'
the field EO due to f and fo .

r
4 4n . —
EO A _c.-‘(‘?"r Iphdr (Ir): Lofer rer 5 I - T bor rer<ry)

ﬁe-ﬂﬂo IISLLE I (r:-1) @}’)

[

is smaller than the initial field Bao(r) . The poloidal magne-

tic flux embraced by the int:erval (rlrz) must be equal to the difference

\K(rz) —‘ﬁ;(rl). The simplest manner to achieve this condition is to introduce

in the unperturbed region near the boundaries I';Jl;.. spatial pulses of current

density 71(?, H)omd 3a(r,e)(owch that j:l dr ~ -~ szdt (see fig. (5)). These
.. -f

currents produces an additional perturbation fgf(f%l ‘Zlm'd" Tr) in the

interval (rlrz) » which must verify

— A
f,.'iﬁa "'“Be )alr = “rﬁ &60#

This condition implies that

Jaarn- Qo [Fr](5)

e




- 14 -
On the other hand, for the field BO + “'BO to be equal to g for l')l;.r;!nd

N

rqr, , we must have
.

J(TH+ 390 - T.00) enr dr =0
At a given time t, the average poloidal [lux?‘(l’,.‘,) has the structure shown un
fig. (5 ). If the interval r, - r, and the difference ]_'-—_Tc increase in

time, an average electric field E(I‘;E):

et 31’ . .
¥ I EY3 appears 1n the mterval(rtr2 and

near the boundaries fj,f,. The value of this field is approximatively given by

- f

E :-4 Fb@-"ﬂ) oo - ')‘p——wg_ (l' 2 '_° )
canR ¢k 2nrRe R r A

where Uz -—%—:1 = %} . Using the value of Be - Gscv :Bg given

by (17) we obtain i'qf-'lglﬂ _'Ic-'!-(rz - "',Y"(f.. 1‘0‘ and

[El~ v 42 (p.r)[T-1] (12

The field E is 0 for r ¢ L and € 0 for r » L The variation of the energy

associated to the average field 694..39 is givea by

fe
_d_f = ._fMQ errdrE (. 8 ::../21!@2171"4" E I,
d¢ 5

We will find below that IE 2nrdr:o . As Eis positive in the region

where Io is the largest, the quantity <t is negative and we have approximatively

Z_}E ~oo20R 20 r/iﬁ%’{gl (r' -/7,\7' (20)

We try to analyse the self consistency of such a situation. We first note
that the pulsasJﬂ ) JZ (which are the images in the unperturbed region of the
current perturbation T - I, in the interval{ rlrz))are induced by the field

-

“E  in layers of width SI‘ at the edges of the ergodic region. We have



Jlwill ~ E
Alall ~

where the coefficient of J» | reflects an eventual increase of the plasma resis-

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

5 ~ [‘:,,‘,’“ |6 -5)
5r et L @1
. 7 4y
‘The pulses ;1 and J‘ , because of the large value of B:j\/}\'
and q';/ar,éu'e likely to drive unstable tearing modes in the unperturbed

-1
region rear LY with a transverse wave number (5")

We admit that these modes build up magnetic eiddies with the transverse scale &F ,
which actually form the magnetic turbulenceSB. We further admit that this tur-
bulence is strong enough for a connection of the flux lines across the whole

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

58 a7 /
5 > % gor @2)

However the eddics, while produced by instability near

r=r, and r = Tos must be maintained afterwards by the inductive elertric field
¥ . This is only possible if the turbulence & 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

ﬁ»ﬂwf,- 3B /Sr which causes the fluctuation &8 is given by ’-g—l. There~

fore we have




- 16 -

=

=

'
3
=
3
"
2
g
3
&
£

_5':@. <_‘C‘" 1';'::"_ (23)

2 :
Another limit for OB is obtained by expressing that the power J"l ('EI,’ 2nrankdr

is sraller than the available power = ,.8-

given by (20). We must have

9% ()] 2w

. . . . o] E T
The limit (24) is compatible with (22) and (2 ) if .E.» . = '7 o *

The influence of the turbulence 58 on the average current profile -f(r,l:)

" may be calculated as follows. In the presence of SB the electron current, which is

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

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

2 AT IR A.47d7) (@9
2% . dir(£8). B . 2T0 M Bulrd ¢

'l'he variation 'af /bl' must be cancelled by the charge variation due to the time

variation of an electric potential #

o AR ¢

vhere £ = ¢ /x:A

is the plasma d:electnc constant . (C‘ = (B /Ql"(')"/z )

The potentialg induces an electric field E' along the flux limea such that

E’:-(v;é).g = &'.r(qéé'//s,) @9




Tt results from (25) and (26) that

2 _ -
d _ _ 4nbn/ T 38, B, VT
Y £ or By R
—a'ag ©

The valuye cf >t averaged over the scale of the magnetic eddies is given,

{

neglecting the correlations between BB 56 and B v SI . by

2B Ok __ erpy® 2T 8Bl o
ar TTF

ECY

The average value E' of the field E given by (27) then satisfies, meglecting
Bat). 288
the average value of the quantity N & P T

— ! L —

] T
e \2F B, r oo E  r R

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

s - . k3 F -—[ T
magnetic eddies) implies that E+ E'= 7) I . We then obtain, using (28)

VI O%E _ 4 D 4r(5")2 §RE T
'_DT—‘;T-F'S;-( Ae ,S;SF]@'Q)

(Cp = (390 ""C) ; XE{N 5/32-)

As the inductive fieldi@})is proportional to the rate of flatteming of the pro-

file fﬁ" b}, the equation (I%) gives this rate in terms of the profile f(")

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

in the domain f; < r (rz’ where the turbulence 56 is fully developped (see

Fig. (5)) ana T =2 Z, . We need 2n adiitional

information on the field E in the regions My« < I';_ and 7 ¢ f‘<".“"‘,_" where

the current pulses g, and j)_ take place : it results from (27) that J/"-J-lglrdr df =0
3

and ve have eccordin 1y
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v , \

r - / (30)
f I"—E‘vr—dyj)rdr =9 \J: 31 er 5t.
Y

Combining (29) and (30) gives$

[}_—E_:_ Ji*_"?_sz)‘ur ﬂm@,”r\ CAa 532 dT, ] (31)
op! 2 I

LC" E:’ ar

2

r«i.l _ _ 1,
The field E is larger than 7 I ard of the same orie -

as d") ::l'l4')_ .The eqguations ( 29} { 30 ) and { 3! )nre

aprroximatively velid if ¢he reduces the L,H.3. to the term propor-
tional to E or ““’:/DL'.

fn L i
In the transition regions ilr‘.l r.: ) or (rz "i” we have

a— + d,—bE . We obtain from (31) the value of £ at r = r or r! :
e 2
ot °
- 2
(U’E PTIILL Tyn §r? c,.: 36” gr.]
Fe r [
r= r1 2 C 600 = l"1‘;_

\.—/

The same order of magnitude results from (29) in the whole interval .’r,' r,!

vl , -

ier®

by {24) and the estimations (21) and (19), we obtain, taking {——ld J..°. (‘;

IQN_B_Q;L_. ad -3 ~ T (g4
4n £,

if we assume that ‘ -——J . Using the limiting value of o3 given

limiter radius )
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14 r / 2/

J ~ ¢ ,__I_-E_\
T’-Aqs ‘CR-‘!,S \,a-

,, Y '

i'g fua VS a v S
L3 ’

r —A e
[¢) > o = (r_o
\ K ,
Ve - - wsfr. \.5 'r. /s
‘l;l o~ 7? - Bl ‘r’l _R. —z
) ? I [ \a
.. 3. / s 3,
b ST LR (o ) e
(&) | T 'E“ .a—_
8o . o R B (32)
- mit N z
Ca ™ — R e, oA~ — 21
)\' ; ne vi,2 P
In practical cases the ratio 'C,‘ t'eis ~ 10—5 and the time scale ZKHS CA il

. —~4
is ~v 10 sec.

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

2

region reaches the limitef at r =@Q.. We assume to simplify that the coupling

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

pl

that the impedance of the primary circuit is infinite. Then I.a is constant
[

but the toroidal electric field at the plasma edge is free from any outer
constraint. At the time t, when ra - & , the average poloidal flux

Sj-é'; [:) has the structure A indicated on the fig. (6). After t the evo-

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

into account that E = - g_ 1&,{ ) . This equation imposes a relatively

small variation of E and therefﬁre‘!{fexperiences the evolution shown on fig. (6).
To preserve the condition (30), which expresses that the integral/z‘:»'}rdl’ keeps

,k'a small value, the ergedic domain must continue to exteri towards the magnetic

axis at r = 'rl while the value of \/at r = a increases. This latter circuns—

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

V=il (_b_lé) &t the plasma edge. Note also that a strong variation of
€\t irza '
" 'the slope @ ' must exist at the plasma edge between a radius M= @ <a

: . or
and r =@. This discontinuity corresponds to a stationary current pulse :L ,
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which rcplaces the moviag pulse j._g_ . The total current in the plasma is

equal to ‘

R (O A r)

Pz 2 3"' ”n f? r;a_l

jl
and the pulse g in the interval@'a) must exist as long as the quantity
—
( o } inside the plasma has not recovered its initial value (?_2)
DF irzal Flrza

i.e. up to the time ra, when the Eluxw- takes the structure § indicated

on the Fig. @). During the period (£ , & \.,the electric field —\—/- must
° ” 1) 2R

be large enough to induce the current vy and is eventually larger than the

field £ estimated above during the phase of ergodisation. Because of the

comdition (30) .such an enhancement nearfzq must be ba’.zced by an enhancement

of the positive value of E near F:l'" . After the time ti the electric field
at M- p and therefore at I=I[ vanishes. The progression of the ergodic domain

stops and the whole ergodisation disappears.

The negative voltagev is therefore present during the period(i'o é) only.
t‘
The quantity - EL—{ V dé is equal to the variation of -Slrat r=a
f

[ ]
between the states A and B :; and we heve

c

¢, ) 2 :_._T
| [ el 2nR (5 -p)" A2 T2
’. [}

Similg>r  considerations show that the ergodisation vaznishes if the inter-—
nal boundary =T,  of the crgodic domain reaches the magnetic axis before

the external boundary - f}_ reaches the limiter.
Then no change of I&'and therefore no voltage pulse at the plasma edge can
be observed. This could be the case of the internal disruptions. The radius

"~z £ would then be the radius ‘of the magnetic surface where q =4y

" which is a small fraction of the_'li.miteﬁ radius
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Iv = J0CLUDING REMARKS

The most important practical conseque.ce of the scheme reported above
is that the strong thermal conduction of electrons along the flux lines
should result in a strong radial conduction when the flux lines are ergodic.
The correrpending law of evolution of the average electron temperature T(r,t)

way be shown to be (neglecting collisions)

Qrre) - 12(r k 27)

¢ - r or
sr 32 5’3 v,
tie
0
where vthe is the thermal velocity of electrons.Integrating thee equations$

during the time~ % when ergodisation is present and using the estimations (32)

of the quantities (¥, 58 and 51' , We obtain the temperature variation\f - Tol

. I . . g [ T T
during che ergodisation perlod, iF =F ~ 7: —e_, o ra —u—a.._—

ad

If the ergodisation mechnanism is to explain the intermal disruptions, the

e wiriations T - T, and -I'“—'I must be cancelled dvring the regeneration periods

of duratmn 12! betveen disrup: LOﬂB Let us assume that the plasma behaviour

is clasncal durmg these penods, 80 that the temperature T(r,t), the current
. ’denuty I(t,t) and the electrm field E(f' t’) -7 :’)Tbﬁ_)_ are governed by
' (f

the e'luatlonb,on the mag:.etlc axis



http://conseque-.ee

E - 7)(‘r)1‘

(SE=S7I+75I:_51§_I71+751 __3____7IP5T A‘r)

[

where n is the particle density. It is readily shown that the temperature
and current density variations ('I'—'I'o)' and (I- Io)' during the time td then

satisfy

"t 5
._(T"_T"l‘YTT:J—u

To

o ¢z

Ofx

. Therefore we have :

R AN

Vr‘d T»

where m, and m; are the mass of ions and electrons. The compatibility of (33)

“and (34) imposes that

69 . T M(’“e)% Bo /’a.-\% (:3,;)

Reo, /f4m m

13
. As pointed out 2y Dei.Cag ) simposing e limit ~ 1  to 139

on_ the me..,:net’c sur’ace o etilo;i:jto o
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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 demsity, 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 Launois
and Smeulders the comparison of the soft X-ray signals emitted by electrons

of different energy could alsc give a useful information.
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